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Abstract

The behaviour of building occupants plays a significant role in the energy-efficient operation of buildings.
In fact, occupant behaviour is always implicated as a factor in the performance gap observed between the
design performance of a building and its post-occupancy performance. In order to motivate energy-efficient
behaviour in building occupants, strategies like eco-visualization and gamification have been successfully
employed in the literature. This thesis introduces a suite of web-based software applications that aim to
encourage thermal energy-efficient occupant behaviour in an office buildings. Behaviour change motivation
is provided through the eco-visualization and gamification with real-time feedback and social competition, in
addition to support for occupancy-based heating control. In the process of developing a occupant behaviour
evaluation system, systematic analysis of strategies for designing such an evaluation system is developed in
this thesis, resulting in the RMM (Rule-Model-Measurement) framework. This framework is then applied to

develop the primary behaviour evaluation metric used in the thesis, called energy penalties.

An experiment was designed to test the interventions in a real-world setting using naturally ventilated
office buildings of Forschungszentrum Jiilich, where the focus of the experiment was on the setpoint tem-
perature and ventilation habits of the occupants. The experiments demonstrated that the interventions
had largely positive effects on occupant energy efficiency as reflected in ventilation styles and setpoint
temperature. The mean daily energy penalties in the ventilation intervention group was 65% lower than
that of its control group (1.66 kWh vs 4.67 kWh), with even lower penalties in the "activated" subgroup of
the intervention group (0.74 kWh). In another test building that considered both ventilation and setpoint
temperature, activated offices had 56% lower daily mean energy penalties than the control (1.91 kWh vs. 4.35
kWh), while in the pilot building, the energy penalties in the activated offices was 40% less than that of its
control group (1.61 kWh vs. 2.94 kWh). All these effects were statistically significant and with large effect
sizes. Furthermore, year-on-year thermal energy savings of about 18% (11.8 MWh) were realized in the pilot
building where occupancy-driven heating was introduced. Furthermore, the results demonstrated superior
energy efficiency in offices with full access to the system compared to offices without access as a result of
more efficient window ventilation styles in the former. These results demonstrate the effectiveness of the

developed systems in improving occupant thermal energy efficiency in public buildings.



Zusammenfassung

Das Verhalten von Gebdudenutzern spielt eine bedeutende Rolle fiir den energieeffizienten Betrieb
von Gebduden. Tatsdchlich wird das Nutzerverhalten stets als ein Faktor betrachtet, der zur Leistungsliicke
zwischen der geplanten Energieeffizienz eines Gebdudes und seiner tatsdchlichen Leistung nach der Nutzung
beitrdagt. Um energieeffizientes Verhalten von Gebdudenutzern zu férdern, wurden in der Literatur erfolgreich
Strategien wie Eco-Visualisierung und Gamification eingesetzt. Diese Arbeit stellt eine Suite von webbasierten
Softwareanwendungen vor, die darauf abzielen, das thermische energieeffiziente Verhalten der Nutzer in
Biirogebduden zu férdern. Die Motivation zur Verhaltensdnderung wird durch Eco-Visualisierung und
Gamification mit Echtzeit-Feedback und sozialem Wettbewerb erreicht, ergdnzt durch Unterstiitzung fiir

eine prasenzbasierte Heizungssteuerung.

Im Rahmen der Entwicklung eines Systems zur Bewertung der Energieeffizienz des Nutzerverhaltens
wurde in dieser Arbeit eine systematische Analyse von Strategien zur Gestaltung eines solchen Bewer-
tungssystems durchgefiihrt, die im RMM-Framework (Regel-Modell-Messung) resultiert. Dieses Framework
wurde dann verwendet, um die primére Verhaltensbewertungsmetrik zu entwickeln, die in der Arbeit als

Energiepenalitéiten bezeichnet wird.

Ein Experiment wurde entworfen, um die Mafnahmen in einer realen Umgebung mit natiirlich beliifteten
Biirogebduden des Forschungszentrums Jiilich zu testen. Der Schwerpunkt des Experiments lag auf der
Solltemperatur und den Liiftungsgewohnheiten der Nutzer. Die Experimente zeigten, dass die MaBnahmen
uberwiegend positive Auswirkungen auf die Energieeffizienz der Nutzer hatten, insbesondere bei den Liif-
tungsstilen und der Einstellung der Solltemperatur. Die durchschnittlichen tdglichen Energiepenalitédten in
der Liiftungs-Interventionsgruppe waren 65% niedriger als in der Kontrollgruppe (1,66 kWh vs. 4,67 kWh),
mit noch niedrigeren Werten in der ,aktivierten“ Untergruppe der Interventionsgruppe (0,74 kWh). In einem
weiteren Testgebdude, das sowohl Liiftung als auch Solltemperatur berticksichtigte, hatten aktivierte Biiros
56% niedrigere durchschnittliche tégliche Energiepenalitidten als die Kontrollgruppe (1,91 kWh vs. 4,35 kWh),
wihrend im Pilotgebdude die Energiepenalitdten in den aktivierten Biiros 40% niedriger waren als in der
Kontrollgruppe (1,61 kWh vs. 2,94 kWh). Alle diese Effekte waren statistisch signifikant und wiesen grof3e
Effektstdrken auf.

Dartiiber hinaus wurden im Pilotgebdude, in dem eine prasenzbasierte Heizungssteuerung eingefiihrt
wurde, jdhrliche thermische Energieeinsparungen von etwa 18% (11,8 MWh) erzielt. Die Ergebnisse zeigten
aullerdem eine tiberlegene Energieeffizienz in Biiros mit vollstdindigem Zugang zum System im Vergleich
zu Biiros ohne Zugang, was auf effizientere Fensterliiftungsstile in ersteren zuriickzufiihren war. Diese
Ergebnisse demonstrieren die Wirksamkeit der entwickelten Systeme zur Verbesserung der thermischen

Energieeffizienz von Nutzern in 6ffentlichen Gebduden.
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Chapter 1

Introduction

Energy in various forms is used to drive numerous aspects of human life. Many countries, especially in the
developed world, spend millions of dollars annually on energy research, ranging from energy generation
and distribution to energy use. Among the member countries of the International Energy Agency (IEA) for
example, a total of over 20 billion US dollars was spent in 2019, covering research areas such as hydrogen and

battery cells, renewable energy sources, and improvement of energy efficiency [1].

The building sector accounts for one-third of the global energy demand and 40% of direct and indirect
CO; emissions [2, 3]. In the EU, the sector accounts for 40% of energy consumption and over 30% of the
CO, emissions [4, 5]. Furthermore, it is estimated that about 75% of the buildings in the EU are energy
inefficient [6]. The European Commission, under the 2018 Energy Efficiency Directive, requires that EU
countries achieve new energy savings of 0.8% each year of final energy consumption for the 2021-2030
period, to reach a target energy savings of at least 32.5% by 2030 [7]. The building sector provides the highest

potential for energy savings and therefore is a key target of EU energy efficiency improvement policies [4].

Within the building sector, occupant behaviour has been identified as a key factor in the energy efficiency
of buildings and is often implicated in the difference between modelled and actual (post-occupancy) energy
consumption of buildings [8-10]. According to the PROBE studies (Post-occupancy Review of Buildings and
their Engineering), this difference is usually a factor of two: the actual consumption is twice the modelled
consumption [8, 11]. Similar results are also reported by other studies (e.g. as cited in [12]). Furthermore,
in one simulation study of energy behaviours of office occupants with profiles classified as one of austerity,
standard, or wasteful, it was estimated that the wasteful lifestyle can use up to 90% more energy than the
standard energy profile in a one-person office, while the austerity profile can use up to 50% less energy than
the standard profile [13]. Additionally, Zhao et al. [14] estimates that technological measures to increase
building energy efficiency can only result in 42% improvement, while occupant behaviour is a significant part
of the remainder. Clearly, there is potential for the improvement of energy efficiency in buildings through
energy-efficient occupant behaviour. This thesis aims to develop and apply methods to improve energy
conservation behaviour in occupants of public buildings, using the campus of Forschungszentrum Jiilich
GmbH (FZJ) as a case study.

1.1 Research Contribution

The main aim of this research is to investigate the effectiveness of heating energy-related occupant behaviour

interventions based on the implementation of an energy dashboard and the concepts of eco-visualization
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and gamification for occupants in naturally ventilated public buildings. Heating energy efficiency is the focus
of this thesis because the potential for energy savings is much higher for thermal demand than for electrical
demand in the office buildings involved in the thesis, according to an initial analysis of the available data.
Also, the majority of the buildings in the case study are naturally ventilated. In the process of this research, a
method is developed and implemented for evaluating the thermal energy efficiency of occupant behaviour.
At the same time, a taxonomy is developed and discussed for classifying behaviour-efficiency estimation

methodologies. In summary, the main contributions of this thesis are four-fold, namely:

* Development of a gamified energy dashboard that targets the improvement of occupant behaviour in
public office buildings, and which integrates with the everyday life of the building occupants.

* Integration of occupant schedules and thermal preferences into the building automation system to

achieve higher thermal energy efficiencies.

* Development and characterisation of a novel framework and taxonomy for categorizing energy-related
occupant behaviour evaluation methodologies, which is especially useful for gamification, followed
by demonstration of the framework by implementing a behaviour evaluation system guided by the

framework.

* Real-world experimental investigation of the developed behaviour intervention system, including
quantitative and qualitative results and analyses covering the effectiveness of interventions, user

feedback, and cost-benefit analysis.

1.2 Structure of this document

The remainder of this document consists of seven chapters. In Chapter 2 the background of the thesis and
the review of relevant literature are presented, in order to identify the research gap that this thesis intends to
fill. Also, relevant concepts are discussed. Chapter 3 presents the overall system consisting of the software
and tools developed to support the energy-related behavioural intervention goals in this thesis, along with
the supporting hardware framework and system architectures. The implementation details of the software
and tools are also described, with the associated design decisions and theoretical considerations provided as
applicable. In Chapter 4, a conceptual analysis of behaviour evaluation methodologies is presented with a
bias towards its application in gamification, while Chapter 5 discusses the implementation of the behaviour
evaluation system used in this thesis based on the conceptual analysis of Chapter 4. Afterwards, Chapter 6
details the experiment design methodology via which the effectiveness of the intervention measures is tested
in the real world. In addition, the chapter presents the methodology employed in this thesis for evaluating
the energy performance of buildings. In Chapter 7, the results of the experiment are presented and discussed,

while Chapter 8 concludes and provides recommendations for further work.



Chapter 2

Background and Literature Review

This section provides a background on the core concepts pertaining to the thesis and a review of the relevant
literature, covering gamification and serious games, and the interplay between occupants and buildings.
Afterwards, the research gaps that this thesis fills are identified considering the reviewed literature, followed

by an introduction of the general framework under which the thesis is carried out.

2.1 Background

A major difficulty in driving user engagement in public buildings is that the occupants are mostly indifferent
to energy consumption efficiency, since they usually are not aware of, or responsible for, the costs [15]. In
a 2012 study, it was found that only 25% of employees in a Dutch academic institution cared about the
financial cost of their individual energy consumption to the organisation [16, 17]. This is in contrast to
residential homes, where saving energy directly translates to lower bills for the occupants. Another difficulty
is instrumentation: it is easier to equip a home with smart devices like sensors and actuators (including
from legal and policy perspectives), than a public building. Yet again, different societies present different
dispositions to such energy-related interventions, especially considering the privacy implications. For
example, in the United States instrumentation of offices can be executed in a top-down approach (decided
unilaterally by the employer) while in the European Union it tends to be bottom-up (explicitly consented to
by the employee) [18]. In Germany in particular, privacy is taken more seriously, and supporting structures
like the works council and Data Protection Officers that serve to protect employees from infringements are

more vibrant, than in most other European countries [19-22].

Furthermore, the usual aversion of employees to management-led initiatives for fear of the risk of
unfavourable working conditions from the employee’s perspective, leads to these initiatives being generally
viewed with suspicion. Specifically, the risk of personal or potentially privacy-violating observation of
work lifestyle, presents difficulties to the adoption of fine-grained smart metering as part of measures that
target the improvement of energy efficiency at work. Nevertheless, in order for individuals to improve their
energy conservation habits, they need awareness of their current energy performance, as well as knowledge
about their potential for improvement, or else they might neither see the need nor the means for changing
behaviour in the direction of better energy conservation. In addition, timely feedback to the occupants on
their progress towards this goal is required, as well as guidance during the process in the form of actionable

advice and tips.
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These problems and considerations necessitate the employment of effective approaches to targeting
occupant behaviour with respect to energy conservation. As already mentioned, user behaviour is a key
component of energy efficiency in buildings, and often leads to sub-performance of buildings compared to

design expectations even when the non-human components and systems themselves work as expected.

2.2 ABrief History of Trends in Energy-Related Behaviour Change Programmes

Various types of programmes have been developed over time to induce higher energy efficiency through
influencing building occupants and other energy end-users. In the USA, beginning in the 1970s, programmes
were initiated targeting reduction in energy use via behaviour change in response to global oil and natural gas
shortages during the period [23]. These programmes initially had the form of information campaigns encour-
aging citizens to conserve energy via e.g. lowering heating setpoints, dressing warm, and weatherproofing

homes and businesses [23].

Nowadays, both the motivation for behaviour change programmes and the range of programmes targeting
behaviour change have evolved. Globally, climate change is now at the forefront of sustained energy efficiency
programmes, although the unexpected invasion of Ukraine by Russia in 2022 led again to drastic energy
conservation measures in European countries that depended on gas supply from Russia. On the other
hand, technology-based solutions now dominate the energy-related behaviour change landscape. For
thermal energy efficiency improvement, for example, connected thermostats are increasingly being adopted,

leveraging advances in information technology to offer smart and efficient space-heating management [24].

A key trend in behaviour efficiency programs emerged in the early 2010s with the widespread avail-
ability of mobile devices coupled with increasing use of the world-wide web, namely the incorporation
of gamification and serious games as tools for driving behaviour change. The concomitant rise of device
connectivity through the Internet of Things (IoT) opened up possibilities for richer, real-time feedback on
the state of appliances and environments. As a result, visualization of energy-related information through
energy dashboards and other Human-Machine Interfaces (HMIs) — collectively known as eco-feedback or
eco-visualization [25, 26] — became a core component of behaviour programs, enabling more efficient and
personalized campaigns and user-centric energy system management. Thus, gamification and serious games
that are linked with real-time energy system data and which are available on portable devices like laptops
and mobile phones naturally gained prominence. Gamification and serious games are discussed in more

detail in the next section.

The rise of gamification and serious games targeting behaviour improvement necessarily required more
structured approaches to the application of the concepts and in the evaluation of their effectiveness [27]. As a
result, behavioural theories from the field of human psychology started finding expression in the design and
evaluation of gamified systems and serious games, which then led to the formulation of general guidelines
and rules — so-called game design frameworks - to aid the development of effective gamification systems and
serious games applied in behaviour intervention programmes. The main behavioural theories applied in
gamification are discussed in Section 2.3.1, while game design frameworks are discussed later in Section 2.3.2.
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2.3 Gamification, Serious Games and Behavioural Change

In this section, gamification and serious games are defined, and some human psychology theories that
underpin behaviour change are discussed. Next, game development frameworks, which are formalized

processes for the development of games and gamification, are discussed.

Gamification is defined as "the use of game design elements in non-game contexts" [28]. An alternative
definition is that gamification is "a process of enhancing a service with affordances for gameful experiences
in order to support user’s overall value creation" [29]. Here, affordances are "qualities of the service system
that contribute to the emergence of gameful experience" [29]. Thus, while the first definition approaches
gamification from the methods and mechanics perspective, the latter considers the resulting effects on
the end-user. However, both definitions have at their core that gamification seeks to create the feeling
associated with games, whether from the perspective of the included features in the gamified system, or from
the emotional responses evoked in the user of the gamified system. In the literature, a distinction is made
between serious games, which is the development of full-fledged games for non-entertainment purposes, and
gamification, which just involves the use of game elements or "atoms" in an otherwise non-game context [28].
The goal of gamification and serious games is to achieve some positive impact by improving user behaviour

whilst providing the fun and engaging experience inherent in games.

Game design elements generally refer to features that are characteristic to games, that is, "elements
that are found in most (but not necessarily all) games, readily associated with games, and found to play
a significant role in gameplay" [28]. Examples of such elements from the interface design perspective are
badges, levels, points, teams, and leaderboards. Other elements include time constraint, limited resources,
and turns (or plies). Gamified applications combine these elements, depending on business objectives and
target audience. A 2017 review of several studies related to gamification and serious games in the area of
domestic energy consumption [30] showed that challenges and feedback were the most frequently employed
game elements, followed by rewards and sharing on social media. Leaderboards and points were the next in
frequency of use, followed in order by tips, levels, rankings, and avatars. At the least-used end of the spectrum
were badges and user-generated content.

The notion of the improvement of user behaviour through gamification or serious games derives its basis
in certain theories about behaviour change, which enable the streamlining of gamification approaches and
the design of effective game mechanics to achieve effective behaviour change. Some of these theories are
presented next.

2.3.1 Theories of Behavioural Change

Behaviour change theories have applicability in several areas of human endeavour, and have been extensively
applied in the design of games and in the interpretation of the effects of games on players. Understandably,
no theory is all-encompassing and able to explain every observation. However, these theories provide a
useful lens through which behaviour can be understood and predicted, even if only partly. The following
sections provide an overview of a selection of the leading behaviour change theories, as well as comments on

their applicability to gamification as appropriate.
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Self-efficacy and the Theory of Planned Behaviour

Self-efficacy refers to a person’s confidence in his or her ability to take action and to persist in that action
in order to achieve a goal despite obstacles or challenges [31, 32]. This theory has been applied in several

gamification studies [4, 33-36] and is identified as a factor affecting occupants’ ability to conserve energy [33].

Related to the self-efficacy theory, the Theory of Planned Behaviour (TPB), advanced by Ajzen [37],
proposes that the driving factors for people’s behaviour are their intention to perform the action in question,
and the degree of control they have over the action [37]. The degree of control in this sense refers to perceived
self-efficacy — the degree to which the actor believes that they can successfully execute the actions that are
required in the given situation [37]. Thus, TPB augments the self-efficacy theory by including the desire to

perform an action (intention) as a predictor of behaviour.

Self-Determination Theory

The goal of interventions in user behaviour for improving energy efficiency is two-fold: to provide users
with incentives and motivation for using energy efficiently, and to educate and guide them along that
path. Ideally, this motivation and knowledge become internalised (internal motivation), developing into
a permanent lifestyle that lasts beyond the removal of external incentives and motivation. The highly
successful Self-Determination Theory (SDT) in psychology [38] provides a scientifically proven basis for
understanding human motivation. SDT offers a differentiated approach to motivation, identifying different
types of motivation in a continuum from intrinsic motivation through extrinsic motivation to "amotivation",
along with their associated self-regulatory styles, as shown in Figure 2.1. Intrinsic motivation is the "inherent
tendency to seek out novelty and challenges, to extend and exercise one’s capacities, to explore, and to
learn" [38].

Behaviour Nonself-determined Self-determined

Motivation Extrinsic Motivation Intrinsic Motivation
Regulatory Non-Regulation Externgl IntrojecFed Identified Integrated Intrinsic Regulation
Styles Regulation Regulation Regulation Regulation

Perceived Impersonal External Somewhat Somewhat Internal Internal
Locus of external Internal

Causality

Relevant Nonintentional, Compliance, Self-control, Personal Congruence, Interest,
Regulatory Nonvaluing, External Ego-Involvement, Importance, Awareness, Enjoyment,
Processes Incompetence, Rewards and Internal Rewards Conscious Synthesis Inherent

Lack of Control ~ Punishments and Punishments Valuing with Self Satisfaction

Fig. 2.1 The Self-Determination Continuum showing types of motivation with their regulatory styles, loci of causality,
and corresponding processes [38]

The premise of SDT is that every human being is capable of (and is born) being intrinsically motivated,
so the theory also deals with the factors that facilitate or forestall intrinsic motivation. Extrinsic motivation,

on the other hand, refers to the performance of an activity in order to obtain a separable (from self) outcome.
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This kind of motivation forms a continuum that traverses external regulation, introjected regulation, identified
regulation, and integrated regulation, the latter being closest to intrinsic motivation, as shown in Figure 2.1.
"Amotivation" is the state of lacking the intention to act, resulting in not acting at all, or acting without intent
(i.e. like a robot). According to previous research, it results from not valuing an activity, not feeling competent

to do it, or not expecting it to yield a desired outcome [38].

While intrinsic motivation is the ideal for long-lasting behavioural change, it is important to note that,
itis not the only type of self-determined (or autonomous) motivation [38]. In fact, people will be intrinsi-
cally motivated only for activities that they are intrinsically interested in [38]. Hence, extrinsic motivation,
specifically identified regulation and integrated regulation, accounts for self-determined motivation that is
not intrinsic. Also, although the motivation types form a continuum, people do not necessarily go through
each stage in succession, but can begin at any point depending on both prior experiences and situational
factors [38]. Internalisation and integration are the processes through which external regulation becomes

more autonomous and central to self.

SDT empirically identifies three psychological needs that form the basis for self-motivation, as well
as govern the conditions that foster the process of integration of extrinsic motivation. These needs are
competence, autonomy and relatedness. Competence refers to feelings of efficacy and mastery towards an
activity. Autonomy reflects the feeling of volition that accompanies an act, in other words, a feeling that the
initiative for an action comes from within the individual, and that the individual fully endorses the behaviour.
Relatedness is the need to feel belongingness and connectedness with others. Thus, SDT overlaps with the
above-mentioned Theory of Self-efficacy and the Theory of Planned Behaviour in that competence and

intention are also identified in SDT as drivers for behaviour change.

SDT has been interpreted in the context of gamification and serious games [30]. A 2022 review found it to
be the most used behavioural theory in serious games aimed at behaviour change [39]. A fundamental conse-
quence of the application of the theory to gamification is a distinction between reward-based gamification
(e.g. points, leaderboards, badges) and meaningful gamification, which deals with game design elements
like play, exposition, choice, information, engagement and reflection [40]. The former is effectively based on
extrinsic motivation, tending to produce short-term behavioural changes that disappear when the stimulus
is removed, and might even require an ongoing increase in the incentives in order to maintain the user’s
motivation. The latter targets intrinsic motivation and tends to produce long-lasting behavioural changes.
Deterding in [34] underscores this fact, highlighting the central importance of targeting intrinsic motivation

in game design.

In both theory and practice, pitfalls have been highlighted related to gamification and serious games. In
the context of SDT, the ideal form of motivation is intrinsic motivation; however, there is the risk that the
external motivation afforded by gamification and serious games could undermine the ideal goal of intrinsic
motivation (see [41]). Nevertheless, as Ryan and Deci [38] points out, intrinsic motivation is not the only
form of autonomous (self-driven) motivation; therefore, people can still be self-motivated for activities that

they are not necessarily intrinsically motivated to do.

Transtheoretical Model of Behaviour Change

The Transtheoretical model (TTM) conceptualises behaviour change as a process that takes place over time
and incorporates five stages: precontemplation, contemplation, preparation, action, and maintenance [42, 43].

Although it was originally applied in the context of health-related behaviour change, it has found validity and
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application in several other areas like nutrition intervention [31], driving [44], and curbing youth violence [45].

Several gamification studies have equally applied it (see for example [4, 46-48]).

In the precontemplation stage, there is no intention to change behaviour on the part of the subject, owing
to the subjects not been aware of the need to change in most cases, although people around the them might
be fully aware. Contemplation stage is the point at which the subjects are aware of the existence of a problem
and are seriously thinking about overcoming it, but without having made any commitments to action. At
the preparation stage, individuals plan to take action in the near future and are reporting small behavioural
changes in that direction. Action is the stage in which the subjects modify their behaviour, experiences,
and/or environment to overcome their problems. Finally, the maintenance stage is the period during which
the individual keeps up the behavioural change to prevent relapse and consolidate the gains of the previous

stage.

While the stages above represent when people change, TTM also details the processes of change - the
how, i.e. "the overt and covert activities that individuals engage in when they attempt to modify problem
behaviours" [42]. The model posits that these processes are "differentially effective” in certain stages of
change, i.e. particular processes are effective in some stages more than in others. Eight processes of change
are implicated in TTM, which are shown in Table 2.1, along with their definitions and their representative
interventions.

Table 2.1 Titles, definitions, and representative interventions of the eight processes of change from the Transtheoritical
Model of behaviour change. [49]

Process

Definition: Interventions

1. Consciousness raising
2. Self-reevaluation

3. Emotional arousal (or
dramatic relief)

4. Social liberation

5. Self-liberation

6. Counterconditioning

7. Stimulus control

8. Contingency
management

Increasing information about self and problem: observations; confrontations;
interpretations; feedback; bibliotherapy.

Assessing how one feels and thinks about oneself with respect to a problem:
value clarification; imagery; corrective emotional experience.

Experiencing and expressing feelings about one’s problems and solutions:
psychodrama; grieving losses; role playing; journaling.

Increasing alternatives for nonproblem behaviours available in society:
advocating for rights of repressed; empowering; policy interventions.

Choosing and committing to act or belief in ability to change:
decision-making therapy; New Year’s resolutions; logotherapy techniques;
commitment-enhancing techniques.

Substituting alternatives for anxiety related behaviours: relaxation;
desensitisation; assertion; cognitive restructuring.

Avoiding or countering stimuli that elicit problem behaviours: restructuring
one’s environment (e.g., removing alcohol or fattening foods); avoiding
high-risk cues; fading techniques.

Rewarding oneself or being rewarded by others for making changes:
contingency contracts; overt and covert reinforcement; self-reward.

2.3.2 Game and Gamification Design Frameworks

In the context of game development, structured approaches exist in the literature and in practice as formalized
methodologies that aim to guide the development process to ensure predefined end-results. Some of these

game design frameworks are especially suitable for the development of full-fledged games with complex
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mechanics and gameplay, but some are equally applicable to gamification. A few of these game design
frameworks are discussed in the following paragraphs at a high level, especially to the extent that they could
be applicable to the gamification and serious game development goals of this thesis. (More overviews of
game design frameworks are provided in e.g. Villegas et al. [50] and in the thesis of Dormans [51].) It is
noteworthy, nevertheless, that there are arguments against using game design frameworks, e.g. as detailed in
[51]; in the game development industry, many projects did not use such formalized approaches. However,

some form of design documents are in any case helpful for game development.

In a 2015 report, Grossberg et al. [52] developed an analytic game design framework useful for the design,
implementation and evaluation of gamified systems. They derived the framework by analysing gamified

energy efficiency programmes. The elements of the framework are:

Provenance Information about the origin and stakeholders in the project; nature (pilot or full deploy-

ment) and timeline of project

Business objectives and desired outcomes The business case for the deployment of the gamified

system.

Target audience and their goals Who is meant to play the game, and what personal goals does the

game help them achieve?

Target behaviours and metrics for success What real-world actions does the developer want the

players to take? What are the desired quantifiable results?

Play space Real-world or virtual-world play? Mobile phone or computer-based?

Progress path, levels What is the player’s progression pathway through levels of increasing challenge

and skill development?

Triggers What reminders or calls to action prompt players to continue on their journey?

Player engagement model Inter-player interactions? Teams?

Data-based feedback What quantified data do players receive about their progress? How often?

Achievements and rewards What actual and virtual rewards do players receive? For which achieve-

ments?

Social dimension Use of social norms ("peer pressure")? Social media?

Intrinsic versus Extrinsic motivation Are players motivated to change behaviour for intrinsic or

extrinsic reasons?

Results What results have been documented? (E.g. energy savings, behavioural changes in players,

etc.)

On the other hand, the widely used MDA (Mechanics, Dynamics, and Aesthetics) framework [53] breaks
down game development and consumption into interacting sub-components to facilitate reasoning about the
effects of design decisions on gameplay and vice versa. The Mechanics embodies the particular components
of the game at the data and algorithm level, while the Dynamics relates to the run-time behaviour of the
game, and the Aesthetics describes the desirable emotions that the game evokes in its players. The MDA

framework identifies the views of the two actors in game production and consumption - the game designer’s
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view and the game player’s view. While the game designer thinks from Mechanics to Dynamics to Aesthetics,
the player approaches the game from the reverse direction. Hence, the MDA framework espouses thinking
like the player in the game development process, and iteratively establishing the lower levels (mechanics and
dynamics) from elicitations of the top level (aesthetics). However, the MDA framework has been criticized
for being mainly applicable to entertainment games, but insufficient for serious game development or
gamification [54]. Another weakness of the framework is that the classification tends to be fuzzy and fails to

capture some important aspects of game development like the game’s storyline [51, 54].

Another game development framework, called the Gamification Model Canvas (GMC) Evolution frame-
work and based on the MDA framework and behavioural theories, was developed by Escribano [55] as an
enhancement to the original (unpublished) Gamification Model Canvas by Sergio Jiménez [55]. At its core, the
GMC evolution framework develops dynamic profiles of players and, using relevant theories of behaviour and
motivation, connects these profiles to the MDA framework-inspired GMC layers, called simplicity, aesthetics,
dynamics, and components. It introduces so-called GMC levels to encode how intrinsic or extrinsic a player
profile’s motivation is, and then uses these levels to appropriately tag various design choices within the GMC

layers. These tags then help in creating a compatible mix of game design choices.

Yet again, the more recent Design, Dynamics, Experience (DDE) game development framework by Walk,
Gorlich, and Barrett [54], was published in 2017 as an advancement over the MDA framework to overcome
the weaknesses of the latter. The authors combine ideas from several existing frameworks to extend the
mechanics, dynamics, and aesthetics components of the MDA framework, thereby forming three eponymous
pillars of the DDE game development framework: design, dynamics, and experience. Design encompasses all
the aspects of the development that are under the developer’s control, including game code and rules, game
world and characters, and game data representation, among others. Specifically, design is broken into three
sub-categories: blueprint, mechanics, and interface. The blueprint encompasses the conceptual "setting" of
the game, including the character and sound design, the game-world rules, the cultures, the physics, etc. The
mechanics referring to all the code, data structures, input-output routines and so on that implement the game
objects and rules. The interface, which refers to what is presented to the user via the game interface, includes
look-and-feel, and the sensory feedback or reporting that the User Interface provides to the player. This
reporting can be classified as diegetic, non-diegetic, spatial, or meta [54, 56], as shown in Fig. 2.2. Diegetic
refers to Ul elements that exist in the game narrative as well as in the game space, for example the roads
in a racing game. Non-diegetic components are neither part of the game narrative nor the game space, for
example game menus. Spatial refers to elements that are not part of the game narrative, but are still a part of
the game space, e.g. visual highlight around the currently active player in soccer games. Finally, meta refers
to UI components which exist outside the game space but are part of the game narrative, e.g. blood splatter

on the screen in a first-person shooter game [56].

The dynamics category of DDE framework, similar in spirit to the eponymous concept in MDA framework,
refers to all emergent properties of the game which result from the interactions of the game with itself and
with the player during gameplay. The dynamics is only indirectly under the control of the game developer,
in that the latter specifies e.g. the rules and possibilities within the game but not necessarily all the ways
in which these rules can simultaneously interact. In the game development process, the developer can
iteratively tune the game to improve the dynamics. Lastly, the experience category revises the aesthetics
category of MDA, retaining the latter’s core meaning but at the same time introducing the Player-Subject
concept to denote the "subset" of the human player that actually plays the game. Furthermore, in the DDE
framework, the challenge attribute of the game is the result of the game presenting a so-called Antagonist

to the Player-Subject, which in turn evokes emotional, intellectual, and sensory responses in the player.
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Fig. 2.2 The four types of reporting provided by UI components in games according to the diegetic theory. Source: [56]

Game developers, therefore, can by this token reason about game development narratively, where the game
itself is the Antagonist of the Player-Subject, enabling the developer to create engaging storylines. The game
narrative has two parts, according to Walk, Gorlich, and Barrett [54] and Grave [57] but also reasoned about
in DDE: the embedded narrative as designed into the game by the developer, and the emergent narrative
which is "created by the sequence of challenges and other sensations emerging from the game dynamics"

[54]. For successful games, these two parts of the game narrative should agree.

2.4 Previous Work on Gamification and Serious Games in Energy Savings

This section discusses the use of gamification and serious games in the literature for triggering behaviour
change towards improved energy efficiency. Behavioural theories (such as discussed in the previous section)
that are applied in these previous works are also presented where available.

Within the last decade, concerted research efforts have been applied to the concept of gamification as a
separate and new phenomenon distinguishable from full-fledged games and from "play", with Deterding
et al. [28] providing a formal definition and discourse to situate gamification-related studies on a unified
taxonomic foundation. Several of these works have aimed to improve an aspect of energy system efficiency
using various user-focused gamification and serious game strategies. In addition, reviews of gamification-

related intervention studies are presented in this section.

In 2017, Johnson et al [30] carried out a review of 25 gamified applications and serious games in the
domestic energy consumption sector, selected based on a stringent set of criteria, which include large
sample sizes, well-described methodologies, presence of controls, presentation of quantitative statistics,
use of validated methods to quantify outcomes, and long data collection time frames. From these studies,
they identified four classes of outcomes of such behavioural interventions, namely behavioural, cognitive,
learning and knowledge acquisition, and user experience. Behavioural outcomes dealt with real-world and
in-game actions and intentions to save energy. Cognitive outcomes encompassed the affective and motiva-
tional aspects, including energy-related attitudes, self-awareness of energy conservation, and motivation
to engage in energy-saving activities. Learning and knowledge acquisition covered learning effectiveness
and knowledge gains. The User Experience (UX) aspect highlighted attitude of the user towards the game,
including engagement, satisfaction and usability. Most of the studies (a total of 17 out of 25) reported more
than one outcome category, with the user experience category having the highest frequency, followed by

cognitive, real-world behavioural, knowledge, then in-game behavioural categories, in that order. All the
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outcome classes had mostly positive results across the studies: user experience and in-game behavioural
had all-positive results; cognitive, real-world behavioural had mixed (positive and neutral) results; and
knowledge had mostly positive, a few mixed, and one negative result. In other words, in nearly all the studies,
gamification produced measurable positive effects on the subjects in these four categories. In terms of the
effects of the interventions on energy-related outcomes, the results were largely positive, with a few studies

having both positive and negative effects.

Regarding the nature of the gamification in these reviewed studies, it was found that roughly half of
the studies can be classified as serious games and half were gamified applications/tools. Seven (7) of them
were mobile apps, nine (9) were online applications and five (5) were computer games. In terms of level of
digitisation and integration into the real world, again roughly half of the games and gamified applications
employed significant integrations with the real world, while the other half were entirely digital with no

real-world integration.

In AlSkaif et al. [58] a gamification-based conceptual framework for driving customer engagement in
residential buildings was presented. Using the widely applied Transtheoretical Model (TTM) for behavioural
change [43], they categorised the requirements of the framework and mapped these to high-level gamification
objectives. The employed game design elements were categorised into five groups, namely information
provision (statistics, messages, tips), rewarding system (electricity bill discounts, virtual currency, prizes/offer-
s/coupons), social connection (competition, collaboration, energy community), user interface (dashboards,
leaderboard, progress bar, message box, notifications, degree of control), and performance status (points,
badges, levels). Finally, they highlighted the value of the proposed intervention. However, the report had no

tangible products (gamified software, results, etc.).

Energy Chickens [59] was a successful gamified intervention in an office building. The health of the
chickens represented the energy savings or overspending. Healthy chickens laid eggs daily, but only when
the user logged into the app; these eggs were the currency for shopping items in the game store. The game
progress path consisted of access to more elaborate and expensive store items, and the ability to view the
graph of one’s performance and the (chicken) performance of other players. The test consisted of four
phases — a baseline, no-intervention phase; two experiment phases of interventions; and, a follow-up phase.
Participants decreased their plug load energy consumption by 13% from the pre-game baseline on average,
with reduction on non-working days being much stronger than on work days, and 69% of participants
indicated an improvement in their energy consciousness due to the game. However, the savings did not
persist in the follow-up phase. The game deals only with plug loads, and there was no way to systematically
determine what an optimum performance would be: users were made to pledge to reduce consumption by
15% at the beginning of the game, an arbitrarily predetermined goal.

Mindergie [17] was a pervasive game developed in order to foster pro-environmental behaviour at the
workplace. It ran for four weeks in an academic institution involving 15 participants. Game elements
employed were information, action, badges, quiz, activity, and challenge. Additionally, physical rewards
were also given. From the results, the users favoured the active elements of the game (action, activity) above
the informational elements (quiz, information on energy systems). Badges had the least impact, and the
authors explain that the nature of the badges (not related to any earned skills) was probably inappropriate for
a university environment where skills are highly valued. Again, the rewards approach was questionable, since
it explicitly motivates extrinsically, and the risk is that the positive behavioural change reverts as soon as the
reward is removed. Furthermore, the users demanded for more personalised feedback and more variety in

the game mechanics. Mindergie employed game mechanics that were designed to take the users out of their
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offices/desks to look for clues on the campus, which would not produce sustainable engagement since it
detracts from the user’s daily work and requires too much effort, although the authors state that the users
found them interesting. Also, no quantitative measures regarding energy savings was involved. Finally, the
authors point out that a more longitudinal study should be carried out.

The Smart Consumer, Smart Customer, Smart Citizen (S3C) project [60] was an EU project by a group of
European companies tagged The S3C Consortium. This project developed tools and guidelines to enable
the successful engagement of users in smart grid interventions based on the review of several smart grid
projects throughout Europe. The developed tools include a multilingual web-based energy quiz module
embeddable in web apps using iFrames [61], an Excel-based tool [61] for categorising the target audience
according to their energy-related behavioural profile [62] based on the user segmentation model proposed
by Siitterlin, Brunner, and Siegrist [63]. The guidelines cover many topics around customer engagement,
including gamification, motivating behavioural change, creating a consumption baseline, and evaluation
strategies for such projects [64]. Apart from the quiz mentioned above, no other tangible products related to

gamification were developed.

Konstantakopoulos et al. [65] report on a gamification approach targeting dorm residents in a university,
in which the occupants were modelled game-theoretically as non-cooperative agents playing a sequential
discrete-choice game in order to maximize some individual utility function. A social game experiment was
carried out to obtain real data for occupant resource use. In the social game, occupants were awarded
points based on energy savings compared to a historical baseline. The game consisted of visual feedback on
consumption via a web app for lighting usage, as well as HVAC (heating, ventilation, and air conditioning)
systems usage (ceiling fan and air conditioner in this case), with incentives taking the form of lotteries that
the occupants can win. Chances of winning the lottery increase with points earned and engagement with the
app. The game was run separately in autumn and spring, with results showing significant reduction in the
use of the lighting and HVAC appliances measured in minutes per day. In the spring results, reduction in
usage ranged from 30% for ceiling lights and ceiling fans, to 76% for desk light usage during weekdays, and
54% to 84% on weekends. For the autumn trial, the reduction for weekdays was 6%, 61%, and 19% for ceiling
lights, desk lights, and ceiling fans, respectively. On weekends, more reductions were observed — 38%, 76%,
and 60% for ceiling lights, desk lights, and ceiling fans, respectively. Additionally, the data obtained from
the social game was used to train the game-theoretic occupant models using deep learning approaches, as
well as to forecast energy usage. The results showed reasonable accuracy of predictions of occupant actions
and energy usage. Using the AUC (Area Under the Receiver Operating Characteristic Curve) metric, the
deep-learning models achieved accuracies of up to 95%.

In addition to the above-mentioned previous work, the European Commission funded a large-scale
Research and Innovation programme named Horizon 2020 [66] to the tune of almost 80 million euros. The
gamification-related projects described in the remaining paragraphs of this section were partially or fully
funded by this programme. These projects are closely related with the general thrust of this thesis and were
generally successful; therefore, a more detailed review is provided.

OrbEEt (which stands for Organizational Behaviour Improvement for Energy Efficient AdminisTrative
Public Offices) [67] is a major gamification project aimed at developing "an innovative solution to facilitate
public and social engagement to action for energy efficiency by providing real-time assessments of the energy
impact and energy-related organisational behaviour". It was co-funded by the Horizon 2020 Program with

pilot runs in four buildings across four European countries. In the Germany pilot study, which boasted an
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acceptance level of 80%, overall energy savings of 17% was reported, broken down into 17%, over 20%, and 7%

reduction in the energy consumption for heating, lighting, and other electrical load types, respectively [68].

A core contribution of this project is the development of the so-called Systemic Enterprise Operational
Rating (SEOR), a building performance certification framework based on operational rating, which inte-
grates business processes model, the occupant behaviour and preference models, and the physical building
model [4]. For each of the foregoing aspects, relevant Key Performance Indices (KPIs) are defined, on which
basis to judge success and steer enhancement efforts. In the end, buildings are issued an enhanced Display
Energy Certificate (eDEC), which, in addition to including organisational aspects, also provides near real-time
feedback [4]. It should be noted that the energy performance model does not focus on the structural aspects
of buildings, but only addresses the aspects that influence occupancy and the aspects of energy performance,
business performance, and individual comfort for the occupants. Similarly, it also does not focus on specific
HVAC systems, but on the estimation of the variability of the energy performance due to enterprise- and
occupancy-induced factors [4]. Again to point out that the Occupancy Related Indicators are not defined as
indicators of the proposed SEOR framework, rather act as enablers for the comprehensive analysis of energy

performance indicators [4].

In OrbEEt, detailed and extensive Key Performance Indicators (KPIs) were defined to capture the perfor-
mance of the facilities under various aspects, namely energy performance, business performance, human
comfort, and the behavioural triggering framework [4]. This approach provides several complementary views
on the performance, both in terms of energy consumption and in terms of CO, emissions. Additionally, the
metrics are classified at several granularities across a number of measures, for example at different spatial,
temporal, and occupancy-related granularities. Normalisation of these measures is done on the occupancy
(e.g. per person), geographical area (e.g. per floor area, per typical room), and time/weather-related (e.g. per
season, day-night, seasonal holidays) dimensions. Directions for future research, as outlined in the project
summary, include extensions to the OrbEEt framework with an integrated building automation system, and

application of the framework to heterogeneous building types.

The EnerGAware project [69] ran from 2015 to 2017 and involved developing a serious game, the Energy
Cat game [70]. Pilot studies were conducted in over 50 homes in the United Kingdom. At the end of the
interventions, an average electricity saving of 3.46% and average gas saving of 7.48% were achieved, when
compared to the baseline period before the interventions [71]. However, the savings were not statistically
significant and had a low effect size. Also, the effect of the game was more pronounced in the mid-term
evaluation than at the end of the intervention, implying that the effectiveness of the game diminished over
time. Also, the authors state that a key reason for the poor results was that participants did not perceive a
relationship between the game and their real life.

TRIBE (TRalning Behaviours towards Energy efficiency: Play it!) [72] was a project aimed at enabling
behavioural change in occupants of public buildings towards increased energy conservation. The project
analysed and classified energy-related behaviour regarding heating, cooling, lighting and electrical appliances.
Five pilot buildings in two European countries (Spain and Turkey) consisting of a public residential building,
a university building, and office buildings, were used in the study. A serious game in 3D, called TRIBE,
was developed as a mobile app to achieve behavioural intervention. The main objective of the game was
to achieve the highest energy savings within the virtual buildings in the game. The winning criterion was
that the user achieves 20% energy savings in the virtual building (compared with the original baseline) by
year 2020 in terms of the game time progression [73]. In order to measure the effect of energy efficiency

measures (EEMs), they applied the building simulation approach. Faced with the difficulty that simulation of
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a building’s energy system for a year or a season on an hourly or sub-hourly basis is usually relatively slow
for real-time applications, and that the hardware requirements usually supersede the available resources
of mobile phones, the authors first simulated the pilot buildings in detail using EnergyPlus. Inputs to the
simulation models include building’s structural characteristics, installed heating/cooling equipment, lighting
and plug loads, and occupancy profiles. The precompiled simulations were then coupled into an energy
simulation engine developed for the game and stored within the game environment [15]. The baseline was
obtained via simulation, since at the time of writing the gamification report, enough data was not available

from the installed sensors until the end of the project [73].

A total of 250 EEMs — each involving a specific investment cost and leading to specific energy savings —
were predefined in the game and grouped in levels: certain EEMs are available only in certain levels of the
game. Energy efficiency improvement achieved after the application of each EEM was simulated and fed
into the internal game database. For some of the EEMs, these results were modelled as collections of input
parameters to the simulated building using EnergyPlus. For others, the results were estimated using other
tools (e.g. HOMER for micro-wind turbines installation) or using available methods in the literature where
no tools were applicable. Game progression was achieved by unlocking new zones in the virtual buildings as
the user’s energy decision-making skills improved, and with the new zones came more EEM possibilities. In
parallel to the virtual building being changed by the player, a replica of the same virtual building with inputs
from the real-time monitoring of the corresponding real-world building was available to the player, so that a

comparison was possible between the two virtual representations [73].

In TRIBE, the play space is entirely virtual, and no user actions in the real world are directly accounted for,
although the parallel game world that is fed with real data showed the current status of the actual buildings.
The virtual building that a player manipulates was also not necessarily the same as where the player was
located, so it was not expected that the players should influence the real-world counterparts of the buildings

in the virtual world.

ChArGED (CleAnweb Gamified Energy Disaggregation) [74] is a framework that leverages gamification
to reduce energy inefficiency and wastage in public buildings. Central to the idea is the incorporation
of the possibility for micro-generation (i.e. local energy generation), allowing users to maximise locally
generated energy and minimise grid power usage. An intended consequence is the improvement of the
predictability of the baseline energy spending. In the project, the energy consumption-related sensors are
augmented with location sensors (Near-Field Communication (NFC) and iBeacon devices) to enhance energy
disaggregation [74]. The gamified interface was developed for portable/mobile devices and features social

interaction aspects like teams and competitions, as well as individual feedback.

2.5 Research Gap and Contribution of Research

Table 2.2 analyzes previous work vis-a-vis the aspects of gamification and user behaviour intervention that
are interesting for the current work, thereby providing the basis for identifying the research gap that this
work aims to fill. First, as pointed out earlier in the chapter, public office buildings present unique difficulties
to motivating energy-efficient occupant behaviour since occupants are not responsible for energy costs.
Additionally, in public office buildings especially in Germany, data privacy is enforced more strongly than in
most other countries and settings, limiting the range and granularity of measurements that can be taken, as
well as the kinds of interventions that can be permitted. Since this work deals with public office buildings, it

was important to consider how often previous work dealt with these challenges. Many of the interventions in
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Table 2.2 Analysis of previous work with respect to the aspects of gamification and user behaviour intervention that are
interesting for the current work.

Relevant features of previous studies Previous studies
Objective Cost- BAS Public Living-lab Thermal
bench- benefit integration  building energy
mark analysis

X X X X [75]

y x x (74, 76]
x X X [77]
x x [71]

x x [78][79]
x [59]

x (65](80]

public office buildings from previous studies highlighted in Table 2.2, cannot be applied in Germany due
to stricter workplace privacy laws and enforcement. For example, requiring that occupant activities and
movement in the office are tracked by Bluetooth and Near-Field Communication (NFC) chips beacons as
done in the ChArGED project [74] would almost certainly not receive approval from the Workers’ Council in
public institutions in Germany, especially when the interventions are at scale outside a specialized testing

framework.

Related to the foregoing, therefore, is the living lab nature of the present work, in which the interventions
are integrated into the normal work schedules of occupants of these public office buildings without requiring
special business-interrupting energy efficiency campaigns. Indeed, the design of the work in this thesis
permits continuous behaviour intervention as part of normal worklife. This characteristic is absent or limited

in many of the previous studies analyzed in Table 2.2.

Yet again, in temperate climatic regions like Germany, heating dominates energy consumption in build-
ings. In the buildings considered in this thesis, thermal energy consumption is often significantly than the
electrical energy consumption, and the potential for efficiency improvement is also higher for thermal than
electrical energy consumption in these buildings. Since the focus of this thesis is thermal energy efficiency,
the contributions of the thesis are mainly focused on user behaviour affecting the thermal energy system.
As can be seen from Table 2.2, the majority of listed publications target the consumption of other forms of

energy or resources.

Regarding gamification, the performance metric derived in most previous works is based on the improve-
ment-from-baseline perspective, lacking an objective benchmark that reasonably quantifies and embodies
the theoretical potential for improvement given the current scenario (see Table 2.2). Rather, in such an
improvement-from-baseline approach, the system disfavours already energy-efficient occupants since there
is little room for improvement from the baseline, whilst incentivising high energy-inefficiency during the
baselining period. For example, players of Energy Chickens [59] were made to pledge to reduce electricity
consumption by 15%, irrespective of where the individual player’s current performance lay w.r.t. the ideal
consumption. In fact, Johnson et al. [81] clearly point out that it is a common myth to assume that the

improvement-from-baseline approach is fair when comparing the performance of multiple actors.

An alternative approach, which is proposed in this thesis, is gamification from the deviation-from-ideal
perspective, which is expected to have better chances of judging performance fairly. At the heart of the
conceptual solution proposed in this thesis is the development of a so-called oracle that defines what the
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ideal behaviour in a given context should be. One advantage of this approach is that the potential for
improvement becomes apparent, irrespective of the current baseline behaviour. Hence, the user can be
steered towards a realistic ideal behaviour profile, which takes into consideration other balancing factors
like maintaining comfort and a healthy office environment. In other words, the proposed evaluation system
naturally incorporates comfort-and-air-quality protection when considering heating in naturally ventilated
offices, such that extreme energy savings which would likely correspond to deterioration in comfort and
indoor air quality is by design not encouraged by the gamification approach. This checks-and-balance
system is only present in few studies (e.g. OrbEEt [68], which considers necessary business activities while
deciding energy performance); most other studies just assumed that all energy savings, no matter what other
values were compromised, was good or rewardable. As would be expected, such interventions tend to have
high rates of rebound, since the behaviour changes were not by definition sustainable in the first place.

Additionally, included in this work is the integration of interventions with the Building Automation
System (BAS), which is not common in the previously analyzed work in Table 2.2. This integration in this
thesis allows energy-related occupant actions like specifying temperature setpoints and expected occupancy
schedules to be used for automatically heating the buildings. In fact, the use of individual presence schedules
for on-demand heating in this work goes beyond the state-of-the-art use of "connected thermostats" in
terms of the opportunities to obtain and honour user occupancy schedules, leading to more potential for

real-world energy savings, as would be demonstrated in this work.

Furthermore, a novel contribution of this work is the development of a framework for reasoning about the
architecture of a behaviour evaluation system. The framework, called the Rule-Model-Measurement (RMM)
framework, is established using behaviour-analytic concepts and categorizes the approaches for deriving
an energy-related behaviour evaluation metric for use in a reward / penalty intervention system, such as is
common in gamification. These approaches are then eloborated with illustrative conceptual applications
to the current case study. Also, previous gamification studies having real-world behaviour intervention

components are recast into this RMM framework, demonstrating how these works fit into the framework.

Finally, behaviour interventions cost money. Only a handful of studies provided a cost-benefit analysis
to determine if the investments in the system were reasonable. In this work, the cost of instrumentation is
compared to the whole-building energy savings in the pilot building over an appropriately long time horizon
(one year of baseline and one year of intervention). From the cost-benefit analysis, a payback period is
also estimated, along with other realistic recommendations and lessons learned that could make similar

interventions even more economically rewarding while potentially being equally or more successful.

2.5.1 Research Questions and Research Contributions

Based on the foregoing identifying the gaps in the literature and elaborating the unique nature of the problem
at hand in this thesis, the following three main research questions arise, which should be addressed by the

thesis.

Q1: Whatis a systematic methodology for developing an occupant energy-related behaviour evaluation
system that is fair in that it is applicable to different occupants irrespective of their current
point on the energy efficiency spectrum, while taking into consideration occupant comfort and
wellbeing? What are the boundary conditions for such a system, including input and output data
requirements? What are the characteristics of the system that are relevant to the occupant, when
the system is used to drive behaviour change?
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Q2: How can occupants of public office buildings, who have no financial incentive to be energy
efficient, be motivated to become energy efficient using gamification, while preserving privacy
and supporting workplace productivity? In other words, which gamification methodologies should
be applied to achieve these aims?

Q3: How effective are such gamification-based interventions in terms of measurable change in be-
haviour and / or energy efficiency? What are the financial implications of these interventions

compared to the achieved energy savings?

The main contributions of this work, therefore, are:

Development of a gamified energy dashboard that targets the improvement of occupant behaviour in

public office buildings, and which integrates with the everyday life of the building occupants.

Integration of occupant schedules and thermal preferences into the building automation system to

achieve higher thermal energy efficiencies.

Development and characterisation of a novel framework and taxonomy for categorizing energy-related
occupant behaviour evaluation methodologies, which is especially useful for gamification, followed
by demonstration of the framework by implementing a behaviour evaluation system guided by the

framework.

Real-world experimental investigation of the developed behaviour intervention system, including
quantitative and qualitative results and analyses covering the effectiveness of interventions, user

feedback, and cost-benefit analysis.

The set of software applications and tools that were developed for the realization of these pillars is referred

to in this project as the Energy Dashboard Suite. The behavioural interventions in this work are implemented

in the style of a living lab under the wider Living Lab Energy Campus (LLEC) project. The LLEC project uses

the campus of Forschungszentrum Jiilich GmbH, (FZJ) located in the city of Jiilich in North-Rhine Westphalia,

Germany, as a test-bed for innovative and future energy systems. The campus comprises about 164 buildings,

with most buildings housing offices and/or laboratories. One building - the Seecasino - serves as the campus

restaurant, catering to about two thousand employees and visitors every day. Two other buildings house the
Jiilich supercomputers, JEWELS and JURECA. In this thesis, only a small subset of the FZ] buildings (12 in
total) are considered in detail.



Chapter 3

Methodology

Given the research questions Q1 to Q3 raised in the previous chapter, this chapter builds the foundations for
addressing the questions. It begins with the development of the methodological basis for evaluating the en-
ergy efficiency of building occupants’ behaviour, employing behaviour-analytic concepts and considerations.
The aim is to include such evaluations in a fair gamification system, thus addressing Q1. Subsequently, the
design of experiment that enables testing the effectiveness of the interventions is established, along with a
brief introduction of the developed software to provide some context for the experiment design. In particular,
the design of experiment elaborates the hypotheses to be tested and the strategies for testing them, in line
with research question Q3. (The details of the gamification implementation are discussed in Chapter 4, along
with how the implementation addresses Q2.) The rest of this chapter covers standard methodology needed
for evaluating energy savings at the building level, as well as for deriving inputs to the behaviour evaluation
engine.

Conceptually, this work is founded on four foundational concepts related to eco-feedback and gamifica-
tion, the so-called pillars of this thesis, which are designed to work synergetically to achieve improvement in
the energy efficiency of occupant behaviour (see Fig. 3.1). The first pillar is eco-visualization, in which the
state of the surrounding energy system is shown to the occupant at different spatial and temporal resolutions.
The second pillar, control, provides a human-machine interface (HMI) that enables the occupant to interact
with the Building Automation System (BAS) in order to achieve comfort. The third pillar is the concept of a
behaviour evaluation system for energy-related occupant behaviour, which in turn powers a gamification

system that providing performance feedback and competition.

3.1 Performance Feedback

As substantiated extensively in the literature, gamification as a behavioural intervention strategy in energy
research can be effective to motivate occupants towards improved energy efficiency. Performance feedback is
a core aspect of gamification. While the term feedback is difficult to precisely define from a behaviour analytic
perspective [82, 83], a working definition is that feedback is "presentation of an exteroceptive stimulus whose
parameters vary as a function of parameters of antecedent responding" [83]. In other words, feedback is
external to the recipient and the properties of feedback depend on the recipient’s prior responses. However,
the implementation of feedback varies widely across studies. The process by which gamification influences
behaviour involves operant conditioning, which is a behaviour-analytic term that describes the learning
process where voluntary behaviour is modified by associating particular behavioural responses with reward
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Fig. 3.1 The four main "pillars" of the thesis, embodied within a set of user-centric applications and tools.

or punishment [84]. Although strictly speaking, operant conditioning is distinct from feedback albeit very
closely related [83], in this discussion the concepts are sometimes used interchangeably when feedback
serves as reinforcement or punishment, since in the application of the concepts to gamification, game
elements like points and badges provide performance feedback while simultaneously functioning as rewards
and punishments (when points are lost). In this sense, therefore, performance feedback can be used as an

operant conditioning procedure where reward reinforces some behaviour and punishment discourages it.

Broadly speaking, performance feedback can be categorized as objective or evaluative [82, 83]. Objective
feedback provides information about performance without comparison to any expected standards, e.g. "You
have won 10 points." in a gamified app. Evaluative feedback, on the other hand, compares performance to a
predefined standard for judging how good or bad the performance is, such as "Excellent!" or "Poor". In a
social context, feedback that compares a user’s performance with that of others, termed normative feedback,
is often employed in gamification [47, 85-87]. Injunctive normative feedback compares the individual’s
behaviour to behaviours that are deemed socially acceptable, i.e., "what ought to be", while descriptive
normative feedback compares the individual’s behaviour to what is typical in an environment, irrespective
of if these typical behaviours being socially acceptable or not [88-90]. A common drawback of descriptive
norms is the so-called "boomerang effect," whereby individuals can be motivated to behave in socially
unacceptable ways when they realize that "everybody does it" [85]. Hence, injunctive norms are regarded as
a means to prevent the boomerang effect [88, 89, 91] and are proven to be superior in encouraging positive

behaviour than descriptive norms [90], although the combination of both is most effective [91].

Therefore, the conceptual development of the evaluation methodologies in this chapter incorporates the
idea of injunctive norms by first determining what is correct behaviour as regards occupant interactions with
the heating-related systems of a building. It is then necessary to quantify these behaviours or their effects
in energy terms or in some other equivalent terms like points and badges, so that numerical comparisons
can be made between correct and actual occupant behaviour. These ideas are fleshed out in this chapter at
the conceptual level by discussing the theoretical considerations for developing such behaviour evaluation,
without regard to the specifics of how it is implemented in practice. Specifically, the method of incentivizing
occupants, i.e., use of rewards vs. penalties, is first discussed, followed by a taxonomy for methodologies for
developing such a gamification-oriented behaviour evaluation system (rule-based system vs. model-based

system), along with detailed comparative analyses of these methodologies. The implementation of the
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behaviour evaluation system as applied in this thesis based on this chapter is embodied in Juracle and is

presented in Chapter 4.

3.2 Operant Conditioning: Reinforcement vs. Punishment

As stated previously, operant conditioning is the term used to describe the use of reinforcements and punish-
ments to modify behaviour [84, 92]. The four styles are positive/negative reinforcement and positive/negative
punishment [93]. In this classification, positive represents adding something, while negative represents
removing something. Reinforcement means increasing the likelihood, frequency or degree of a (desirable)

behaviour, while punishment means doing the opposite for non-desirable behaviour.

Applied to occupant behaviour motivation for improved energy efficiency, the operant conditioning
mode used to incentivise behavioural change influences the behaviour evaluation methodology. Example
incentivisation scenarios are outlined and classified in Table 3.1. Scenario combinations are also possible.

Table 3.1 Possible incentivisation scenarios for motivating behaviour change and their corresponding operant condi-
tioning classification. Combinations of scenarios are also possible.

Scenario ID | Scenario Description Operant Conditioning Classification
S1 Addition of points for energy savings Positive reinforcement

S2 Removal of points for energy waste Negative punishment

S3 Addition of penalty points for energy waste Positive punishment

S4 Removal of penalty points for energy saving Negative reinforcement

Each of the scenarios (or combinations thereof) has its own characteristics, which make it differentially
applicable in different use cases. Before discussing the operant conditioning modes in details, it is necessary
to present the criteria which guide the selection of conditioning modes for this thesis. These criteria are as
follows:

 Intuitiveness and simplicity: The concept should be easy to appreciate for the users.

* Ease of retrospection: The concept should admit an easy retrospection, i.e., the end-result of the
evaluation based on the concept should be backward-traceable to the user’s behaviour that produced
it. In other words, the derivation of the incentive from the deviations from the reference point should
be transparent.

¢ Provable fairness: It should be demonstrable that the concept has a reasonable degree of fairness in

its application to users with different starting points and environmental characteristics.

Compatibility with a serious game: For possible integration into a serious game centered on reducing
energy demand in a virtual environment through in-game purchases, the concept should be compatible

with energy or monetary units.

The last requirement biases the choice of operant conditioning mode towards having real-world signifi-

cance, as against arbitrary points that have no physical meaning.
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3.2.1 Analysis of Individual Operant Conditioning Modes

The operant condition modes presented in the previous section of Table 3.1 are analysed in this section. The

question being addressed by this analysis is

Scenario S1 (positive reinforcement), where rewards are given for behaviour improvement, is common-
place and intuitive. It naturally induces a "deviation-from-worst-case" evaluation approach: for rewards,
the natural limiting case is zero reward for zero improvement, with the reward increasing in proportion
to the deviation from the reference point (i.e. a behaviour improvement compared to some worst-case
reference). Indeed the reverse relationship is possible, where the reward grows with a decrease in deviation
from a reference point, but this requires that the reference point be defined as an "ideal behaviour", such
that the maximum reward coincides with the minimum (zero) deviation. This approach then demands the
definition of the maximum reward ab initio as a boundary condition at the ideal reference point. Finding
such a maximum that can be justified intuitively is difficult using units compatible with energy or money,
and no easy solution was found in this analysis. Therefore, a reward applied in the deviation-from-worst-case

sense offers the most natural and intuitive approach for positive reinforcement.

In the case of pure negative punishment (scenario S2), some existing asset or advantage is removed
in response to energy waste (undesirable behaviour). This approach requires the pre-existence of assets
that can be taken away, which does not fit well with the environment of the case study, since there was no
previous opportunity to earn assets in the experiment setup prior to the commencement of evaluations. In
combination with positive reinforcement, however, the assets could be the rewards previously earned by

energy savings. Such combinations are discussed in the next section.

Positive punishment (scenario S3), in which penalties are added for undesirable behaviour (wasted
energy), naturally induces a "deviation-from-ideal" approach. Here, a direct proportional relationship can
be defined such that the minimum (zero) deviation coincides with the minimum penalty. Energy wasted
in kWh is an example of a penalty, where it is exactly zero when the occupant’s behaviour is ideal. Unlike
positive reward based on deviation-from-worst-case semantics discussed previously, the typical deviations
of penalties are relatively close to the origin (ideal reference point) in practice, so that the magnitudes and
spreads of the deviations are easy to appreciate with respect to the reference point.

Scenario S4 is an example of negative reinforcement, where an unpleasant effect (e.g. a debt or penalty) is
removed in response to positive behaviour in order to reinforce the behaviour. Like the negative punishment
approach, it requires the pre-existence of the unpleasant effect, and so can only make sense in combination
with positive punishment for the generation of the unpleasant effect in our use case.

3.2.2 Combinations of Operant Conditioning Modes

From the foregoing analysis, we find that positive reinforcement (addition of rewards) and positive punishment
(addition of penalties) are the modes that can best be applied individually in our case study. For applying
reinforcement or punishment in response to desirable or non-desirable behaviour, respectively, within a
single setup, positive reinforcement paired with negative punishment can be considered as two sides of the
same coin: the assets created by rewards are reversed by removing the rewards when the behaviour changes.
For this combination, it is not possible to have net liabilities (e.g. debts), since it lacks the mechanism to
create penalties, but rather only acts on existing rewards. Likewise, positive punishment paired with negative
reinforcement are conceptually related such that the penalties created by the former are reversed by the latter.

Again, there is no mechanism to create net rewards. These two combinations have the issue that when the
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respective commodity is depleted (no existing rewards in the former case, and no existing penalties in the
latter case), further activation in the direction of depletion does not produce effect. Hence, the ability to

differentiate between the performance of no-commodity entities is lost.

The combination of positive reinforcement with positive punishment is more complicated, since it requires
tracking at least two separate commodities — the assets accrued due to energy savings do not directly interact
with the debts accrued due to energy wastage, since there is no mechanism for depleting any one of these
commodity classes or for converting one into the other, at least within the definitions of implicated operant

conditioning modes.

Finally, the combination of all four modes leads to a continuous spectrum that crosses a neutral point,
which represents how many real-world systems work, for example in the financial sector. Positive reinforce-
ment creates assets in response to energy savings, which negative punishment depletes in response to energy
wastage until the neutral point is reached. Subsequently, positive punishment moves the operating point
into the liability zone (debts) in response to further energy wastage. Energy savings from this point cause
first a reversal of the liabilities (debts) via negative reinforcement up to the neutral point, before positive
reinforcement again takes over, completing the cycle. The combination requires, however, without loss of
generality, that the reference point is always the last evaluation, so that improvements are measured against
this baseline. Applied across entities with different operating points and characteristics, the disadvantage is
that standardization of the metrics is difficult and comparison of different occupants is equally hard, thus

failing the requirement for fairness.

In conclusion, the positive punishment strategy was selected. Here, an energy penalty is added to
represent wasted energy, in comparison to an ideal reference point. The derivation of the ideal reference
point is presented in the next section. This strategy fulfils all the requirements outlined above, and also fits
perfectly into the environment of the research, given that the grounds for the derivation of the ideal reference
point have can be reasonably derived. Instances of other reinforcement modes can also be layered on top of
this base mode. For example, ranges of energy penalty can be classified using traffic-light feedback: green
for penalty values close to ideal, amber for regions close to average, and red for farther regions. The traffic
light feedback can be thought of as positive reinforcement when in the green zone, and positive punishment
when in the red zone. This feedback system is also employed in this work, with the derivation provided in
Section 4.5.9.

3.3 Behaviour Evaluation System Development Approaches: The Rule-Model-

Measurement Framework

The task of a behaviour evaluation system is to analyse the effects of occupants’ direct and indirect interac-
tions with the energy system of the spaces in which the occupants are located (including interactions that
persist after the occupant has left the space), such that the output of such an evaluation system indicates the
appropriateness of such interactions with regard to energy consumption or other relevant key performance
index. In behaviour analysis terms, the behaviour evaluation system defines the contingency or dependency
between user behaviour and consequences. This evaluation output or consequences can be categorical
or continuous, having levels that represent reinforcement, neutral, or punishment. In other words, this
behaviour evaluation system provides evaluative feedback, which equally contains descriptive feedback.
As previously mentioned, this combination of evaluative and descriptive feedback has been shown in the

literature to be more effective than either type of feedback alone [82, 83].
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One of the main contributions of this thesis is the classification of methodologies used to develop a
behaviour evaluation system for energy-related gamification-like programmes. To the best of the author’s
knowledge, this classification does not exist so far in the literature, although elements of it are littered
throughout gamification and behaviour intervention studies in the field of energy conservation. From the
analysis of the task of quantitative behaviour evaluation and existing literature, the following categories were
identified in this thesis into which methodologies for deriving energy-related behaviour evaluation metrics

can be roughly classified.

¢ Rule-based approach, where particular actions or states are associated with particular points or ratings

on the evaluation scale using a pre-defined set of simple rules.

* Model-based approach, in which the ratings on the evaluation scale are derived using models that
faithfully represent the occupant’s environment and interactions with the energy system. The model

can be physics-based or data-driven, including using statistical models and machine-learning.

* Measurement-based approach, in which the evaluation output is measured directly in energy terms.
The specification here that the output be measured directly in energy terms is important, since both
the rule-based and model-based approaches almost always require measurements as input.

* Mixed-mode approach, which combines elements of the other three approaches.

The above classification is subsequently referred to as the Rule-Model-Measurement (RMM) framework.
A generic energy-related behaviour evaluation system architecture is shown in Fig 3.2. From the general
architecture, specialized variants can be derived for specific system development methodologies correspond-
ing to one of the above-listed RMM approaches. In the figure, the measured actions and (implied) behaviour
of the building occupant are fed into the behaviour evaluator, along with other operational data required
for the proper functioning of the evaluator during behaviour evaluation. The evaluator, in turn, produces a
behaviour evaluation metric like gamification points or an energy score, which is the evaluative feedback
that serves as the reinforcer or punishment within the operant conditioning procedure. For model-based
approaches, calibration data is required to create and/or calibrate the energy system model, and for a

measurement-based approach, the calibration data could be used for baselining prior to interventions.

Calibration data

Occupant

----- Sensing----» Actions / behaviour Behavior evaluator Behaviour evaluation metric J

Operational data

Fig. 3.2 Generic energy-related behaviour evaluation framework architecture.

In Table 3.2, previous energy-related gamification studies are classified based on the Rule-Model-
Measurement framework, while highlighting at the same time the operant conditioning mode employed in
the study.
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These approaches, which are discussed in greater detail in the following sections considering the context
of this work, have their respective strengths and weaknesses that make them appropriate for different settings.
In deciding the methodology to adopt, a key factor to be considered is which of behaviour modification and
energy footprint estimation is to be emphasized. As will be demonstrated shortly, the different approaches
outlined above tend to emphasize one or the other. For example, the rule-based approach lends itself
better to behaviour modification in general, while the model-based and measurement approaches primarily
enable realistic energy footprint estimation. These two emphases are not necessarily compatible. This
is because since the relationship between the evaluation system inputs (user actions) and the resulting
performance rating becomes more complex and less prone to retrospection as one goes from a rule-based
system to a model-based system; the effect of specific user actions becomes increasingly "lost" in the final
rating. These considerations are discussed further below in the respective sections dedicated to each of the

above-mentioned approaches.

In order to determine the occupant actions to consider in the evaluation system development, we note
again that this thesis deals exclusively with naturally ventilated buildings, and that the system to be developed
relates only to the thermal energy efficiency of occupant behaviour. The interaction of occupants with the
thermal energy system of a naturally ventilated building, when considered in terms of energy efficiency, can

generally be classified into two main activities:

¢ control of the heat output of the heating system, and

¢ space ventilation.

The former is usually effected by means of a setpoint temperatures for the heating device (whether
provided through manual valves like in conventional non-smart radiators, or electronically as in smart
heating systems), while the latter is mainly via the manual operation of windows and equivalent fenestration
(like openable skylights or external doors). Hence, these interactions naturally form a basis for the evaluation
of behavioural energy efficiency in naturally ventilated buildings. Such an evaluation proceeds first with
the definition of a reference point which corresponds to an "ideal occupant", followed by the estimation of
deviations from this reference, and then translation of this deviation into energy values or some other unified
"rating" to be presented to the user. This deviation-from-ideal approach fits with the positive punishment
operant conditioning approach that is penalty-based, as discussed in the preceding section. Given then
that the profile of an ideal occupant is defined in terms of setpoint temperature and window ventilation
style, the goal of the evaluation system is to quantify deviations from this ideal profile and to estimate the
corresponding penalty. Related to the setpoint temperature is the presence profile of the occupant, which
ideally should govern when the given space should be heated, meaning that the setpoint temperature of a
space should vary depending on if the space is occupied or not. In our case study, the possibility exists to
automatically lower the setpoint temperature in periods of absence for offices that were equipped with smart

cloud-controllable radiator valves.

Detailed analysis of these approaches as they could be applied in the context of this work are presented
next, while the analysis also strives to highlight generic considerations that apply to other energy-related
behaviour evaluation methodologies. In Table 3.2, a categorization of selected previous works according to

the proposed scheme is provided.
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3.4 Rule-Based Evaluation Approach

In the most basic sense, a rule-based evaluation strategy involves defining a set of simple rules that is used
to derive an evaluation metric from predefined evaluation criteria (e.g. setpoint temperature and window
ventilation in this thesis). Such rules are based on existing empirical evidence and predefined behaviour
aspects to be targeted. As hinted in the previous section, a rule-based system is more effective when applied
to target certain specific behavioural patterns, for example discouraging long-term tilted window ventilation
or high temperature setpoints during absence, or even promoting the use of an app or other digital interface.
This is because the evaluation system is developed starting with the inputs as the focus — the user actions
that are targeted by the evaluation system. The progress of the user is then judged in a way that makes it
easy to demonstrate the effects that changes in the input user behaviour have on the output evaluation.
This condition is explicitly expressed for example in Kim et al. [75]. This retrospective quality of the system
demands that the rules relating the input actions to the output evaluation be simple and intuitive, and with
minimal interactions between inputs. In the literature, Schakib-Ekbatan et al. [9] applied such a rule-based
system for the evaluation of window ventilation based on a predefined optimal ventilation duration, while in
the DataFEE project,1 users are awarded an energy behaviour score for predefined user actions, where each

action had an arbitrary score attached to it.

In a purely rule-based system using the positive punishment (penalty-based) approach, the deviations
from the ideal are separately derived for each evaluated criterion, which deviations can then be shown to
users as a collection of ratings — one per evaluated criterion. For example, a separate rating for ventilation
efficiency can be shown independent of the rating for setpoint temperature evaluation. Nevertheless, it
is preferable to present a unified "rating" to users so that they can keep track of one just quantity. More
interested users could then look into the contribution of each criteria to the unified rating. However, deriving
such a unified rating means that the constituent ratings should be combined using some rule (e.g. a linear
combination using weighting factors). When these contributing ratings represent physical quantities that are
related to energy consumption (e.g. manner and duration of window ventilation), then a combination of
the ratings would naturally be in units of energy use. Without an appropriate unifying physics-based model,
such a combined rating would likely be physically inaccurate in the best case, and in the worst case, could be
physically meaningless and potentially not well-behaved (i.e. lead to inconsistent overall ratings). Such a
rating without an adequate physical intuition might be difficult to communicate to users. Here lies the main
disadvantage of the rule-based system: interpretability of the rating in an intuitive and physically meaningful
manner is limited when multiple factors contribute to the rating. Nevertheless, the rule-based system is the
simplest to develop, both in terms of its conceptualization and implementation, and in terms of the amount
of input data required. The derivation of the inputs for the rule-based approach is discussed next.

3.4.1 Deriving the Setpoint Temperature Deviation

The temperature of an occupied space is the major factor that determines the level of thermal comfort the
occupant experiences. To achieve a desired temperature in a heated room during winter, the occupant
provides a setpoint temperature to the heating system, which in turn has an inbuilt control system (manual
like in non-smart radiators, or electronic as in smart heating systems) that then operates the heating system
to achieve and maintain the specified setpoint temperature. The ideal setpoint temperature of an office

depends on occupancy, since in order to save energy, unoccupied offices should be heated less than occupied

https:/ /www.ebc.eonerc.rwth-aachen.de/cms/e-on-erc-ebc/forschung/forschungsprojekte2/abgeschlossene-projekte/ bgznzt/-
datafee/
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offices using a so-called setback temperature as setpoint, which is a lower setpoint temperature than for an
occupied office. This can be achieved by occupants turning down the radiator valve for manual non-smart
radiators, or else some form of smart control system automatically reducing the setpoint temperature during
periods of expected or detected non-occupancy.

The derivation of the deviation of the user-configured temperature setpoint from the ideal setpoint is
shown pictorially in Fig. 3.3. Succinctly put, the daily deviation is the cumulative of the deviations calculated

at each timestep with respect to the ideal setpoint temperature at the timestep, expressed in degree-minutes.

___ideal ____setpoint w scheduled actual penalty
setpoint trajectory 7 occupancy occupancy area
o
€
£ T,
- ref,occ 7 ____________
©
[2) Tref,unocc 7T T T T T T T T —
Time of day

Fig. 3.3 lllustration of the derivation of the setpoint deviation for a hypothetical scenario. Deviations are calculated
based on actual presence in the office using a presence-dependent reference setpoint temperature (the "ideal
setpoint" temperature in blue dashed lines).

Mathematically, the setpoint deviation 7 () at time ¢, is calculated as:
Tsp(£) = max (0, Tp (1) — Topref(£)) 3.1)
where Ty, ref(1) is the ideal setpoint temperature at time ¢ defined as
Topret(t) = y(1) Tprefoce + (1= ¥(1)) - Tsprefunoce 3.2)

where Tp,

respectively, and the y(#) is an occupancy indicator variable defined as

ref,occ aNd Tsp ref unocc are the ideal setpoint temperatures for an occupied and an unoccupied office,

1, if office is occupied at ¢
y( =
0, otherwise

The values of Tgp ref,occ and Typ,ref,unocc are derived in Section 4.5.7 of Chapter 4.

The total setpoint deviation for a day (1440 minutes), I1sp in degree-minutes, is:

1440
O = Y wsp(t) 3.3)
t=1

The lower bound of zero for each time-point guards against "overcompensation" — an attempt by an
occupant to set the setpoint temperature below Typ ref occ in order to gain a possible advantage, invariably
possibly violating acceptable comfort standards in the process (e.g. a too low setpoint temperature). The
evaluation system is designed to ensure a balance between the competing goals of energy savings and

occupant comfort.
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3.4.2 Deriving Ventilation Deviation

The main purposes of ventilation are indoor air quality control and temperature control. During the heating
season, efficient ventilation seeks to keep the indoor air clean whilst minimizing heat losses. Two possible
approaches for deriving an ideal ventilation rule as a basis for estimating deviations are 1) by fixing a daily
ventilation quota, and 2) in response to indoor air quality (particularly CO, concentration).

The use of "trickle ventilation" (windows opened in a tilted state, or "Kippliiften" in German) during the
winter season is discouraged in some previous studies (e.g. [97, 98]), as well as several government campaigns
(e.g. [99, 100]). Instead, the so-called shock-ventilation strategy (publicized in German as Stofsliiften) is
recommended, in which the windows are thrown completely open for a few minutes at a time, several
times a day as required [97]. Nevertheless, trickle ventilation is recommended in some cases, for example
in bedrooms at night especially when there are several occupants [101]. In reality, the issue with trickle
ventilation is not that it is inherently wasteful, but rather that in practice people tend to leave the windows in
this tilted state for extended periods, while the heating system labours to compensate for the constant influx
of cold outside air. Because the heating system is sometimes able to still warm the space to comfortable
temperatures under these circumstances, the occupants do not feel the need to close the windows. Also,
because such long ventilation durations lead to the walls cooling down, the energy stored in thermal mass of
the building is dissipated, leading to more energy being needed to reheat the walls.

Daily Ventilation Quota Approach

One way to derive the ideal ventilation duration for a given day in the heating season is to determine an
optimal ventilation duration from models and previous research, such that when occupants ventilate up to
this length of time per day, the indoor air quality is maintained without unnecessary heat losses. This type of
quota-based optimal ventilation duration was applied e.g. by Schakib-Ekbatan et al. [9]. Given the general
emphasis on shock ventilation in Germany as described in the preceding section, the analysis in this section
assumes that the use of shock ventilation to be ideal, and to be preferred to trickle ventilation. However, as
will be seen in the following discussion, there is no loss of generality in this assumption, since the analysis in
principle applies to a system where shock and trickle ventilation are equally recommended.

Given, then, an ideal ventilation strategy expressed as a quota of Nyen,ref minutes of shock-ventilation
per day, the deviation of the occupant ventilation from the ideal strategy is expressed for an entire day in
minutes, thus:

[Myent = max (Or Nventeq — Nvent,ref) (3.4)

where Tlyent is the daily ventilation deviation (in minutes), and Nyent,eq is the number of equivalent ventilation
minutes by the occupant for the given day. The term equivalent indicates that as per the rule-based system
prioritizing shock ventilation, a penalty is awarded for the use of trickle ventilation (bottom-hung windows),
in which a multiplicity (penalty) factor fpen,uickle > 1 is used in the case of trickle ventilation. Indeed, setting
Jpen,uickie = 1 makes both shock and trickle ventilation equally recommended, and the possibility also exists
in that case to account for the lower air change rate of trickle ventilation compared to shock ventilation by

setting foen trickle < 1.

Thus, the equivalent ventilation minutes of the occupant incorporates the penalty factor, so that:

Nvent,eq = Nvent,shock + Nvent,trickle : fpen,trickle (3-5)
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where Nyent shock is the number of minutes of shock ventilation, and Nyent,trickle is the number of minutes of

trickle ventilation per day.

An illustration of the ventilation deviation is shown in Fig. 3.4, including the trickle ventilation penalty,
Jpenuickle- In the diagram, the first ventilation period used shock (side-hung) ventilation, for which the
duration in minutes counts directly towards the daily quota. In the second ventilation period, the trickle
(bottom-hung) ventilation is first used, and afterwards shock ventilation. Within this trickle ventilation
period, the penalty factor fpenurickle is used to accelerate the depletion of the ventilation quota as a deterrent.
Beyond this depletion point (the end of the green hashed area in the figure), the ventilation counts as

excessive.

77/ day’s quota excess / penalty area

fericke (open) bottom-hung

@

(open) side-hung

Multiplicity factor

AN

-» closed

Minute of day

Fig. 3.4 lllustration of the derivation of the ventilation deviation for a hypothetical scenario. The ventilation duration
beyond the allowed period is penalized.

The lower bound of zero minutes in Eq. 3.4 guards against overcompensation. In other words, the system
does not reward under-ventilation in order to forestall possible deliberate violations of good indoor air quality
by occupants in order to get good ratings. However, one apparent disadvantage of the fixed-quota ventilation
approach is that it does not behave well when the occupant density in the room is high, e.g. in meeting
rooms and high occupant-density multi-person offices. More discussion about this limitation is provided in

Section 4.5.6, where this approach is implemented.

Indoor Air Quality Approach

In this approach, the emphasis is on ventilating is such a way as to maintain good indoor air quality (IAQ)
while minimizing energy wastage during the heating season. Consequently, the style of ventilation (trickle
ventilation or shock ventilation) is immaterial. The basic premise is that energy wastage can only be con-
sidered after basic indoor health needs have been met, and that the energy expended in meeting these
needs cannot be regarded as wasted. Furthermore, it is assumed that possible differences in the ratio of the
hygienic air change efficiency to the energetic air change efficiency for the two ventilation styles, are ignored
(see [102] and Section 4.5.3 for further discussion of hygienic vs. energetic air change). The IAQ can be
measured by proxy by CO, concentration; therefore, the CO, level in the room is used in this analysis for
triggering ventilation. Conceptually, the approach works by summing up all the time periods in the day
when the windows were open and the CO, concentration in the room was below a given threshold that
indicates good indoor air quality. That is, the approach considers periods when the windows were left open
although the room air quality was good as indicated by a low CO, concentration. For each transition into
this low-CO; region (from a higher concentration, e.g. shortly after opening the windows), a buffer period
of a few minutes is allowed, within which the room freshness is supposed to "settle" before penalties are

considered. This approach of determining ventilation deviation was not applied in this thesis as at the time
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of the experimental run, since the initial goal of the ventilation evaluation in this thesis was to conform to the
widespread recommendations for shock ventilation instead of trickle ventilation, which the IAQ approach
cannot support. However, the IAQ approach is being implemented for the next version of the behaviour
evaluation engine, and is described more explicitly below.

Mathematically, given a lower bound CO; concentration, Cy, (in ppm), below which open windows
should be closed during the heating season, identify m time periods Dcoa«p = {D1, ..., Dy} in the evaluated
day such that for each period D € Dcoa.1p, the CO2 concentration in the room continuously stays below Cyy,
ppm for the entire duration. Specifically, let ¢ be an index over the minutes of the day, i.e. 1 < ¢ < 1440, and
let the duration of D; be d; minutes starting at time ¢ = ¢; up to ¢ = t; + d;, then for D; it holds that

Croom (1) < Cip Vt€{tj,...,tj+dj}

where Croom (£) is the CO; concentration in the room (in ppm) at time .

Denoting the state of the window for each minute t € D i as Ywin(0) =1 if the window is open (bottom- or
side-hung) at time ¢ and ywin(?) = 0 otherwise, and defining a buffer period of Ny,s minutes, the ventilation

deviation for the period D; can then be computed as:

tj+d;
l-[Vem,j =max|0, iztijm(t) -AL - Nbuf'y;ub,j (3.6)

=1j
where max(0, -) indicates that the expression is bounded below by 0 to avoid overcompensation and ensure
that periods of correct ventilation cannot be used to offset the penalties from periods of incorrect ventilation,
and At is the length of each time step in minutes. The indicator variable y;ub’j factors in the history of CO»
concentration just before period D;. Specifically, y ; indicates if the room CO; concentration was above
Cub ppm in the Nyys minutes before the start of period D, where Cyy;, is the CO, concentration (in ppm)

above which ventilation is recommended, and Cyp, > Cp. That is, for period D,

B 1, if HtE{tj—Nbuf,..., tj—l} such that Cyoom (7)) = Cyp
Voub,j = 3.7
0, otherwise.

The purpose of y_ , is to harden the system against a particular "exploit", where an occupant opens the
window when the CO, concentration is between Cy, and Cy, until the concentration has stayed below Cy,
for almost Ny minutes, and then closes it briefly until concentration is slightly above Cy, again, and then
repeats the cycle. Thus, the occupant can take advantage of the Ny ¢ period each time to avoid penalties,
without actually needing to have opened the window at all. In other words, using y_ , ensures that the upper
threshold Cy, is used for opening the windows.

A scenario illustrating the indoor air quality approach is shown in Fig. 3.5, also demonstrating the
implication of Yaub,j* Specifically, the mitigation of the described exploit scenario is exemplified in Period D,
of the figure, where the buffer period is not considered (i.e. y_ , = 0), since in the Ny, minutes preceding
D3, the CO» level was below Cy, ppm (red section of the curve). In other words, the window opening at point
B in the figure was premature, and Youb,j €nsures that the penalty starts immediately without a buffer period.
In Period D, the buffer period is considered given that the CO2 concentration in the Ny,,s minutes preceding
D, exceeded Cyp, (as shown by the blue section of the curve), which confirms that the window opening at

point A in the figure was indeed appropriate.
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Fig. 3.5 Illustration of the derivation of the ventilation deviation for a hypothetical scenario using the indoor air quality
approach. In Period D;, penalty is applied only if the window is still open beyond Ny, since the CO; level in
the relevant period before D; was above Cy}, ppm (blue section of curve) before the window was opened (point
A). In Period D, Nyt is not considered, since before D,, the CO, level was less than C, ppm (red section of
curve).

The total ventilation deviation for the given day is then simply the sum of deviations for all m periods in

Dcoz<p =1{Dx, ..., Dn}. Mathematically,
m
Iyent = Z l-[vent,j (3.8)
j=

where ITyen: is the total ventilation deviation (in minutes) for the evaluated day.

3.4.3 Weighting of Evaluation Criteria

In order to provide a unified rating, the input deviations (for setpoint temperature and ventilation) can be
assumed without loss of generality to be linearly combined with weighting factors wsp and wyen respectively.

Hence, we have the daily rating in the rule-based system as

Daily Penalty Rating, ¥ = wsp - Ilsp + Wvent * [vent 3.9

The derivation of the weighting factors wgp and wyen, is up to the designer of the system. A possible
strategy is to choose the weighting factors such that the magnitude of both deviations in the average case
are similar, so that each deviation contributes roughly half of the final penalty value in the average or modal
case, effectively normalizing the contributions of each deviation. The recommendation to use the "average"
or "modal" case for normalization (i.e. the case most commonly encountered in the real world) instead of
selecting the midpoints of the deviation ranges is because the distribution of the ventilation deviation is
expected to be different from that of the setpoint temperature deviation in practice. In other words, while
the setpoint deviation is expected to have an approximately normal distribution, the ventilation deviation
is expected to be skewed with a long tail, i.e. to have a narrow band of a few minutes to a few hours where
most deviations are clustered, but some extreme cases where windows are left open for (almost) the entire
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day. Game-theoretic approaches can be applied also for the derivation of the weights, for example like in

Papaioannou and Stamoulis [103].

3.4.4 DataRequirements for Rule-Based Approach

Fig. 3.6 shows the data requirements for the rule-based approach. Few inputs are required, making this
approach very simple and attractive. Specifically, the four required input quantities are represented by
the boxes with the horizontal dashed "input lines" in the top part of Fig. 3.6, namely: window state, CO»
concentration (when using the indoor air quality approach for determining deviations, as described in the
previous section), presence (i.e. "binary" occupancy), and heating setpoint temperature. Occupancy can
be derived from direct sensing (presence detection through PIR sensors) or indirectly (via environmental
sensing, in this case CO2 concentration). Also, only current measurement data for these inputs is required for
performing the evaluations; there is no need for historical data as is required for calibration. If the modal or
average case weighting approach is used when combining the ratings into a single value, it suffices to use

generic artificial data obtained through simple experience or else data that is generally available.

Window state ~ [---------------- A ]
Presence detection [--------------ooofoooooooo oo oo oo m oo oo oonooooonoonoonoosossossssssssssn
|__Direct
CO2 concentration inputs
Setpoint temperature
\___Derived
inputs
Ventilation deviation Setpoint deviation
evaluator evaluator
Processing
Connection Legend
@ Input for behaviour evaluation
(measured / real data) Outputs

Fig. 3.6 Data requirements for the rule-based evaluation approach. The filled diamond symbols at the intersections
with the dashed horizontal "input lines" mean that the corresponding input is required as measured data
during the behaviour evaluation phase.

From the input data, the ventilation and setpoint deviations are calculated in the corresponding blocks
of Fig. 3.6, and then combined using their respective weighting factors wyent and wsp to produce the final
penalty, .

3.5 Model-Based Evaluation Approach

In the model-based approach, the behaviour of occupants is evaluated holistically based on the energy

implications of their actions. In this case, the environment of the occupant is modelled with reasonable
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accuracy as a virtual office (essentially a "digital twin"), and the relevant inputs to the model describing both
the occupants’ actions and the surrounding environment are adequately measured or estimated (see Fig. 3.7).
Note that in the RMM classification, the model could be physics-based, data-based or hybrid (see Fig. 3.12 in
Section 3.9). At the end of each evaluation cycle, the actual energy consumption of the office is calculated via
measurements obtained from the real energy system, which represent the cumulative effect of the occupants
on the energy consumption of the room. Alternatively, the actions of the real occupant can be "replayed"
within the virtual office, so that the energy consumption of the real office is then approximated by that of the

virtual office. This choice is of measured vs. model-calculated demand is shown as a switch in Fig. 3.7.

Real demand
(from model)

»|  Virtual office
—>
o Temperature setpoint
Real occupant o Window state
« Presence profile -
> 0 Hardware
< Real office sensors
o Room temperature Y
i Real demand === N\
_I_LI_L ¢ COp concentration A (measured) ‘¢ &| Choice between
i Presence profile ° Humidity. ) : '| measured and
' o Solar radiation Switch i| model-estimated
' \ | demand
— Weather
H e Room temperature
i Virtual ideal « COy concentration E:::;Igty
i occupant « Humidity \ Y
H W P o Solar radiation
> ) Virtual office

Ideal demand
(from model)

A
>
- o Temperature setpoint

« Window state
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Fig. 3.7 Scheme for model-based occupancy behaviour efficiency evaluation. A virtual occupant acts on a virtual
office to emulate ideal actions and consequently ideal thermal energy demand, given the same environmental
circumstances as the real occupant. The difference between the real-world energy consumption of the room
(either measured or model-estimated) and that of the ideal virtual counterpart provides a behaviour efficiency
metric for the real occupant.

In order to derive the equivalent ideal behaviour for the real occupant, a virtual ideal occupant with
an identical occupancy profile as the real-world occupant is subjected to the same prevailing real-world
"drivers" (weather parameters) in the virtual office model, as depicted in Fig. 3.7. The ideal actions of the
virtual occupant in response to the environmental drivers are then introduced into the virtual office as
disturbances, whereby the virtual occupant acts to maintain some pre-defined notion of optimum comfort
(by adjusting the setpoint temperature and operating the windows). The thermal energy demand of the
virtual office is then calculated, and the difference to that of the real-world office represents the energy
penalty. The so-called virtual occupant is effectively a controller running within the virtual office, which then

controls virtual actuators that mirror the control opportunities available to the real-world occupant.

Papaioannou etal. [76] is arare example of the application of the model-based approach in a fully gamified
setting dealing with direct energy savings, and which mirrors the sequence of the previous paragraph. In
that study, at the instant of user action, the analytics engine first estimates the energy footprint of the user’s
action by disaggregating currently measured electrical power data to identify the change in consumption
caused by the action. The action itself is reported to the analytics engine when the user swipes their phone
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on an NFC device attached to e.g. the appliance the user interacted with. The engine then awards points by
comparing the estimated actual energy use with that of a model-based hypothetical ideal scenario using the
same boundary conditions as in the real case. The model is data-based and was developed from clustering
historical data. Additionally, this deviation-from-ideal point-awarding system was specifically chosen in that
study to counter the previously mentioned unfairness inherent in deviation-from-baseline evaluations, so

that "green" consumers are not penalized unduly [76].

The model-based approach has the advantage that it provides the highest fidelity in terms of estimating
the real-world energy implications of occupant behaviour. It can account for all the relevant factors and
their complex interactions, including the effects of solar gains, thereby being able to capture the necessary
differential treatment of the sun-side versus the shadow-side of a building for example, unlike the rule-based
approach. Additionally, the use of sunblinds can be integrated, along with its effect on the state of the office
and on occupant comfort. Furthermore, the developed models can be applied to several other use cases,
including for Model-Predictive Control (MPC) of the building energy systems.

On the other hand, the model-based approach suffers from some drawbacks. First is that it requires
significant effort to develop the models for the rooms, especially since the models are required to have
acceptably high accuracy, so that the measured energy consumption of the real office under consideration
can be reliably compared with that of the virtual office. The accuracy requirement can be somewhat relaxed
when the virtual office is used as a proxy for calculating the thermal energy demand of the real office, instead
of real measurements (as depicted by the "Switch" on the right side of Fig. 3.7). In this case, the virtual office
is used for both the real and ideal demands, thereby ensuring compatibility of results and possibly reducing
the number of sensors required to be installed in the real building. For calibration purposes, it would still be
necessary obtain relevant real-world data in any case. For the 12 buildings covered in this thesis representing

nearly 500 rooms, the modelling workload would be significantly high compared to the other approaches.

Another disadvantage is that the model-based approach scales poorly, since each office is essentially
unique and has to be modelled and/or parametrized separately. This limits the applicability of the approach in
large-scale use-cases. Furthermore, the computational resources that are required to perform the evaluations,
in terms of memory, CPU load, and time, are much more significant than for other approaches, especially
when evaluation results are required within relatively short time frames. To be factored in, also, is the fact that
the input data also needs to be pre-processed before each evaluation run, and with higher data requirements,

more computation is required for the pre-processing phase.

In terms of the "ease of retrospection" quality desired of the evaluation approach (see Section 3.2), it is
not straightforward to relate the derived energy performance to the contributing occupant-related input
actions (ventilation and setpoint temperature). This is because several other factors that have a complex
relationship with the occupant input actions vary alongside these actions, for example variations in ambient
temperature from one evaluation day to another, time of arrival / departure, and number of occupants
performing the actions (having more occupants present in a multi-person office increases the likelihood
of more windows being opened at once during a ventilation regime, due to the lower average "distance to
control" [104]). A rule-based system, on the other hand, thinks first in terms of the rules, so that whatever
the final evaluation becomes, it can be traceable to the rules since it was derived directly from them in a

predefined and tractable manner.

Finally, a purely model-based recommendation system cannot easily function as an online recommen-
dation system, i.e. a system which provides real-time feedback about energy saving actions based on the

current state of the office. To demonstrate limitation, not that in an online recommendation system, it is
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Fig. 3.8 Illustration of the state divergence that makes the model-based approach unsuitable for use as an online
recommendation system. The

required that every user action or inaction can be evaluated instantaneously in terms of energy efficiency,
for example when a window has been left open for too long, so that feedback about corrective action can
be provided. For a purely model-based system, in which the ideal scenario is defined by the actions of the
ideal occupant in the virtual office, this means that the virtual office would somehow track the real office in
real time and at the same time provide the correct course of action based on the ideal actions of the virtual
occupant. However, by definition, such a simultaneous tracking and recommendation is difficult if not
impossible in practice, since the state of the virtual office depends on the actions of the virtual occupant,
which in turn would be different from those of the (non-ideal) real occupant by definition. In other words,
the state of the virtual office diverges from that of the real office as a result of different control actions by
the ideal occupants than the real occupants, so that continued tracking can only be possible when the state
of the virtual office is periodically re-initialized to the current state of the real office. Indeed, a similar kind
of difficulty was reported in Papaioannou et al. [76], where the re-initialization approach was taken as a

solution.

Fig. 3.8 illustrates the problem, borrowing the indoor air quality-based ideal ventilation strategy of
Section 3.4.2. At point A in the figure, the real occupant opens the windows (prematurely), causing a drop in
CO; concentration. Meanwhile, the ventilation should have been done at B, according to the ideal occupant,
all things being equal. Hence at A, the states of the virtual and real offices begin to diverge. If the states
continue to diverge as shown in the figure, then at point E, the recommendation of the ideal occupant is
to open the windows, but this is inappropriate for the real occupant since the CO, level in the real room is
well below the ventilation threshold. At point E the virtual office is re-initialized to the state of the real office.
However, it diverges again shortly afterwards as the ideal occupant correctly opens the windows while the real
occupant does not. Furthermore, it might seem reasonable to have recommended closing the windows to
the real occupant at time D based on the action of the ideal occupant, but this does not work in general since
point B could have also come several hours later (due to a very slow CO, rise), meaning that the windows
opened at point A do not get recommendations for closing, until several hours later when point D is reached
in the virtual office. Indeed, the correct recommendation for the real occupant to close the window after the
initial opening at A, is at point C. However, no actions of the ideal occupant correspond to this timepoint due
to the divergent states. Hence, it is not possible to use the actions of the virtual ideal occupant as source of

recommendations for the real occupant. Even the re-initialization could be complicated in this, since the
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state of the room is not described only by its current state, but by its history. For example, the duration that
the windows have been opened, and not just the current CO, concentration, is required to know when to
shut them.

One way to resolve the issue described above is to incorporate into the model-based system a separate
rule-based recommendation sub-system, which monitors the current status of the real office and uses
the same decision engine as the ideal occupant, such that the violation of those rules results in corrective
recommendations. For example, the recommendation sub-system could have recommended closing the
windows at point C in Fig. 3.8, irrespective of the actions of the ideal occupant and the state of the virtual
office.

3.5.1 DataRequirements for Model-Based Approach

As depicted in Fig. 3.9, the data requirements for the actualization of the model-based behaviour evaluation
approach are extensive. Inputs required for the model development phase and for the behaviour evaluation
phase are differentiated in the figure, as well as those required in both phases. Additionally, the required
"source" for the data is indicated, either as actual (current/historical) data, or as artificial (generic) data. At
the development phase, extensive historical data is needed for calibration of the models, apart from real
building construction data like the building geometry, thermal transmittance (U-values of the envelope), air
infiltration rates, characteristics of the heat transfer equipment (wall-mounted radiators and floor heaters),
and energy supply information like flow and return temperatures for heating. Additionally, accurate occu-
pancy data at the count level of occupancy estimation (see Section 3.10) is required, with the attendant need
for potentially large-scale calibration of the occupancy estimation models (if environmental sensing based on
CO; concentration is used, rather than PIR presence sensors or some other direct measurement approach).
The models could also be developed such that they are online-calibrated as more data becomes available;
however, this requires more complex implementations and a possible "learning stage" until the models are
reasonably accurate to be deployed. After the deployment of the model within the evaluation system, the
data requirements also remain significant — weather data including solar gains, position of window blinds,

and number of occupants per time.

3.6 Measurement-Based Evaluation Approach

The measurement-based approach relies on real-world measurements of relevant parameters in order to
evaluate the behavioural efficiency of the occupant. A baseline measurement is usually taken prior to
the application of the behaviour interventions, against which subsequent measurements are compared to
determine if improvements occurred or not. As previously mentioned, the preceding rule-based and model-
based approaches also involve measurements from which the behaviour evaluation metrics are derived.
However, while these overlaps exist between the rule-/model-based approaches and the measurement-based
approach, the distinguishing factor of the latter is that the resulting measurements are directly the metric of
interest (when compared to the rule-based approach that transforms the measurements into a metric), and

that these measurements are obtained directly from sensors.

The disadvantage of the purely measurement-based system is that the metric of interest must be instru-
mented directly, e.g. windows sensors if window ventilation were to evaluated. A model-based system, on

the other hand, can derive window interactions via other measured parameters like indoor temperature and



38 Methodology

Building construction
data

Weather data ~ r------f-----m--mmmmmmomm oo
Window state = F-----ofommmmmm e — P/’r ect
inputs

Presence detection [------f---------osmmmmmooiemeo oo QP fo oo

COp concentration  F---==-f----mcemmmmccea e QMmoo

Setpoint temperature -------f--sossm s e

Occupancy | Derived
(count) inputs
\ 4 =
Demand calculator Demand calculator Building digital twin
(measured) (from model) 9 dig
Processing

Connection Legend

@ nput for model derivation + -

calibration (measured / real data) Choice of
measured or
@ Input for behaviour evaluation model-estimated

(measured / real data) demand for real
room

Energy Demand Outputs
Penalty, ¥

Fig. 3.9 Data requirements for the model-based evaluation approach. The square and diamond symbols at the input
intersection lines denote, respectively, the input being required only during the model derivation phase, or
only during the behaviour evaluation phase. The filled version of the symbols means that the data comes from
actual measurements and not artificially generated data (e.g. for model development and calibration).

CO, concentration using the system model. Nevertheless, the measurements of the system could also be
derived by so-called soft sensors without needing as many real sensors.

Another disadvantage of the measurement-based evaluation approach is that the ideal behaviour is
not easily determined, since the ideality of the baseline behaviour is generally not guaranteed. Indeed, the
measurement-based approach directly leads to the problematic deviation-from-baseline evaluation that

potentially penalizes already-efficient behaviour.

3.7 Mixed-Mode Approach: Model-augmented Rule-based System

The mixed-mode approach seeks a middle ground between the rule-based approach and the model-based
approach. Here, the rule-based approach is augmented with information from a physics-based model, such
that the rules can be reliably expressed in a physically sensible and relevant manner. In this approach, the
physical model of a reference room is first developed, parameterisable by ambient temperature, occupancy
schedule, window ventilation, and setpoint temperature (see Fig. 3.10). The thermal energy demand of the
reference room is obtained through the model for combinations of relevant input parameters that describe
occupant interaction scenarios. The input variable combinations are determined through systematic state-

space sampling and the results of simulating each input condition are stored, such that the thermal demand
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for any arbitrary input combination can subsequently be determined via interpolation of the stored results

during the behaviour evaluation phase (an example of such a result in shown in Fig. 4.10).

Ambient temperature

Setpoint temperature
Model Energy demand
Occupancy schedule

Window interaction
schedule

Fig. 3.10 Generic scheme for deriving weighting factors for rule-based evaluation using a simulation model.

Equipped with this state-space sampling result, deviations from the ideal scenario, expressed in terms of
deviations in setpoint temperature and ventilation duration respectively, can then be converted into a surplus
in energy consumption by summing up the energy consumption difference between the ideal operating point
for the given scenario (e.g. 19 °C for temperature setpoint of an occupied office) and the actual operating
point of the office for each time step. Thus, the deviations in the two input criteria are derived as in the
rule-based system, but the unified "rating" is now reliably and sensibly derived from the physical model,
allowing interpretability of the rating and easier communication to users. To bridge the differences between
the energy characteristics of different rooms based on their geometrical and construction properties, several
such reference models can be derived, with each one representing a set of real-world offices with similar
enough geometrical properties. Hence, in the evaluation of each office, the best-fitting reference model is

used to derive the energy performance.

In this work, the mixed-mode approach is used, albeit with only one reference model. The implementa-
tion details in this thesis are discussed in Chapter 4. The evaluation metric of the hybrid approach has the

following physical and mathematical properties.

1. Over-compensation protection The reference values for the evaluated criteria (i.e. the values for
the ideal occupant) form lower bounds on the criteria. This implies that occupants cannot improve
their rating by setting a lower setpoint temperature than the ideal, and / or by ventilating for less than
the ideal daily ventilation duration. Hence, occupants are not rewarded for possibly comfort- or air

quality-violating actions.

2. Meaning of derived energy penalty The derived energy penalty can be easily appreciated conceptu-
ally, since it expresses how occupants would naturally expect that their energy efficiency is expressed

in energy units.

3. Non-dependence of ventilation on presence Since the ideal ventilation duration N;.r does not
depend on presence, an unoccupied office can theoretically be ventilated for up to N,y minutes

without accruing penalties, provided the setpoint temperature is ideal (i.e. at Tsp refunocc) throughout.

3.7.1 Data Requirements of the Mixed-Mode Approach

The mixed-mode approach requires significantly less data than the model-based approach, both in the
specific data required, as well as in the source of the data (actual measurements vs. artificial/generic data)

(see Fig. 3.11). The most significant data requirement of the model-based approach which is completely
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Fig. 3.11 Data requirements for the mixed-mode approach. The square and diamond symbols at the input intersection
lines denote, respectively, the input being required only during the model derivation phase, or only during
the behaviour evaluation phase. The filled version of the symbols means that the data comes from actual
measurements and not artificially generated data (e.g. for determining occupancy).

absent in the hybrid approach is energy system data, since the evaluations in the hybrid approach do not

depend on the real energy consumption of individual rooms.

3.8 Design of Experiment

In this section, the experiment hypotheses are presented, followed by the experiment setup that encompasses
the buildings involved in the experiment, the experiment variables and groups, and the allocation of buildings
and offices to experiment groups. Thus, the means for addressing research question Q3 of Chapter 2 is

elaborated here.

3.8.1 Experimental Variables and Feature Groups

The experiment features which form the basis of the variables that are manipulated in the experiment, are
based on the developed software, collectively called the Energy Dashboard Suite. A summary of the functions

of each of these software applications is given in Table 3.3, while more details are provided in the next chapter.

The test rooms are divided into experiment groups. Each group represents a particular combination
of experimental variables. Seven experimental variables are incorporated in the design of the experiment,
where the variables correspond to features of the deployed system that are enabled or disabled in each
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Table 3.3 Overview of the purpose of the applications in the Energy Dashboard Suite.

Application Ul Type Purpose
Campus Web-based, Visualization of the FZ] campus energy demand for heating, cooling, and
Viewer public electricity at the building level.
JuControl Web-based, Room-level visualization and, for selected buildings, possibility to control
public the heating system of the building. Also serves as the gamification and
recommendation platform.
Juracle None Energy-related behaviour evaluation engine that powers the gamification
aspect of JuControl.
ALICE Web-based, Mini-language and tool for describing the geometrical aspects of rooms and
internal room components. Generates corresponding interactive room diagram and

links sensors to room components.

experiment group. These seven features can be classified into three broad categories: JuControl interaction;

evaluation (gamification) and recommendation. The full set of features is as follows.

JuControl View: whether or not the measurements for the room are available in JuControl. This feature
is a prerequisite for the availability of several other features, so as will be discussed later, it was enabled
for all buildings in the experiment. Note that no behaviour improvement-related functionality such as

energy evaluations are included in this version.

JuControl Control: whether or not the heating system in the office can be automatically controlled
using the expected presence schedules that occupants supplied in JuControl. This requires that the

building be equipped with smart radiators which are cloud-controllable, according to Table 3.6.

Setpoint Temperature Evaluation: whether or not the setpoint temperature for room heating is con-
sidered in the room evaluation (as described in Section 3.4.1). The evaluation of setpoint temperature
is based on actual presence (which could differ from the scheduled presence provided by the user in
JuControl), in order to ensure a reality-based evaluation.

Window Ventilation Evaluation: whether or not the window ventilation strategy is considered in the
room evaluation (as described in Section 3.4.2). As previously described, in line with recommended

practice in Germany, tilt-ventilation is discouraged with using an arbitrary penalty factor.

Recommendations: whether or not the office occupants receive real-time recommendations about
energy savings via email, specifically about exceeding of alloted setpoint and / or ventilation quotas,
and to discourage tilt ventilation. Recommendations were activated after the experiment had already

commenced.

Based on these features, four (4) experiment groups were formed as shown in Table 3.4, to which offices

would be assigned. These groups were selected in order to optimize the use of the limited sample size and to

deal effectively with the most relevant questions for this research. In order to provide collaborative as well as

competitive social elements, offices are first grouped into teams, and then teams are assigned to experiment

groups (see Section 3.8.4). The main hypotheses to be tested by the experiment design, as well the strategy

for testing the hypotheses using the teams and experiment groups, are discussed in the next subsections.
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Table 3.4 List of all experiment groups and their associated feature sets.

Features
Feature Group - - — -
View Control SetpointEval. Ventilation Eval. Recommendation
A X X X X X
B X X X x
C X X x
D X

3.8.2 Experiment Hypotheses

The design of the experiment seeks to directly investigate the following hypotheses related to user behaviour
and energy performance. The energy penalty behaviour evaluation metric developed in Chapter 3 is the basis

for judging "energy performance".

H; (Effect of evaluations / recommendations) Offices with evaluation (and recommendation) enabled will
have better energy performance than those without evaluation / recommendation.

H, (Effect of active participation) Within a given evaluation-enabled team, offices in which users actively
interacted with the developed behaviour intervention systems will have better energy performance

than those in which users did not.

The basis of measuring "active participation" in Hy is JuControl-activation of an office, which is explained
in Section 3.8.5. A further hypothesis based on the development of scheduled-based heating control in the
pilot building, Building B-01, is proposed below as Hypothesis Hs, in which the performance of the building
is expected to improve in 2023 (with automatic heating control), compared to its performance a year prior in
2022 (before the implementation of the automatic control).

Hj3 (Effect of automatic heating control) For Building B-01, in which an occupancy schedule-based auto-
matic controller was implemented, the performance of the building in 2023 post-intervention will be

better than its previous performance in 2022.

The premise for hypothesis Hj is that, whilst there were no structured experiments performed in this
building in the months before the main experiment (the pilot phase), and neither were the gamification and
recommendation functionality present in that period, the occupants of that building were able to leverage the
available energy-saving features of JuControl regarding automatic temperature control linked with presence.
Specifically, they were motivated to use the JuControl calendar to specify their presence schedule for use by
the heating controller, thereby creating the opportunity to save energy when the offices were unoccupied. A

detailed discussion of the effect of this leveraging is presented in Section 5.5.

For each of the above-mentioned hypotheses, the corresponding null hypothesis asserts that the converse
is true. Specifically, for H;, the null hypothesis is that teams with evaluation will have similar or worse
performance than teams without it. For Hy, the null hypothesis asserts that JuControl-activated offices within

a team with evaluation would perform

Finally, the level of user engagement will be analysed to identify factors that contributed to its improve-

ment.
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3.8.3 Experiment Setup

The experiment setup consists of 12 instrumented buildings, in which JuControl was enabled. These buildings
range in construction year from 1969 to 2014, and total floor area ranging from 700 m? to almost 7000 m?.

The basic construction data of the buildings is presented in Table 3.5 below.

Table 3.5 Building construction data for the buildings of the experiment.

Area (m?)

BuildingID YoC? Num. Floors Floor External Walls Roof Windows
B-01 1976 2 999.4 442.2 383.1 136.7
B-02 2014 4 2,003.1 838.8 767.8 291.4
B-03 1979 2 1,009.0 446.2 386.8 138.1
B-04 2009 1 701.7 796.0 201.7 93.0
B-05 2014 4 3,309.5 1,331.7 951.5 503.4
B-06 2004 3 4,235.5 1,671.2 1,623.6 658.5
B-07 1969 4 3,438.8 2,124.7 1,318.2 524.8
B-08 1990 2 858.6 384.6 329.1 115.8
B-09 2007 2 737.0 334.1 282.5 98.1
B-10 2011 3 1,769.4 748.3 678.3 254.6
B-11 2010 2 1,209.9 527.3 463.8 168.3
B-12 1967 3 6,923.1 2,627.2  2,653.8 1,124.4

aYear of construction

Table 3.6 shows the level of instrumentation in the building that was available at the time of the experi-
ment, and a rough timeline for the availability of the necessary instrumentation. It is important to note that
some of the buildings have instrumentation that is not accessible via the hardware ICT platform (which was
discussed in Section A.1.2), for example due to no existing connection between the building management
system and the ICT platform. For the purpose of this thesis (and in the table below), it is assumed that these
features do not exist in the said buildings. The indicated dates are also the dates when data from the devices
became available in the ICT platform and hence accessible for this thesis, and not necessarily when they
were installed in the buildings. Having a "radio-controlled radiator" as indicated in Table 3.6 implies that
the setpoint temperature which drives the heating in the offices can be accessed via the ICT platform. The
JuControl radiator control column indicates that the automatic controller (reported in [105]) works with

JuControl to manage the heating in the building.

The base unit of the experimental setup is the "room", consisting of both meeting rooms and staff offices
in the selected buildings. JuControl was available for 496 rooms across 12 buildings. However, two buildings
(Building B-11 and Building B-12) are not included in the experiment analysis of this thesis since they were
not assigned to experiment groups that fall within the scope of the thesis. Thus, 386 rooms in the remaining
10 buildings were included in the experiment design relevant to the thesis and the subsequent analysis of
results. (Note that the quoted number of rooms do not necessarily indicate the total number of rooms in all
the buildings, since spaces that are neither offices nor meeting rooms (e.g. laboratories and restrooms) are
excluded.) Nevertheless, the two excluded buildings are part of the analysis of JuControl usage presented in

the "user engagement" results section (Section 5.2 of Chapter 5: Run of Experiment and Analysis of Results).
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Table 3.6 Level of instrumentation of buildings considered in the study, with approximate dates of availability of the
features in parenthesis. All the window/door and environmental sensors were installed as part of the LLEC
project, along with the radio-controlled radiator valves in Buildings B-01 and B-02.

Building Instrumentation

ID Window/door Env. sensor 2 (CO2, Presence Radio-controlled JuControl
sensor RH, Temp.) detector radiator® radiator control

B-01 Yes (09.2021) Yes (09.2021) No Yes (09.2021) Yes (09.2021)

B-02 Yes (05.2022) Yes (03.2022) No Yes (02.2022) Yes (02.2022)

B-03 Yes (10.2021) Yes (10.2021) No Yes (03.2023)* No

B-04 Yes (03.2023) Yes (03.2023) Yes (03.2023)* Yes (03.2023)* No

B-05 Yes (07.2023) Yes (07.2022) No No No

B-06 Yes (03.2023) Yes (01.2023) No No No

B-07 Yes (06.2022) Yes (06.2022) No No No

B-08 Yes (01.2023) Yes (01.2023) No No No

B-09 Yes (01.2023) Yes (01.2023) No No No

B-10 Yes (08.2022) Yes (08.2022) Yes (03.2023)* No No

B-11 Yes (01.2023) Yes (01.2023) No No No

B-12 Yes (01.2023) Yes (01.2023) No No No

2 Environmental sensors installed. RH = relative humidity; Temp. = temperature.
b Cloud-controllable smart radiator installed.
* part of KNX System.

3.8.4 Experiment Groups and Teams

In the experiment design, rooms were clustered together to form feams, which in turn were assigned to
experiment groups. Each experiment group can contain multiple teams, but each team belongs to only one
experiment group. Thus, the set of features available to a team is determined by the group to which it belongs.
In Table 3.7, the assignment of rooms to teams, as well as teams to experimental groups, is shown. Each team
consists of between 20 and 44 rooms, and rooms within a team can be drawn from one or more buildings. A
total of 12 teams are involved in the experiment, assigned to the four experiment groups.

Table 3.7 Assignment of teams and buildings to experiment groups, along with number of rooms in each feature group.
The features enabled in each group are given in Table 3.4.

Feature Group Teams Buildings Num. Offices Num. Teams
A T1, T2, T3 B-01, B-02 92 3
B T4 B-03, B-04 20 1
C T5,T7,T8,T9,T10,T12, B-05,B-07, B-10, B-06, B-08, 230 7
T13 B-09
D T6 B-05 44 1
Total 10 386 12

The buildings assigned to each team and the total number of offices are shown in Table 3.8, alongside
the number of employees in the team, and the absolute and relative number of rooms without occupants
(meeting rooms and otherwise no-occupant offices). Three additional teams (Teams T14, T15, and T16)
which belong to the two excluded buildings mentioned previously, are included in the table for completeness
purposes, but are not analyzed further in the results section except for presentation of user engagement
results (Section 5.2).
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Table 3.8 The buildings and number of offices assigned to each team with corresponding employee count. Among
these offices, some are meeting rooms and otherwise offices without assigned occupants - these are shown as
"Unassigned Rooms", with their percentage relative to the total shown in parenthesis.

Team Building(s) Num. Employees Total Num. Offices Num. Unassigned Offices
T1 B-01 58 39 7 (17.9%)
T2 B-02 33 24 7(29.2%)
T3 B-02 70 30 3 (10%)
T4 B-03, B-04 37 20 3 (15%)
T5 B-05 63 44 5 (11.4%)
T6 B-05 51 44 3 (6.8%)
T7 B-06, B-07 71 31 5(16.1%)
T8 B-06, B-07 81 30 2 (6.7%)
T9 B-08 48 29 1(3.4%)
T10 B-09 56 26 2 (7.7%)
T12 B-10 46 33 0 (0%)
T13 B-10 52 37 2 (5.4%)
T14* B-11 52 25 3 (12%)
T15* B-12 60 40 6 (15%)
T16* B-12 82 43 7 (16.3%)

" Not included in the main experiment, but presented here for use in user engagement results.

3.8.5 Hypothesis Testing Strategy

The strategy for testing the experiment hypotheses H; to H3 using the experiment setup is presented below.
It is necessary to clarify the "JuControl-activated" terminology used for the hypothesis testing and in later
chapters. "Activation" and "non-activation" of JuControl refers to the availability of JuControl to occupants
of a particular office depending on data consent. For privacy reasons and to adhere to legal data protection
policies in Forschungszentrum Jiilich, JuControl is only "unlocked" for offices where all occupants have
actively consented to the required data privacy policy that permits other occupants to view potentially
sensitive sensor data related to the office. In other words, although JuControl is available in principle for
occupants of the offices in all the experiment groups, JuControl requires that all occupants of a given office
consent to the data policy before it opens up for that office, after first confirming that they are officially
assigned to the said office. Therefore, the term JuControl-activated offices refers to offices where all officially
assigned occupants have granted their consent to the data policy, while non-JuControl-activated offices refers
to offices where at least one occupant has not yet granted consent, or otherwise has declined granting consent.
Nevertheless, as would be seen in the result analysis of Chapter 5, occupants of non-JuControl-activated
offices in recommendation-enabled groups (Feature Group A, B, and C) received evaluation summaries and

energy savings recommendations via email, just like occupants of JuControl-activated offices.

Table 3.9 shows how the experiment design is to be used for testing each of the previously outlined
hypotheses. The design strategy incorporates redundancy in order to improve robustness, such that technical
failures during the experiment can possibly be tolerated. Furthermore, it can be observed that many teams
are allocated to the evaluation-enabled groups (Groups A, B, C) as against non-evaluation groups (Group
D). This is because the teams in the evaluation groups were further split into experiment groups that do not

affect the experiment for this thesis.
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Table 3.9 Hypothesis testing strategy based on the experiment design and building performance comparison.

Hypothesis Hypothesis Testing Strategy

H; (Effect of H;-Test-1 Performance comparison of Team T5 vs Team T6. This test checks that Team
evaluations / rec- T5 has a better performance than Team T6 as judged by the mean energy penalty
ommendations) of the offices, since although both are drawn from the same building, T5 has venti-

lation evaluation as well as recommendations enabled, in addition to JuControl
access, while Team T6 has only JuControl access with no behavioural improvement
functionality.

H; (Effect of active Hj-Test-1 Performance comparison between non-juControl-activated rooms and

participation) JuControl-activated rooms within evaluation- and recommendation-enabled
teams (all teams except Team T6). In other words, JuControl activation is used as
a proxy for judging active participation, since such a participation is only tech-
nically possible with unrestricted JuControl access. The test checks if JuControl-
activated offices in these teams have better performance than non-activated rooms
within the same building or team, under the premise that occupants of JuControl-
activated rooms have access to full information about energy evaluations and other
contextual information, unlike occupants of non-JuControl-activated offices who
can only receive occasional emails.

Hj; (Effect of H3-Test-1 Comparison of setpoint temperature deviation-from-ideal between JuControl-
automatic heating activated offices in Building B-01 and non-JuControl-activated offices. Since in
control) non-JuControl-activated offices, occupants physically turn the smart radiator to

specify their setpoint temperatures without intervention from the automatic con-
troller, this test checks if the non-JuControl-activated offices have a significantly
worse setpoint deviation than the JuControl-activated offices where the automatic
controller manages the setpoint temperature based on occupant-provided pres-
ence schedules.

H3-Test-2 Whole-building thermal demand before-and-after comparison for Building
B-01 (i.e. before and after the implementation of automatic heating control) using
the building "energy signature" performance comparison methodology, which
was discussed in Section 3.9. This check should show that the improvement in set-
point temperature efficiency for JuControl-activated offices established by H3.test-1
above, if any, translates to noticeable energy savings at the building level on a
longer time horizon.

For testing Hypothesis Hy, H, and the first part of Hs, statistical significance tests are used assuming a
significance value p = 0.05. Furthermore, the effect size is also tested using Cohen’s d as the effect size metric,
where |d| < 0.2 represents a small effect size, |d| = 0.5 represents a medium effect size, and |d| = 0.8 represents
alarge effect size, and |d| = 1.3 represents a very large effect size [106]. While the statistical significance only
tells us if a difference in energy performance exists between an experimental group and its control group, the

effect size provides an estimate of the relative magnitude of the performance difference under consideration.

3.9 Building Performance Evaluation

Several factors determine the energy demand of buildings, among which are: building characteristics; energy
system characteristics, control and maintenance; weather parameters; and occupant behaviour [107]. This
makes the prediction of building energy demand challenging. Over time, numerous approaches have been
established for estimating this demand, which can as well be classified in a few slightly different ways [107,
108]. For this discussion, we adopt the classification of Fumo [107], consisting of the statistical, engineering,
and hybrid methods, as shown in Fig. 3.12. In the statistical approach, the mathematical relationships
between measured input and output variables of the building are extracted via the analysis of the data,

without recourse to the physical modelling of the building itself. In the engineering approach, however,



3.9 Building Performance Evaluation 47

Building energy demand estimation

v v v

‘ Statistical ‘ | Hybrid | Engineering

|
v | Y v v

Regression ’ Intelligent ‘ ’ Forward ‘ Calibrated

Y ¢

’ Genetic Algorithm H Neural Networks H Support Vector Machines ‘

Fig. 3.12 Classification of building demand estimation methods according to Fumo [107].

mathematical equations are used to describe the physical model of the building and the output variables
are obtained from the building model with known inputs. The hybrid approach is a mix of statistical and

engineering approaches, equivalent to a grey-box approach.

For building performance rating, on the other hand, the International Performance Measurement and
Verification Protocol (IPVMP) [109] details general strategies for assessing energy savings resulting from
Energy Conservation Measures (ECMs). The protocol was developed by the U.S. Department of Energy in
1994 and is now overseen by the Efficiency Valuation Organization (EVO). Energy Conservation Measures
(ECMs) are activities carried out to reduce the energy consumption of a building or facility, for example
building envelope retrofits, lighting upgrades, and occupant energy-related behaviour improvement pro-
grammes. The IPMVP references industry standards like the U.S. Department of Energy’s "M&V Guidelines:
Measurement and Verification for Performance-Based Contracts" [110] and ASHRAE Guideline 14, all related
to the measurement of energy and demand savings through the application of ECMs. In general, these
savings assessment strategies involve baselining, which is an activity during which the current operational
status of monitored facilities, as well as the human aspects like occupancy and environmental preference,
are determined and modelled. This performance determined during the baseline period then provides a
reference point for assessing the savings achieved through ECMs during the reporting period. Energy savings

result from two drivers: improvement in performance, and reduction in usage, as shown in Fig. 3.13 [110].

The general M&V (Measurement and Verification) equation according to IPMVP is:
Savings = Baseline Period Energy — Reporting Period Energy + Adjustments (3.10)

where "Adjustments" are divided into two types: routine adjustments that account for energy-governing
factors that are expected to change routinely between the baseline and reporting periods, such as weather;
and, non-routine adjustments which account for energy-governing factors that are usually expected to stay
constant between the periods, e.g. the size of the facility, or installed equipment. Savings are usually reported
under the conditions of the reporting period, i.e. the baseline conditions are adjusted (or "forecasted")
to match the reporting period conditions. These savings are called avoided energy consumption, which
essentially represents the savings in the reporting period compared to what it would have been without the
ECMs. The M&V equation (Eq. 3.10) can now be re-written as:

Avoided Energy Consumption = Adjusted Baseline Energy — Reporting Period Energy 3.11)
3.11
+ Non-Routine Adjustments to Reporting Period Conditions
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Fig. 3.13 Driving factors that determine energy savings: efficiency and use (from [110])

where the routine adjustments (for the reporting period) are now subsumed within "Adjusted Baseline

Energy" through the forecasting of the baseline period conditions into the reporting period. The forecasting

of baseline consumption is often through regression analysis, especially when whole-facility savings are

being investigated. Validation of such statistical techniques is required in IPMVP, using statistical evaluation
indices like Coefficient of Variation of the Root Mean Squared Error (CV(RMSE)), the Mean Bias Error (MBE),

amongst others.

For the measurement and verification of the savings through ECMs in buildings, four approaches ("op-

tions") with increasing complexity are described in the IPMVP (which also tallies with the classification in
the U.S. Department of Energy’s "M&V Guidelines"). These are shown in Table 3.10.

Table 3.10 Description of IPMVP measurement and verification options for ECMs in buildings (from [109, 110]).

IPMVP Option

Description

Example Applications

A. Retrofit-Isolation:

Key Parameter
Measurement

B. Retrofit-Isolation:

All Parameter
Measurement

C. Whole-Facility
Measurement

D. Calibrated
Computer
Simulation

Savings are determined by field
measurements of the key parameter(s)
that define the energy consumption of
the systems affected by the ECM.

Savings are determined by field
measurement of the energy
consumption and/or related
independent or proxy variables of the
system affected by the ECM.

Savings are determined by measuring
the energy consumption at the level of
the whole facility using utility meters.

Savings are determined through
simulation of the energy consumption
of the whole facility or sub-facility.

Lighting retrofit where the power
consumption is the measured key
parameter.

Installation of a variable-speed drive
and associated controls on an electric
motor. Electric power is measured with
a meter installed on the electrical
supply to the motor.

Multifaceted energy management
programs affecting many systems in a
facility.

Multifaceted energy management
programs affecting many systems in a
facility but without a meter during the
baseline period.
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In this thesis, whole-facility measurement (Option C in Table 3.10) is used to determine the savings
through the behaviour intervention measures and associated ECMs developed and executed in this project,
since multi-year fine-grained building-level metering data is available for many of the investigated buildings.
Since heating energy is the form of energy investigated in this thesis, the methodology for the building
performance evaluation applied this thesis is based on the widely used Degree Days approach [108, 111],
which theorises that the space-conditioning (heating or cooling) energy demand of buildings is a linear
function of the ambient temperature, when the ambient temperature is below (above) a given threshold for
heating (cooling). The underlying idea is that heating (cooling) is only required below (above) the threshold
ambient temperature. The main advantages of the Degree Day approach are that it requires few input data,

and it produces acceptable results in practice. The Degree Day approach is mainly used for [111]:

* estimating energy consumption of new and existing buildings for space heating and cooling; and,

¢ continuous monitoring and analysis of existing buildings using historical data

The application in this thesis concerns primarily the second function of historical data-based analysis.

Mathematically, for heating demand, the Heating Degree Days (HDD) for a period D consisting of d days,
is [111, 112]:

1
HD Dperiod = Z -~ Z (Tbase - Tamb(t))+ (K- day) (3.12)
deD N teNy

where A} is the set of time points of ambient temperature measurements for day d (e.g. hourly data of 24
time points), N = |4} is the number of measurements per day, and Tmp () (°C) is the ambient temperature
at time ¢ in 4. The superscript plus notation (-)* indicates that only the positive values of the enclosed
expression are taken. The base temperature, Tpase (°C) is commonly a standard value for simplicity (for
example, 15.5 °C in Europe [113] and 18.3 °C in the U.S.A. [108]). However, T}, refers more accurately to
the balance point temperature of the particular building under analysis [108, 111], and the assumption of
a standard value can lead to errors in energy estimation. The balance point temperature is the ambient
dry-bulb temperature above which the building needs no heating to maintain thermal comfort within the
building. In other words, it is the ambient temperature value at which, for a given interior temperature,
the total heat loss through the building envelope is equal to the total heat gain from insolation, occupants,
etc. [111, 112]. It is recommended to use building-specific base temperatures [111]. Therefore, for the
methodology employed in this thesis, Ty, refers to the building-specific balance point temperature. The
method for the estimation of the balance point temperature from historical data is described in Section 3.9.2
below.

More accurate HDD calculations are achieved with finer-grained timeseries data, ideally with hourly or
sub-hourly temperature measurements [111]. However, it can also be applied with adjustments for lower-
resolution data, depending on the available data (see e.g. [114] for details; in Germany, the mean daily
ambient temperature is standard [111], while at the level of the European Union, daily mean, maximum, and
minimum temperatures are generally used [113]). In this thesis, since detailed temperature measurements

are available (down to minute-wise resolution and measured on-site), we use the standard formula in Eq. 3.12.

Hence, the thermal energy, Eth,d, required for space heating in a building for a given day d, can be

estimated from the Heating Degree Days (HDD) as follows:

Bnwa=U'-24-HDD,; (kWh) (3.13)
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where U’ is the proportionality constant representing the overall heat loss coefficient of the building (in
kW/K), and HDDy; is the heating-degree day value for day d. The scaling by factor 24 converts the daily
estimate to kWh. The overall heat loss coefficient (or building envelope factor), U', comprises two main parts.
First is the total thermal transmittance of the building envelope in kW/K, computed as U - A, where U is
the per-unit-area thermal transmittance (U-value) of the building as a whole, i.e. combining the values for
the different thermal boundary surfaces of the building (kW/ m?-K), and A is the total external surface area
(m?). The second relates to the air infiltration rate of the building, through which heat is lost according to
m- cair - AT, where 11 is the mass flow rate of air being exchanged between the building and the ambient
(in kg/s), cair is the specific heat capacity of air (in kJ/kg-K), and AT is the difference between indoor and
ambient temperature (in K). The total thermal transmittance and infiltration losses are usually estimated

under simplifying assumptions, including the assumption of a constant infiltration rate [111].

However, where historical building thermal demand data is available, in which case one is interested in
the performance of an existing building, the parameter U’ in Eq. 3.13 is estimated by regression using data
from the baselining period. The resulting linear equation is then applied to the reporting period, providing
a "forecast" of the building thermal demand based on the baseline signature. The difference between the
"forecasted" energy demand and the demand of the reporting period, gives a measure of the performance
of the building between the two periods. When the total thermal transmittance of the building envelope
remains constant between the two periods, then the performance difference can only be explained by other
factors such as change in usage patterns (including natural ventilation patterns), upgrade of energy systems,
etc. Usually, such analyses require interpretation, considering the on-site conditions.

3.9.1 Building Energy Signature and Performance Line

A general procedure for determining savings due to Energy Conservation Measures in the presence of
historical data is described in Kissock, Haberl, and Claridge [112] as follows.

Step 1: Measure energy use and influential variables during the baseline period.
Step 2: Develop a regression model of baseline energy use as function of influential variables.
Step 3: Measure energy use and influential variables during reporting period.

Step 4: Use the values of the influential variables from the reporting period (Step 3) in the baseline model
(Step 2) to predict how much energy the building would have used if there had not been any energy

conservation measures (ECMs).

Step 5: Subtract measured reporting period energy use (Step 3) from the predicted baseline energy use

(Step 4) to estimate savings.

Depending on the kind and resolution of the available data, different linear regression models can be
used to represent the historical performance of a building. Where only monthly thermal energy demand data
is available, a two-parameter linear regression model (2P model) is fitted over the historical data (monthly
demand vs. monthly heating degree days) to produce what is termed the building’s energy performance line
[111] (see Fig. 3.14a). Ideally, the historical data would fit an energy performance line of the form:

VY=p1+p-X (3.14)
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where B; and B, are the regression coefficients. The dependent variable, ¥, represents the monthly thermal
energy demand estimated by the model (in kWh), and X is the independent variable representing the monthly
heating degree days (in K- day). The parameter 3, is equivalent to U’ x 24 from Eq. 3.13 (in kWh/K- day), and
the intercept ; represents the base load (kWh). However, f; is only reliable if the building-specific base

temperature was used for calculating the HDD [111].

Nevertheless, since the available data in this thesis is fine-grained (minute-wise), a three-parameter
regression model (3P model) is used on daily data, where the daily thermal energy demand is regressed on
the average daily ambient temperature [111, 112]. The regression model is called the energy signature of the
building and consists of two line segments — a horizontal segment representing the base temperature, and a
linear segment representing the dependence of the demand on the heating degree day (see Fig. 3.14b for
illustration of the 3P model, and Fig. 3.14c for historical data of one of the buildings considered in the thesis
corresponding to the 3P model). The form of this model is:

Y=B1+B2-(Bs—X)" (3.15)

where B, B2, and B are the three regression coefficients, ¥ is the estimated daily thermal energy demand
(dependent variable, in kWh), and X, the independent variable, is the daily average ambient temperature
(in °C). B, is again equivalent to U’ - 24 from Eq. 3.13 (kWh/K- day), and s is the building’s balance-point
temperature (°C). The magnitude of the constant line §; represents the base load (kWh). Again, the ()*
notation means that the parenthesized expression is set to zero if the result is non-positive. The expression
(B3 — X)" effectively represents the daily HDD.

The 3P regression model is also called a change point model, since it enables the determination of the
balance temperature, at which the regression line changes [112]. The 3P model can be extended to up to four
independent variables, where the other variables are fitted by simple linear functions [112]. An algorithm for
finding the change-point (base temperature) for the 3P model is described in the next section.

It is important to check the fitness of the regression models, using the following statistical tests [112]. First
is the Root Mean Squared Error (RMSE), which estimates the model residuals, i.e. the "distance" between the

modelled data and the actual data. Mathematically,

_V)2
RMSE:\/Z(Y—Y) (3.16)
n-p

where 7 is the number of data points, p is the number of regression coefficients, Y is the set of historical
thermal energy demand data points, and ¥ is the model-estimated demand computed from Eq. 3.14 or
Eq. 3.15.

Secondly, the squared correlation coefficient, R%2€(0,1],is computed, representing how well the regres-

sion model fits the data compared to how well the mean fits the data. Mathematically,

YV - 7)?

RP=1-=———
(Y - )2

(3.17)
where 7 is the mean of the historical demands, and Y and ¥ are as defined for Eq. 3.16. An R? value of zero
means that the regression model does not fit the data any better than the mean does, and R* = 1 indicates a

perfect fit between the data and the model (although this rarely occurs in practice).
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Fig. 3.14 Illustration of two- and three-parameter regression models showing energy performance line (a) and building
energy signature (b). The labels 1, 82, and B3 are the parameters of the models (as applicable), according to
Eq. 3.14 and Eq. 3.15. In (c), example data for determining the "energy signature" for one of the experiment
buildings for the year 2022 in terms of the three-parameter regression model is shown.

3.9.2 Estimating the Heating Balance-Point Temperature of a Building

Estimating the heating balance point temperature from the 3P model of Eq. 3.15 simply means finding the
value of the regression coefficients 1, B2, and 3 that minimizes the RMSE of the model. A two-stage search
algorithm for determining B3 (also a "change point detection algorithm") is described in the ASHRAE Inverse
Modelling Toolkit (IMT) [112], in which the independent variable X is divided into equal-width grids of width
dx between the minimum value, X, and the maximum xpay. Then B3 is incremented from Xpin t0 Xpax in
steps of dx, and for each value of 83, the RMSE is determined, retaining the value f3 pes¢ that results in the
minimum RMSE. Afterwards, a smaller region centred on f3 pest, i.€. B3 pest = dX, is again divided into smaller

grids and the process is repeated once more, retaining the fi3 pes that corresponds to the minimum RMSE.

In this thesis, however, a more direct approach is employed, based on solving the problem as an opti-
mization problem using publicly available software libraries. Specifically, the NumPy Python library [115] is
used to define the piecewise linear function:

- Bi+P2-(B3—X), ifX<ps (3.18)

B1, otherwise

Subsequently, the SciPy Python library [116] is used to optimize the parameters (8;, 82, and f3) of Eq. 3.18 to
obtain the values yielding the minimum RMSE. From this, f3 then corresponds to the building balance-point
temperature.
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Finally, to determine the savings in the reporting period, the daily mean ambient temperatures for
the reporting period are plugged into the 3P regression model of Eq. 3.15 to estimate the "forecasted"
consumption of the reporting period given the parameters of the baseline period. The energy savings
Eih saved,p (kWh) in the reporting period D is then the difference between the forecasted consumption and
the actual consumption for that period. Mathematically, for the reporting period D consisting of d days, the
energy saved is:

Ethsaved,p = 3 Ena — Eth,a (3.19)
deD

where Eth,d is the 3P-model estimated thermal energy demand for day d from Eq. 3.15 (in kWh), and Ey, 4 is
the actual (historical) thermal demand for the same day (in kWh).

The above-described building performance evaluation methodology is applied in the building perfor-

mance analysis of Chapter 5 (Section 5.5).

3.10 Occupancy Estimation

As has been previously discussed, the behaviour of the occupant affects the final performance of the building
energy-wise, and in this thesis behavioural change towards increased energy efficiency is the overarching
objective. To account for the presence profile of occupants in the building, two distinct classes of needs in
terms of area of application can be identified. The first class of needs, which I term the synthesis need, deals
with generating realistic occupancy profiles for the building. These profiles, which generally depend on the
intended use of the building (whether public/office, or private/residential), find application in areas such as
building design and simulation, and energy budgeting. Solutions can be deterministic or nondeterministic.
In the deterministic approach, a fixed profile is given for the building based primarily on intended use, time
of day, and day of week (e.g. in [13]). In the nondeterministic approach, the profiles are modelled statistically
with inputs based on empirical studies [10, 117, 118]. Markov Chain models appear to be the most widely
used in the literature (e.g. in [10, 119-121]).

The other class of needs, which I term the inference need, deals with determining the current status of
occupancy in a space under consideration, i.e. human sensing. While synthesis deals with general trends
and occupant profile generation, inference deals with particular instances and actual current or historical
status. Inference is classified according to the required level of output information of the spatio-temporal
properties of the occupancy: presence, i.e. whether the space is occupied or not; count — the number of
people in the space; the location of the person(s) within the space; the track of the person(s) in the space, i.e.
the spatio-temporal history of the person(s); and finally, the identity of the person [122]. These information
requirements have the cumulative property that knowing one implies knowing all the others below it in the
progression. Another classification includes behavioural characteristics of the current activity of the person.

To solve problems in the inference class, two major approaches are used for occupancy detection,
namely observational studies and occupant surveys [123]. Observation relies on sensing, where occupancy
is derived directly or indirectly through sensors. Observation methods can be classified into six groups:
image-based, threshold and mechanical, motion sensing, radio-based environmental, human-in-the-loop,
and consumption sensing [124]. The direct observation methods include use of motion sensors (mostly
Passive Infrared (PIR) sensors) [125], wearable sensor devices, and image-based methods (using both video
and photo cameras) [123, 126, 127]. Indirect sensing methods estimate occupancy using techniques that
track quantities that are correlated with occupancy, or, in few cases, using historical data (e.g. in [128]).



54 Methodology

The majority of research efforts have used environmental sensors. CO, concentration offers the strongest
correlation amongst these [129], and has been used as the sole estimation parameter in several studies
(e.g. [125, 130-132]). Several other research works have used combinations of CO, concentration with relative
humidity, Volatile Organic Compounds (VOC) concentrations, indoor temperature, and indoor pressure [125,
133-136].

Other methods include near-field communication (NFC) or Bluetooth beaconing devices (where the
occupant is represented by their mobile device) [74], mobile phone Wi-Fi tracking [137]; use of acoustic
pressure (in microphones) [138]; use of pressure sensors placed on chairs [139]; and monitoring of the

consumption of electrical devices [140]. A review of these methods is presented in [127].

3.10.1 Occupancy Estimation via Environmental Sensing

As mentioned above, typical environmental sensors used in occupancy estimation are CO; concentration,
indoor/outdoor temperatures, relative humidity, and VOC concentrations. In this section the main methods

used for deriving occupancy parameters from individual and combinations of these sensors are discussed.

The techniques used are divided into three broad categories by method: machine learning methods,
analytical methods, and statistical methods. Each category has pros and cons. For using machine learning,
one requires reliable and extensive historical data. On the positive side, the methods are able to represent
complex and hidden relationships between the observed variables and the estimated parameter. Analytical
methods use mathematical principles and physical laws to model the relationship between the variables.
State estimation techniques are usually applied here. The advantages include the need for significantly less
historical data and more general applicability of the models. On the flip side, it requires specialist knowledge

and it is more difficult to derive exact relationships.

For the analytic models, the simplest approach for deriving occupancy uses CO, concentration gradi-
ent [129, 134]. Here the rate of change of CO, concentration in the monitored space is analysed and using
a rule-based system, occupancy is derived. A more complicated analytical method estimates occupancy
using CO, mass-balance equations [130, 141, 142]. On the machine learning side, estimators of occupancy
based on CO; concentration have been studied (e.g. [138, 143, 144], and reviews [127, 145]). In this thesis,
occupancy estimation (detection) is done based on the CO2 mass-balance approach or from PIR sensors,
where available.

3.10.2 Privacy Considerations in Occupancy Estimation

While occupancy estimation via direct sensing techniques provides the highest accuracy, one major drawback
with the approach, however, is that it is considered the most intrusive approach. This is especially true for
detection via cameras. Given the increasingly strict privacy requirements of organisations and governments,
especially in the EU, this method has limited application, both in scale and in geographical location. Further-
more, as mentioned in the introduction (Chapter 1), Germany has stricter privacy requirements and policies
than other EU countries, so particular care must be taken to diminish potential feelings of privacy violation
among occupants. While it is possible in practice to use cameras to detect occupancy in a privacy-preserving
manner (for example by automatically obfuscating people with Gaussian noise, as applied in [127]), it is easy
to appreciate that this approach does little to allay the fears of occupants. This is because the method can "in

principle" detect both identities and activities, requiring (for many occupants, prohibitively high) trust in the
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researchers (or management) and in the robustness of the system. Beyond this, some camera based systems

also suffer from false triggers like moving foliage, lighting variations, and shadows [122].

PIR sensors mitigate this problem to some extent in that they lack the ability to "see" what occupants are
doing or to potentially identify them by any means, thereby providing better privacy. However, PIR sensors
have other disadvantages, which include inability to count people and failure to detect an occupant in a
stationary state, (which state tends to be the default for occupants in an office setting) [127, 129]. Modern
PIR sensors are not susceptible to the stationary-occupant false negative, nevertheless. Yet again, PIR sensors
can also be triggered by non-human environmental factors like HVAC systems [122]. PIR sensors and other
direct sensing methods (camera-based) share the disadvantage that they are prone to "blind spots", i.e. areas

of the space occluded from the sensors by furniture or the form factor of the space [129].

On the other hand, indirect sensing using environmental sensors is perceived as less intrusive than direct
sensing and is a preferred choice under strict privacy demands. However, one major drawback of indirect
sensing via environmental sensors as compared with a direct sensing is the time lag between the occupancy
change event and the reflection in the monitored quantities [123, 127]. Another disadvantage, as mentioned
above, is that accuracy tends to be higher for PIR-based occupancy detection than for environmental sensing

techniques [125].

Other sensing methods include use of ultrasound and radio frequency detection. The former has the
disadvantage that it has poor accuracy in locating occupants, and high rates of false positives due to sound
from other sources apart from occupants. Furthermore, arrays of sensors have been deployed to improve
location accuracy, but suffer from mutual interference [127]. Using radio frequency requires users to carry
Radio Frequency Identification (RFID) tags, which has obvious problems with convenience and privacy [127].

These methods are not considered further.






Chapter 4

Implementation of Models and Tools

This chapter first briefly touches on the software tools developed in this work as the means to provide
incentives for behaviour change. Afterwards, the implementation of the mixed-mode evaluation system
derived in the previous chapter is presented, along with the methodology employed to derive occupancy
as an input into the evaluation system. As previously mentioned, eco-visualization, control (via an HMI),
behaviour evaluation, and gamification are the foundational concepts of the behaviour intervention of
this thesis. The developed software are presented next, indicating how they address the above-mentioned

concepts.

4.1 Overall Software Framework

As introduced in the previous chapter, the software developed in this thesis are collectively called the Energy
Dashboard Suite, consisting of the Campus Viewer, JuControl, Juracle, and ALICE. The next sections briefly
describe these software applications, while even more details are provided in Appendix A covering the overall
system architecture to show how the software applications interact; the supporting hardware platform
for data capture, including the utilised sensors, actuators and communication devices; and the strategies

employed to deal with the potential privacy issues that are inherent in such user-focused interventions.

4.2 The Campus Viewer: Eco-Visualization

The Campus Viewer is a web application that visualizes the energy system-related data of the campus at the
building level. It features charts showing near real-time, auto-updated heating and electricity demand of the
campus as a whole, as well as of individual buildings. Additionally, in the Campus Viewer buildings can be
compared visually on a map using colour scales, both for heating and for electricity demand. Screenshots of
the Campus Viewer are shown in Fig. 4.1.

4.3 JuControl: Eco-Visualization, Control, Gamification

JuControl provides access to room-level real-time and historical data, including indoor conditions like
temperature, CO, concentration, humidity and luminosity, as well as the status of the windows and doors. It

also features a stylized pseudo-3D real-time visualisation of the room, which shows window and door status
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(a) Home page (b) Building demand comparison page
Fig. 4.1 Screenshots of the Campus Viewer. In (a), the live heating and electricity demand of the campus is shown on

the home page, and in (b), the building demand comparison for heating is shown. Full-sized screenshots are
provided in Appendix E.

visually (see Fig. 4.2a). The 3D diagrams are generated by ALICE (more details in Section ??). Furthermore,
JuControl features a building page, where the interactive floor plans of the buildings that the user has access
to, are shown, colour-coded by the kind of access the user has to the rooms in the building (Fig. 4.2b). This is
a privacy and data access feature of JuControl that is discussed more in Section A.3. These features support

the visualisation function of JuControl according to the four-pillar classification.

On the control pillar side, JuControl provides a Human Machine Interface (HMI) widget in some buildings,
by which occupants can specify their preferred heating setpoint temperature. Added to this, JuControl has
a highly customizable in-built calendar through which occupants also provide their schedule for being
physically present in the office. This schedule is then combined with the heating setpoints to provide on-
demand heating via a cloud controller. (The cloud controller [105] (in preparation) is not part of this thesis,

but the controller inputs are supplied by JuControl via an API.)

Finally, in cooperation with Juracle (Section 4.5), JuControl implements the gamification pillar through
the use of ratings, competition, and leaderboards (Fig. 4.5). For enabling competition, sensor-equipped
offices are grouped into feams comprising several offices, and both teams and offices are rated in terms of
energy efficiency. These ratings are then compared within and between teams anonymously (see Appendix A,
Section A.3.2 for discussion on privacy).

To access JuControl as a room occupant (in other words, to "activate" JuControl for a room), all the
occupants of the given room must first grant their consent for data processing and visualization. This
"activation" is the only means via which occupants can access JuControl in order to view the status and
performance of their room, or to control the heating in their office (depending on available features). The
user consent process is started automatically when a user visits any of the JuControl pages. After the user
grants their consent, the office mates as determined by a centrally managed FZ] facility allocation database
are automatically emailed with a link to also grant theirs. If any occupant declines consent, the room is not

activated in JuControl, meaning that none of the occupants can view the data.
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(c) The presence schedule specification page in JuControl

Fig. 4.2 Screenshots of JuControl showing (a) the user’s room view, (b) the user’s building floor plan, and (c) the user’s
JuControl calendar. The pseudo-3D representation of the room in (a) is produced by ALICE. In (b), the colour
coding of the rooms in the building floor plan indicates what kind of JuControl access the user has (view access,
control access, or no access) to that room. The calendar in (c) enables the user to input their expected presence
schedule. Full-sized screenshots are provided in Appendix E.

4.3.1 Coupling JuControl with Building Automation

The presence schedule and comfort preferences of occupants are captured in JuControl and aggregated for
each room. JuControl then provides the composite data as a timeseries at any requested time resolution
and for any time period to an external heating controller running in the cloud (see Althaus et al. [105]) via a
RESTful API. A complex signalling process between JuControl and the cloud controller is used to establish
what "control mode" should be activated: manual setpoint mode triggered via the physical HMI (i.e. radiator
valve) or within JuControl via the setpoint temperature widget, or automatic setpoint mode via the occupants’
schedules; however, this signalling is not discussed further in this report. The JuControl calendar is used to
capture occupant presence schedules, and the temperature setpoint widgets in JuControl capture occupant
comfort preferences. It should be reiterated here that the availability of the occupants’ presence schedule to
the heating controller depends on if the office is JuControl-activated, i.e. if all the occupants in the office have
agreed to the data privacy terms of the project. It is important to note that for JuControl-activated offices, an
8.5-hour presence schedule with a 30-minute lunch break is enabled by default for each day of a working
week as a baseline, in order to ensure that at the offices are heated pre-emptively during working hours
and avoid cold offices if the occupant never adjusts the calendar. For non-JuControl-activated offices, the
heating control is manual in the sense that the occupants physically turn the smart radiator valve in order to
set a desired temperature. Unlike the traditional radiator valve in which the angle of rotation indicates the
current setpoint temperature, the smart radiator valve has a spring-loaded dial which can only be turned a
few degrees in either direction and when released, returns to the default position, as illustrated in Fig. 4.3.
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Each clockwise or counter-clockwise turn represents a 1 °C raise or lowering of the setpoint temperature,
respectively. Since there is no display on the device, without JuControl access this activity is trial-and-error

since the user cannot see the temperature setpoint.

Fig. 4.3 Micropelt MVA005 smart radiator valve showing the rotation directions. The rotatable dial returns to the default
position after being released. Each rotation changes the setpoint temperature up or down by 1 °C.

The JuControl calendar provides a robust presence scheduling interface, a key piece of the puzzle that
allows the automatic control of the room temperature according to occupants’ presence schedules. The
calendar enables the occupant to input their schedule using an intuitive, drag-and-drop interface. Events
in the calendar are classified internally in JuControl into three types of schedules: default schedule for
regular, weekly repeated events; adjusted schedule for one-off events; and an absence schedule for temporarily

overriding a weekly schedule with e.g. a holiday.

Merging Comfort Preferences for an Office

Each occupant provides an upper and lower setpoint temperature limit in the comfort preferences section of
JuControl, in addition to the presence schedule provided via the calendar. This leads to multiple, possibly-
conflicting setpoint temperature preferences for a multi-person office. JuControl merges these preferences

into a single range using the "min-max / max-min" rules below (exemplified in Fig. 4.4).
¢ If no conflicts, the intersection of the temperature ranges is selected

* With conflicts, a "dead zone" is selected, which consists of the minimum of all maximum temperatures
specified, and the maximum of all minimum temperatures specified. These are swapped if necessary

to ensure minimum is not greater than maximum.

In Fig. 4.4, occupant A is alone between 07:00 and 08:00, so their preference is active. When occupant B
arrives at 08:00, the preferences of the two occupants can be merged by taking the intersection according
to the merging rule, until 09:00 when occupant A leaves. At 13:00, occupants C and D arrive, having non-
intersecting (conflicting) temperature preferences. Hence, according to the rule, the maximum temperature

for the office becomes D’s minimum temperature, and the room minimum temperature is C’s maximum.

Mathematically, given desired temperature bounds [Tmm,,-, Tmﬂ,i] for each occupant i in a room of n
occupants present in the office at the given time, the computed setpoint temperature range for the room,
[Tminy Tmax]> iS

Tinin = min (max (Tinin,; ), min (Tinay,i)) )
. Vie{l.n} 4.1)
Tinax = max [max ( Tmin,i) , Min (Tmax,i))
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Fig. 4.4 Exemplification of JuControl algorithm for merging temperature preferences in a multi-person office, showing
the resolution of conflicting (occupants C and D) and non-conflicting (occupants A and B) temperature
preferences. The preference of each occupant is only considered when they are present in the office, according
to the schedule.

4.4 ALICE

ALICE is both a mini-language and a tool for automatically generating geometrical diagrams of rooms, as
well as linking the wireless sensors and actuators to room components, in order to support visualization and
control. ALICE was conceptualised, implemented, and deployed within the scope of this thesis. The mini-
language is designed to be efficiently used by a human operator to describe (possibly with pen-and-paper)
the salient features of a room and its energy-related components (radiators, doors, and windows). In this
project, several hundred rooms were thus described in ALICE, requiring two minutes or less to capture a
room (for identical rooms, one room can be used as a template for the others). ALICE provides a web-based
input editor with syntax analysis and real-time progressive visualisation of the end-result to facilitate the
process of data capture. The ALICE parser then processes the descriptions, and the visualizer generates an
SVG-based perspective view of the room as seen in Fig. 4.2a. After generating the geometrical representations
of the room, ALICE then fetches devices (i.e. sensors and actuators) associated with each room from a
device book-keeping tool called WALDO (see Redder et al. [146]), examines the properties of the imported
devices, and then automatically associates each device with the appropriate room components the device is
physically or conceptually attached to. All the data visualization in JuControl is done on the basis of the room
component and devices data that ALICE supplies. Screenshots of the user interface of ALICE are shown in
Appendix E.

4.5 Juracle: Gamification

Juracle' is the tool for estimating the energy performance of offices based on occupant interactions with
the room, specifically with respect to heating and ventilation practices. The performance evaluations of the

offices are derived as energy penalties, expressed in terms of wasted energy in kilowatt-hours (kWh) compared

IThe name Juracle was derived from "Jiilich Oracle", where the "oracle" terminology connotes the ability of Juracle to, like an
oracle, "predict" an ideal behaviour profile for occupants.
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to a predefined ideal baseline. These evaluations are run automatically at the end of each weekday, and the
results and relevant contextual data are stored in a database, from where JuControl fetches and processes
them for presentation to the user. Thus, Juracle is built on the gamification pillar, since it provides the basis
for the introduction of game elements like points and leaderboards in JuControl. Fig. 4.5 shows examples of

evaluation information presented to the user via JuControl.

(a) Home page (b) Comparison of performance of offices user’s team.

Fig. 4.5 Screenshots of JuControl showing the gamification page powered by Juracle. (a) The office evaluation. (b) The
anonymized comparison of offices within a team for a particular evaluation date. Full-sized screenshots are
provided in Appendix E.

The implementation of Juracle follows the mixed-mode approach discussed in the previous chapter. Here,
the model of a reference room is implemented, which relates the investigated occupant actions (setpoint
temperature, and style and duration of window ventilation) to the thermal energy demand of the room. In
the following subsections, the implementation of the reference room model is presented first. Afterwards, the
general scheme for simulating the model of the reference room to get the thermal demand for the predefined
scenarios is described, followed by the results of the simulation and the derivation of the ideal setpoint
temperature and ideal ventilation duration. Finally, the method for deriving energy penalties from the
simulation results based on the ideal setpoint temperature and ideal ventilation duration is presented, along

with the categorization of these penalties as evaluative feedback using a traffic-light rating system.

4.5.1 The Reference Room Model

The model of the reference room was developed using Modelica [147] (v4.0.0) and the AixLib model library
[148] (v1.3.0) in the Dymola modelling environment [149]. The reference room, representative of a typical
two-person office, has a floor area of 18 m? (4.5 m long and 4 m wide, with a height of 2.6 m), one outside
wall and three inner walls (see the room geometry diagram in Fig. 4.6a). The outer wall has three windows,
having each an area of 1.35 m? (1.5 m by 0.9 m). The floor, ceiling and inner walls are assumed to be adiabatic

—no heat transfer occurs through them.

A schematic diagram of the high-level Modelica model is shown in Fig. 4.7. The reference room is
heated by an ideal heater equipped with a proportional-integral controller, which is an instance of the
HeaterCoolerPI component in the AixLib.Utilities.Sources.HeaterCooler Modelica package. The
heater is oversized by design, which then allows the setpoint temperature to always be attained in a relatively
short time even with fully opened windows. Thus, by this design decision the thermal energy demand of the
reference room calculated as the measured demand of this heater can still be derived without worrying about
the heater not being powerful enough to attain the setpoint temperature. In a realistic setting though, the

heater in an office may not attain the setpoint temperature when the windows are fully open on a cold winter
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45m
(b) Bottom-hung (left) and side-hung (right)

(a) Reference room. windows.

Fig. 4.6 Reference room and window configurations for the derivation of the model parameters for mixed-mode
approach. (a) The geometry of the reference room. (b) Tilted or bottom-hung (left) and normally open or
side-hung (right) window configurations showing the opening angles.

day. Furthermore, the outer wall of the reference room is exposed to ambient conditions, including solar
radiation, while the other walls are assumed to be adiabatic boundaries. Details of the window ventilation

model are presented in Section 4.5.3.

£ —>» Room temperature
Weather Room envelope e
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Occupancy ventilation @ —> Heater energy output
schedule T T
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Fig. 4.7 Schematic representation of the Modelica model of the reference room showing the main sub-models with
inputs and outputs.

4.5.2 Occupants Model

Occupants are modelled as both heat sources and CO, sources using a model that combines C02Balance
and HumanSensibleHeatTemperatureDependent models available in the CO2 and Humans sub-packages,
respectively, of the AixLib.BoundaryConditions.InternalGains package. The specific heat output per
person was assumed to be 70 W and the activity degree of 1.5 met, using 1 met = 50 W/m?. The CO,
production rate for a single occupant is assumed to be 8.67 mg/s.

4.5.3 Window Ventilation Model

The exchange of air through the windows is modelled using the empirical relationships between window

arrangement in the room, opening style (whether side-hung, i.e. normal opening, or bottom-hung i.e. tilted
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opening, see Fig. 4.6b), and the air exchange, derived from Richter et al. [150]. Specifically, in Richter et al.
[150], the air change rate in the room is related to the appropriate driving temperature difference for the
ventilation process (which depends on the ventilation duration) for different opening angles, styles, and

window arrangements in multi-window rooms. Two phases of ventilation were identified Richter et al. [150].

* Short-time ventilation: This type of ventilation lasts only a few minutes and the temperature of
the building envelope varies negligibly. The air change is then driven by the difference between
the mean room air temperature and the ambient temperature, with the boundary conditions of the
building envelope being considered constant. That is, the driving temperature difference for short-time
ventilation is:

ATshort = Troom,avg = Tamb  (K) 4.2)

where Tioom,avg is the mean room temperature and Ty, is the outside temperature.

Continuous ventilation: As the duration of the ventilation increases, the building envelope cools
down, and the ventilation process is then driven by the difference between the instantaneous wall
temperature and the ambient temperature. This is because the room temperature would generally
have attained some equilibrium with the ambient temperature at this point, due to the lower heat

capacity of the air and the active air change that occurred at the short-time ventilation stage.
ATcont = Twan = Tamb  (K) (4.3)

where Ty, is the mean instantaneous wall temperature.

In this thesis, the window model according to Richter et al. [150] was implemented in Modelica as
the WindowVentilationFlow component (the schematic representation in Dymola is shown in Fig. D.2 of
Appendix D). Multiple linearly interpolated lookup tables representing each combination of ventilation phase
(short vs. continuous), style of opening (bottom-/side-hung) were implemented based on the CombiTable2Ds
model of the Modelica.Blocks.Tables package. Each table takes as input opening angle and driving
temperature difference to output the required air change rate. The active table depends on the ventilation
process (short-term or continuous) and the window opening style (side-hung or bottom-hung). As already
mentioned, the driving temperature difference used as input depends also on the active ventilation process.
The duration of the short-time ventilation phase driven by A Ty, Was assumed to be two minutes in this
thesis — it was not possible to determine an exact value from the literature. A gradual crossover from the air
change rate for the short-time ventilation to that for the continuous ventilation is implemented using the
AixLib.Utilities.Math.Splice component, which joins two values using a continuously differentiable
function. The dynamics of room temperature and CO» concentration in response to ventilation in the model

was based on the air exchange tables.

4.5.4 General Scheme for Simulation of Reference Model

The general scheme for deriving the relationship between energy consumption of the reference room and
the inputs (setpoint temperature and window ventilation duration) is shown graphically in Fig. 4.8.

In this scheme, historical weather data, notably ambient temperature, solar radiation, and wind speed
and direction, is first obtained for January to March (inclusive) of the two previous years for the geographic
region (Jan. to Mar. 2021, and Jan. to Mar. 2022, respectively). These winter months were selected since the

experimental run of the complete Energy Dashboard Suite was planned for a similar period. The data is then
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Fig. 4.8 Scheme for deriving weighting factors for rule-based evaluation using a simulation model. The weather is first
classified into n profiles.

split into weeks and clustered based on ambient temperature using the K-means algorithm. To determine
the optimum number of clusters, the cluster inertia (sum-of-squared-errors, or SSE) was plotted against the
number of clusters in order to identify the "elbow joint" (see Fig. 4.9a). Fifteen (15) clusters were selected as a
reasonable threshold. An example cluster with four members is shown in Fig. 4.9b, along with the "cluster
center". For each cluster, a cluster representative determined as the cluster member with the least deviation
from the cluster center, is taken as the representative weather profile for the cluster. An actual member of the
cluster is selected as the cluster representative instead of selecting the computed "cluster center", in order
to maintain the congruency between the ambient temperature used for clustering, and the other relevant
weather measurements like solar radiation that are associated with the chosen ambient temperature profile.
Finally, each cluster k € # (where # is the set of weather clusters) is assigned a weight, pi, proportional to
the size of the cluster.

[my —
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(a) Elbow method (b) Sample cluster of weekly ambient temperatures.

Fig. 4.9 Weather clustering output. In (a), the cluster performance as measured by the cluster inertia (i.e. sum-of-
squared-errors, or SSE) is shown, plotted against number of clusters. In (b), a sample cluster is depicted, with
the "cluster center" shown.

The rest of the scheme proceeds as follows. Given the set of investigated setpoint-ventilation scenarios
S, obtained by varying the setpoint temperature from 16 °C to 24 °C, and the ventilation duration from 0
minutes (no ventilation) to a full day (using the shock ventilation style where the windows are fully opened),
for each scenario s € S, run a simulation for each weekly weather cluster k € # represented by the cluster
representative, to obtain the thermal energy demand for one week, Eg, week, s,k KWh, for scenario s and

weather profile k. The total energy demand Ey, ¢ for scenario s across all weather profiles for a single day is



66 Implementation of Models and Tools

then:

Z Pk Eth,week,s,k
_ kew

Eps=———"—
7x Y Pk
kew

(kWh) (4.4)

where py is the weight of cluster k, and the sum term in the bottom is the normalization factor. The division
by 7 reduces the weekly demand to an average daily demand.

4.5.5 Results of Reference Room Simulation

The simulations of the thermal energy demand Ey, s of the reference room using the above-developed room
model for each predefined scenario s produces a set of points in 3D space. These points are transformed into
a Cl-smooth (i.e. one-time continuously differentiable) surface by interpolation. The interpolator used is
the CloughTocher2DInterpolator from the SciPy Python library [116], which triangulates the input data
and then constructs a piecewise cubic Bezier polynomial on each triangle [151]. The contour plot from the
interpolator for the simulated domain of setpoint temperature and ventilation duration is shown in Fig. 4.10,
depicting the thermal demand of the reference room for the input domain for an average winter day. From
the figures, the daily thermal demand ranges from less than 10 kWh to almost 60 kWh, and varies more
strongly along the ventilation axis than along the setpoint temperature axis within the range of the respective
variables, implying that more thermal energy can be potentially lost through wrong ventilation than through

wrong Setpoint temperature.
\ \ =50
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Fig. 4.10 Contour plot showing the simulated thermal energy demand of the reference room as function of ventilation
duration and setpoint temperature after interpolation.

4.5.6 Derivation of Ideal Window Ventilation Strategy

In addition to deriving the energy demand of the room for various combinations of the investigated inputs,
the room model was also used to derive the benchmark for ideal ventilation in terms of ideal minutes of
shock ventilation, Nyentref- This provides a soft maximum, above which penalties apply. The underlying
assumption that permits the extrapolation of these results to rooms of different sizes is that rooms tend to
have a comparable window-to-floor-area ratio to the reference room, since the larger a room is, the more

windows are built into it, in general. This implies that comparable air exchange efficiencies can usually be
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achieved for small rooms as for large rooms, provided that all the available windows are opened during
ventilation. Indeed, the simultaneous opening of all windows is well within the control of the room occupant,
justifying its consideration in the award of penalties. However, this approach does not consider possibly
higher occupancy (per unit floor area) than was accounted for in the models, such as in densely populated
offices and meeting rooms. In fact, the rule for occupant density in Germany for offices is that the office
floor area is at least 12 m? + n x 6 m2, where 7 is the number of occupants in the office. Thus, as n increases,
the area per occupant approaches 6 m?/person, which is one-half of the case in the single-person office.

(Workarounds for this limitation are addressed in the recommendations section of Chapter 8.)

In the simulation schema of Fig. 4.8, the Window ventilation strategy block contains a rule-based con-
troller that ventilates in response to indoor CO, concentration and ambient temperature. The derivation of
the controller logic is shown in Fig 4.11. The CO2 concentration lower bound was set at 900 ppm, and upper
bound at 1500 ppm, where the window is opened when the CO, concentration exceeds the upper bound,
and closed when the concentration falls below the lower bound. Lower and upper bounds for the ambient
temperature are 15 °C and 17 °C, respectively. Apart from the buffer regions bounded by the upper and lower
bounds, which help to prevent control output oscillations, the control logic also enforces a minimum open /
closed duration of 5 minutes to prevent chattering even with oscillating input signals. In the control logic of
Fig. 4.11b, the window is closed if previously open and both CO, concentration and ambient temperature are
below their respective lower bounds, and is opened if previously closed when either CO, concentration or
ambient temperature is higher than the upper bound. Under every other condition, the window remains
as-is. Naturally, in a real-world setting other relevant factors could come into play, like external noise and

very high ambient temperatures; these are not modelled in the controller.
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(a) Window controller truth table (b) Window controller state machine

Fig. 4.11 Derivation of the control logic for the window controller used to obtain ideal ventilation duration in response
to indoor CO; concentration (CO») and ambient temperature (Tamp). (@) The truth table representing the
controller logic. (b) The equivalent state machine of the controller after optimization of the truth table logic.

According to the results of this simulation, for a single occupant in the reference room working a typical
8-hour day, 20 minutes of shock ventilation divided into two instances of 10 minutes each was sufficient
to keep the CO; levels (and by implication the air quality) within the above-mentioned range. Hence, an
ideal ventilation duration of 20 minutes per working day;, i.e. considering an average of about 8 hours per

day in the office, was applied in the evaluation methodology of this thesis. Note that a more stringent air
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quality standard (e.g. an upper bound of 1200 ppm CO; in the model above instead of 1500 ppm) would of
course lead to a longer ideal ventilation duration; indeed, Schakib-Ekbatan et al. [9] considered 40 minutes
per 8-hour working day as optimal, although as they mention, some other sources recommend much less
(e.g. assuming the three minutes of ventilation every hour in [152], this comes to 24 minutes per working
day). Nevertheless, the 20 minutes quota per 8-hour working day used in this thesis also serves as a lower
bound, so that any shorter ventilation durations are not rewarded. Also, as discussed in the traffic light rating
system (Section 4.5.9), up to 30 minutes ventilation per work-day still lies within the green zone, provided

setpoint temperature is ideal.

4.5.7 Derivation of Ideal Setpoint Temperature

In order to determine an "ideal" setpoint temperature, which forms the basis for benchmarking occupant set-
point temperature efficiency, thermal comfort requirements in accordance with the DIN EN 16798 standard
are considered. These standards use both the Predicted Mean Vote (PMV) and Adaptive Comfort models.
For offices, the standard recommends the minimum room temperatures shown in Table 4.1 according to
the different comfort categories I - IV defined by the standard, assuming typical conditions. The typical
conditions for the derivation of these temperatures are: clothing = 1.0 clo (typical indoor winter clothes);
relative humidity = 40%; activity level = 1.2 met, and air speed < 0.1 m/s.

Table 4.1 Recommended temperatures for winter for offices, according to DIN EN 16798 standard. These recommended

temperatures were determined for the following conditions: clothing=1.0 clo; relative humidity = 40%; activity
level = 1.2 met, air speed < 0.1 m/s.

Category Minimum temperature

I 21°C
II 20°C
III 19°C
v 18 °C

Under the conditions of the DIN EN 16798 stated above, selecting an ideal setpoint temperature of 19 °C
office implies Category III compliance, as shown in Table 4.1. However, adjusting the conditions to reflect the
local area of Jiilich (relative humidity of > 70% in winter) and the insulating property of typical office chairs
(+0.15 clo [153]), the 19 °C then falls into Category I, as determined by the CBE Thermal Comfort Tool [154].

In the light of the foregoing, in this thesis the ideal setpoint temperature for an occupied office was
chosen to be:
Tsp,ref,occ =19°C

In addition to the determination of the ideal setpoint temperature for occupancy using the DIN EN 16798
standard, another point that supports the use of 19 °C as the ideal setpoint temperature is the recent policies
of the German government regarding space heating, especially as a result of the recent upheavals in the
European energy market due to the ongoing Russia-Ukraine war. Specifically, the German government
stipulated some measures to avoid energy wastage, including a maximum setpoint of 19 °C for heating in
public buildings [155]. Hence, the choice of 19 °C as the ideal setpoint temperature underscores these policy
efforts.

It should be noted that while an ideal setpoint temperature of 19 °C is selected in this work, the evaluation
system is designed such that minor violations are also acceptable. The level of acceptability is given as
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feedback to the user by means of a traffic-light feedback system, the details of which are presented in
Section 4.5.9.

For periods of no occupancy, the ideal setpoint temperature, was chosen in this thesis as:
Tsp,ref,unocc =17°C

which allows saving energy, but at enables ramping up quickly enough after cold nights and weekends. For
rooms where heating can be controlled via the user presence schedule captured by the JuControl calendar,
the heating controller algorithm reduces the setpoint temperature to 17 °C when the room is unoccupied.
As discussed in Section 4.3.1, JuControl features a calendar through which occupants of selected buildings
indicate their presence in the office, and the automatic heating controller uses this presence profile to
determine room the setpoint temperature for the room. Hence, the reference temperature for calculating
setpoint temperature deviation depends on occupancy, which in turn is a function of time. In other buildings
with an in-built building management system (BMS) that features a temperature regulation subsystem and a
corresponding HMI for manipulating the subsystem (usually present in those buildings as wall-mounted
displays), a similar occupancy-dependent ideal temperature setpoint profile is assumed for behaviour
evaluations.

Therefore, to obtain the setpoint deviation 7, (¢) at time ¢, the setpoint temperatures Tgp,ref,occ = 19 °C
and Tgp refunocc = 17 °C are substituted into Eq. 3.1. In Fig. 4.12, a scenario is illustrated for which the
setpoint deviation is derived, considering that the heating controller in JuControl-controlled offices tracks
the user’s presence schedule, hence applying the user-specified setpoint temperature, Tsp, during the periods
of occupancy, as dictated by the user-supplied schedule. During periods of absence, the controller falls back
t0 Tsp refunoce = 17 °C. Given the multiple possibilities for adjusting the temperature setpoint in JuControl-
controlled offices ("manual override" via the physical radiator valve or the temperature widget in JuControl,
or else "automatic mode" relying on presence schedules and personal comfort preferences), deriving the
deviation is a little more complex. Normally, where only the automatic schedule-based heating control
is used, it suffices to check if the user’s schedule was adhered to. However, due to other possibilities for
specifying the setpoint temperature, unscheduled presence in the office that necessitates a manual override
should also be considered as correct behaviour. Hence, in Fig. 3.3, the deviation immediately after the
manually triggered setpoint is judged based on the occupied status (i.e. Tsprefocc = 19 °C is the reference

temperature), even though it is outside the calendar-specified presence schedule.

4.5.8 Deriving Energy Penalties from Deviations

Given the ideal ventilation strategy and setpoint temperature determined as detailed above, the final step in
the mixed-mode approach is to derive an energy penalty from the deviations from these ideal cases using the
developed reference room model. The general idea is that for each minute of the evaluated day, the energy
penalty for that minute is the difference between the energy demand of the reference room computed at two
operating points: the ideal operating point and the real operating point. The ideal operating point is specified
by the ideal ventilation duration Nyent ref and the ideal setpoint temperature for that minute Tgp, ref(£) (Eq. 3.2).
The actual operating point, on the other hand, is specified by the total equivalent ventilation duration for the
day in the evaluated office Nyenteq (see Eq. 3.5) and the actual setpoint temperature for the given minute,
Top(2).
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Fig. 4.12 Illustration of the derivation of the setpoint deviation for a hypothetical scenario. The automatic heating
controller tracks the presence schedule of the occupant (for JuControl-controlled offices). Deviations are
calculated based on actual presence in the office, and not the user-supplied presence schedule (the "ideal
setpoint” curve in blue). The "Manually triggered setpoint” reflects manual override of the controller setpoint
temperature by the occupant during an out-of-schedule presence.

Computing the energy demand of the reference room at an operating point involves using the interpolator
of Section 4.5.5 to determine the energy demand corresponding to the setpoint temperature and ventilation
duration specified by the operating point (see Fig. 4.10). Thus, the energy penalty for an evaluated day is

given by
1440

Eth,pen = @ ; E (Tsp(t), Nvent,eq) - E(Tsp,ref(t)y Nvent,ref) (kWh) (4.5)

where the E(x, y) notation represents the energy demand of the reference room for the operating point given
by (x,y) as described above, Tsp and Tp ref are the real and ideal setpoint temperatures, and Nyent,eq and
Nyent ret are the real and ideal ventilation durations, as described in the previous paragraph. The division
by 1440 scales the demand computed by E(-,-) to one minute, since this energy demand from the reference
model is the daily energy demand where the given setpoint temperature is assumed constant for the entire
day and the given ventilation duration is the total for the whole day. Thus, the energy penalty Ey, pen for a
given day is the cumulation of all minute-wise differences between the thermal demand of the real operating
point (Tsp(#), Nventeq) and that of the ideal operating point (Tsp,ref(£), Nyent,ref) OVeEr the entire day, i.e. for
1 < t < 1440. This is illustrated in Fig. 4.13 below.

From the figure, considering a day with 30 minutes of ventilation and a constant setpoint temperature
of 20 °C throughout the day (point C), the energy penalty for each minute ¢ in the day when the office is
unoccupied is Etn,pen(t) = E(C) — E(A) kWh (i.e. using point A as ideal reference), while for each occupied
minute it is Egy pen () = E(C) — E(B) kWh (i.e. using point B as ideal reference). The final daily penalty is then
the sum of these respective minute-wise penalties over the entire day. The "forbidden area" of the figure is
an area in which no operating point can exist, which is the effect of the over-compensation protection built
into the evaluation system that is enforced by the use of limiting constructs like (-)* in Eq. 3.1 and max(0, )
in Eq. 3.4. Since the deviations are bounded below by zero using these limiting constructs, it means that it
is impossible to have an operating point in which the ventilation duration is less than Nyent,ret = 20 min or
setpoint temperature less than Tgp ref,unocc = 17 °C for unoccupied periods or Tgp, ref occ = 19 °C for occupied

periods.
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Fig. 4.13 Illustration of the derivation of the energy penalty from the reference room model considering the energy
demand E(C) kWh of the real operating point C = (20 °C, 30 min), and those of the ideal operating points
E(B) kWh for point B = (19 °C, 20 min) (for occupied office) and E(A) kWh for point A = (17 °C, 20 min) (for
unoccupied office).

4.5.9 Traffic Light Rating

A three-colour traffic light rating system was developed based on the energy penalties to categorize penalty
values into green, amber, and red zones. The purpose of this rating system is to facilitate the interpretation
of the energy penalty and provide clear and intuitive feedback on what is expected of the user. In essence,
the traffic-light feedback provides a form of injunctive normative feedback that tells the recipient what
is acceptable behaviour [88, 91], but with the social basis of comparison in the traditional definition of
normative feedback replaced by an empirically-derived benchmark derived by Juracle. From a behavioural
science perspective, the energy penalties provide objective feedback, while the traffic light system provides
evaluative feedback; this combination has been shown to be more effective than either type of feedback in
isolation [82]. In the area of energy-related gamification, a similar objective-evaluative feedback approach
was adopted by Wemyss et al. [47], but with emojis instead of a traffic light system.

The range of penalties assigned to each traffic light colour is shown in Table 4.2, along with the reference
scenarios used to derive the ranges. The reference scenarios are arbitrarily predefined values of setpoint
temperature and equivalent ventilation duration whose energy penalties set the upper bound for the corre-
sponding traffic light. These scenarios were chosen to accommodate in principle individual differences in
thermal and indoor air quality preferences without unduly pressurizing occupants. In other words, slightly
exceeding the recommended setpoint temperature and ventilation duration still shows green light, indicating
to the occupant that they are still within an approved range, although the penalty is non-zero. It should be
noted that the reference scenarios were only used as an introspectable mechanism for generating the penalty
boundaries for the traffic lights; other combinations of setpoint temperature and ventilation deviation could

possibly lead to the same penalty values as the reference scenarios.
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Table 4.2 Determination of the upper boundaries of energy penalties for the "traffic light" rating system based on
reference scenarios. The penalty values are given both at the scale of the reference room and the FZJ campus.

Daily energy penalty range (kWh)

Traffic light colour  Reference scenario of upper boundary

Single office Campus scale
Green N =30min; Toec =20.5°C 0-0.8683 0-2120
Amber N =45min; Toec =21.5°C 0.8683 — 1.6981 2120-4146
Red N =60 min; Ty =22.5°C More than 1.6981 More than 4146

For each traffic light colour, two penalty ranges are given: the "single office" range is based directly on
the energy demand of the reference room, while the "campus scale" ranges are when the penalties derived
for the reference room are scaled to the area of the campus. Furthermore, for deriving the energy penalties
corresponding to the reference scenarios, an occupancy period of 8 hours as in a typical workday is assumed,
so that the given setpoint temperature is applied during these 8 hours, while the rest of the day assumes the
unoccupied reference temperature Tgp refunocc = 17 °C. By this token, the non-zero setpoint temperature
deviation caused by the reference scenario only occurs during the period of occupancy when computing the

penalty using Eq. 4.5.

4.6 Occupancy Detection

The (binary) presence of occupants, which forms a key input into Juracle for behaviour evaluation, was
determined via presence detectors in some buildings where this was available and accessible, and via so-
called environmental sensing based on indoor CO, concentration for other buildings. (See Table 3.6 for

details on the level of instrumentation in each of the considered buildings.)

4.6.1 Use of Presence Detector

For the buildings with presence detectors, the devices are PIR sensors manufactured by MDT Technologies
GmbH (Model SCN-P360D3.03), and were installed in the buildings as part of the Building Management
System (BMS). They communicate over wired KNX and have a horizontal field detection of 360°, which works
by incorporating three sensors at 120° angles to one another, thereby covering the entire horizontal field
of view. The sensors have a detection radius of 5 m for presence, and 11 m for movement, when installed
at the maximum recommended height of 4 m. They can record data in intervals of as low as one second,
although the deployed sensors are configured for higher intervals (about one minute). The PIR sensors in
these buildings were configured for movement-detection by Facility Management, making them susceptible
to false negatives when the occupant is not moving. To get around this limitation, and to also eliminate false
positives, a boundary assumption is made regarding initial arrival time of occupants, and their final departure
time for a given day. Under this assumption, the first detection event of the day after 06:00 is the initial arrival
time, and the last detection event before 20:00 is the final departure time. Thus, it is assumed that an arrival
or departure always triggers the sensors. In-between initial arrival and final departure, there are possible
periods of absence. The methodology devised in this thesis to derive the presence of the occupant from these

readings is described next.

For the analysis, consider the detection events as constituting a "chain of events" {ey, ey, ..., e} separated

by some time interval §;; minutes between any two consecutive events ¢; and e;, with e; and e, being
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the initial arrival and final departure events respectively. (The {-} notation is to be understood here as
representing an ordered set.) To begin, therefore, the time interval from the initial arrival event until the next
detection event is classified as presence, as well as every subsequent consecutive interval having duration
less than 30 minutes before the next detection event. That is, presence is assumed for the interval spanning

the initial chain Linjq), given by:

Linitial = {€1, &2} U{e; | 8;-1,; <30,i = 3} (4.6)

The same approach is applied starting from e,, and moving backwards to form the final chain, i.e.

Leina = reversed({e,, en—1}U{en—1-j 1 6n-1-j,n-j <30, =1,2,...}) 4.7

The final chain stops when any intersection occurs between the initial and final chains, i.e. as soon as
Linitial N Lanal # . Otherwise, for all other detection events, the algorithm is run in the forward direction
repeatedly, starting with the first event not captured by any of the existing chains (initially Linitja and Lgna,
but subsequently any new chains formed by the repeated forward runs). The intersection termination criteria
applies still. Finally, any chain with only one element is joined to both the preceding and the succeeding
chain. The intuition is that such long islands without detection should correspond to periods of physical

stillness for the occupant, given that the boundaries have been sensibly considered.

By implication from the foregoing, the separating intervals between chains correspond to absences. For
the edge case where only one event exists (corresponding to an initial arrival event, e; in our model), we
assume the final departure event to occur at 17:00, if later than e;. Otherwise, an absence is assumed for
the day. Note also that if the final departure time is encountered in the first run, i.e. e, € Lipjtia1, this implies
presence for the entire period between initial arrival and final departure, and the algorithm terminates. While
in practice all the assumptions might not hold, the presence detection accuracy was sufficient for the needs
of the project.

4.6.2 Use of Indoor CO; Concentration

In this work, the CO, mass-balance approach was used to determine occupancy in buildings for which there
were no available presence sensor data. The occupancy estimation equation below based on the CO, mass

balance is used (adapted from [130]). The number of occupants Nycc,; for time step i is given by:

Mairx,i Mamb,i Mecorr,i

At <At At
Pair Pair Pair
1-— 'CR,i—1+—'Camb,i+—'ccorr,i _CR,i
Vioom Vioom room 4.8)
Noce,i = -
occ,i N
Vioom

where Ny is the number of occupants, ri,ir is the mass flow rate of air exchange between the room and its
surroundings, and #itamp and ricerr are the mass flow rates of air into the room from outside and the corridor,
respectively, all in kg/s. Croom, Ceorr, and Cymp are the CO; concentrations in the room, the corridor, and the
outside air (in ppm). Vioom is the volume of the room (in m?), Pair is the density of air (in kg/ m?), At is the
duration of the time step in seconds, and ¢, is the rate of production of CO; by an average occupant (in

ppm/s). A brief survey was done in Building B-02 in which occupants of three rooms recorded their incoming
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and outgoing times, in order to calibrate the occupancy model. Afterwards, a Mixed Integer Quadratically
Constrained Program (MIQCP) was solved to determine the air infiltration rates, air exchange rates through
fully opened windows and doors, and the CO» concentration in the corridor.

CO3 Sensor Calibration

Several CO; sensors deployed in the offices required recalibration post-installation for their readings to
be meaningful. Although an attempt was made to calibrate each sensor following the manufacturer-
recommended approach before installation, in which the sensors are put into "calibration mode" and
then set in an environment with ambient conditions, wide discrepancies and offsets still existed in the
deployed sensors. This necessitated a data analysis approach for determining the CO, sensor baseline
corresponding to ambient conditions, using the fact that during long periods of absence, eventually the CO»
reading of the sensors would approach ambient conditions. These baselines are then stored, and the offset
bias of the sensor from an assumed standard ambient CO, concentration of 500 ppm, is then actively factored
in whenever the sensor data is fetched. An example of the baselines for CO; sensors in a small building
is shown in Fig. 4.14. As can be seen, many of the sensors were not properly calibrated by the installation
technician, all the more justifying the software-based calibration.
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Fig. 4.14 CO, sensor baselines (corresponding to ambient concentration assumed to be 500 ppm) for a small building,
determined from the analysis of historical data produced by the sensors.



Chapter 5

Run of Experiment and Analysis of Results

In this chapter, the execution of the experiment described in Chapter 3 is first discussed, highlighting the
timing and environment of the experiment, and the issues encountered in the process. Afterwards, the results
of the experiment are discussed, starting with analysis of user engagement, then followed by the testing of
the hypotheses of Chapter 3 along with related results, and concludes with an estimate of energy savings in
the pilot building using the energy signature methodology of Section 3.9. Some of the results presented here
have been published in Ubachukwu et al. [156].

In the analysis of the results, several factors are involved beyond the experimental variables, and thus
have to be considered to some degree since they generally affect the results. The most significant factors are
weather (specifically ambient temperature), occupancy (binary presence in the offices), and frequency of
user interaction with the developed applications. The frequency of user interaction is difficult to estimate in
this work, since this interaction was not tracked, and the web server log files that could have provided some
insights were unavailable as at the time of analysis, as the web server had overwritten them as a result of "log
file rotation". The user survey responses, discussed in Chapter 7, provide some hints, but are not an accurate
estimate of the degree of interaction in general. These factors are analysed alongside the results whenever

they are deemed to be significant for the particular result.

Furthermore, as part of the analysis of the evaluation performance of the teams in the following sections,
the penalty ratings of the teams are also deconstructed into their constituent factors, in order to examine how
the measured behaviour aspects (ventilation pattern and setpoint temperature) affected the penalties in each
case. As already established in this thesis, ventilation pattern and setpoint temperature in offices are the two
factors used to evaluate the energy efficiency of occupant behaviour, where these factors are computed as
deviations from an ideal scenario. The mixed-mode approach used in this thesis then combines these factors
into a single penalty rating using a physics-based model, as described in Section 3.7. To compute the deviation
of the observed ventilation from the ideal case, the evaluation methodology of the thesis separates shock
ventilation (side-hung opening) from trickle ventilation (bottom-hung opening), and applies an arbitrarily
chosen penalty factor fpen,uickie = 2 to discourage trickle ventilation, i.e. each minute of trickle ventilation is
billed as equivalent to two minutes of shock ventilation. Thus, equivalent ventilation deviation considers
shock ventilation duration, trickle ventilation duration, and the trickle ventilation penalty, all measured in
minutes (see Egs. 3.4 - 3.5), while the setpoint temperature deviation, measured in degree-minutes, considers

actual occupancy and the setpoint temperature profile for the office.
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5.1 Running the Experiment

The experiments officially started on Monday, 13.03.2023 and ran for seven weeks, until the end of Friday
28.04.2023. Fig. 5.1 provides a pictorial timeline of the major activities that were performed regarding the
experiment.

@ Weekly evaluation summary @ Recommendation

03.04

Automated weekly evaluation

13.03 report activated
Official start of 16.03 i 18.04 28.04

Xperimen . .-
Sl . s Recommendation Official end of
Official notification of ! - .
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Fig. 5.1 Timeline of activities related to the experiment.

5.1.1 User On-boarding

The occupants of the experimental offices were informed by email on 16.03.2023 — a total of about 870
employees. Each email was tailored to the experimental group and the building where the occupants were
located, based on available features in the team (and transitively, the experimental group) to which the room
occupants belong, and based on the degree of instrumentation in the building. However, users were not
informed about the existence of different experimental groups, and which features are absent from their own
experimental group. On the other hand, users were aware of the existence of their and other teams, as this
information was contained on the user interfaces and email communications. Furthermore, a poster was
displayed at each building (or floor) entrance, customized according to the features available to the teams in
that building or floor. The language of the poster (German or English) was also tailored to suit the personnel
demographics of the deployment site (depending for example on the field of expertise and percentage of
international colleagues). An example deployment poster is shown in Appendix B (Fig B.17).

Furthermore, a presentation regarding the availability of JuControl was made to the institute that make
up the bulk of Team T2 on 23.03.2023. Several months earlier (during the pilot phase before the experiment),
a similar presentation was made at the institute of Building B-01 (who were assigned to Team T1 for this
experiment), along with the release of a "JuControl manual". These activities led to more users granting their
consent for JuControl to become available to their office (i.e. more activated offices in JuControl).

Finally, the implementation of automated emails (weekly evaluation summaries, and energy efficiency
recommendations) also triggered more participation as a side-effect, since these emails were sent to partici-
pants irrespective of whether they had hitherto actively participated in the experiment (e.g. by interacting
with any of the apps in the Energy Dashboard Suite) or not. As can be seen in Fig. 5.1, weekly evaluation
summary emails were sent every week beginning on 03.04.3023. Likewise, the recommendation system

was activated on 18.04.2023 and sent at most one email per day to each participant, as needed. The ability
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to control the emails (at a fine granularity corresponding to particular types of emails, or using a "master
switch" to generally disable emails) was also implemented. Instructions and a link to the email settings page
of JuControl were included in the automated emails. The on-boarding effect of these automated emails are
discussed further in the results section (Section 5.2).

5.1.2 Structure of Evaluation Summary and Recommendation Emails

Both evaluation summary and recommendation emails contained both English and German text. An
evaluation summary email states the weekly average penalty for the office and team, and shows the rank of
the recipient’s office in the team and the rank of the team amongst other teams (see Fig. B.15 in Appendix B for
a sample). It also compares the current performance of the recipient’s team with its previous performance. A
recommendation email, on the other hand, was sent in response to exceeding Juracle-determined thresholds
for setpoint temperature (1.5 °C above ideal) and ventilation (10 min above ideal ventilation duration), and
for trickle ventilation (if lasting for more than 5 min). An example email is shown in Fig. B.16 in Appendix B

for exceeding the ventilation duration threshold.

5.1.3 Suspension of Evaluation during Warm Periods

In order to account for the fact that heat losses through ventilation are minimal during warm periods in a
day, the evaluation system pauses evaluations when the outside temperature reaches or exceeds 15 °C, since
heating may no longer be required. This means that during such periods, the evaluation penalty is kept at zero.
Another justification for the suspension of evaluation in war periods is that higher ambient temperatures
naturally induce longer ventilation durations to achieve air freshness than colder ambient temperatures,
since the temperature gradient-driven air exchange rate is lower for smaller temperature differences between
room and outside air. Yet again, the model of the reference room used in the evaluation system was derived
for temperatures generally below 15 °C, so the evaluation system was more suitable for colder periods.
Nevertheless, evaluations were still run for other periods of the day when the ambient temperature was not
above the threshold, which has the drawback that effects like thermal storage capabilities of the building
envelope could still make the environment feel warm for the occupant, warranting more justified ventilation

which is not necessarily energy-wasting.

The ambient temperature for the experiment period is shown in Fig 5.2a, with the 15 °C threshold
marked with a dashed horizontal line. In Fig 5.2c, the distribution of temperature over each day is shown
in a heatmap for the period. The number of minutes during which evaluation was suspended due to high
ambient temperatures is shown for each day of experiment in Fig 5.2c. As can be seen, several days within
the experiment period had long durations (up to several hours) in which the ambient temperature was at or
above 15 °C.

5.1.4 Technical and User Issues

By the beginning of Week 7 of the experiment (on 24.04.2023), a total of 104 offices and meeting rooms had
been deactivated from evaluations across 10 buildings, due to hardware and configuration faults. Initially, 84
offices and meeting rooms were deactivated in response to occupant reports and related human analysis.
Out of these, about a fifth was directly due to occupant reports and subsequent verification of the reports.

The remainder was selected based on human analysis of sensor data that detected patterns in evaluation
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Fig. 5.2 Figures characterising ambient temperature during the period of the experiment. In (a), the raw ambient
temperature is shown in 15-minute resolution, along with the evaluation threshold mark at 15 °C, above which
evaluations are suspended. In (b), the distribution of the temperature over each day is shown as a heatmap. In
(c), the number of minutes per day during which evaluation was suspended due to high ambient temperature
(at or above 15 °C) during the experiment is shown. Weekends are not included in (a) and (c).
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output that were highly probable to be indicative of faults, using consistently high-penalty ratings as a marker.
An example of such a pattern was that some windows never reported a closed state, and the records in the
database seemed to correspond to the default state recorded by the edge IoT Gateway (Fig. A.2) on restart.
In virtually all these cases, the evaluation penalty was consistently high, averaging over 30 MWh per day
throughout the evaluation period.

After the initial set of deactivated rooms, another 40 rooms were additionally deactivated when it was
discovered that there were fundamental problems with the sensor installations in two buildings. Some of the
rooms in these buildings had already been deactivated in the initial phase, bringing the total to all 67 rooms
in these two buildings. The deactivation was necessary since the team performance was negatively skewed by
these faulty offices, and the occupants also cannot reliably make sense of the evaluations presented. Fig 5.3
shows the percentage of disabled rooms for each team. Teams T7 and T8 constituted the entirety of the two
buildings that were fully disabled, so no evaluation data can be derived from these two teams. Team T4 was
also significantly affected — half of the 20 rooms in the two buildings that make up Team T4 were disabled
due to sensor faults.

100
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Team name

Fig. 5.3 Percentage of offices disabled per team due to faulty sensors. Raw values are placed on the bars. As can be
seen, all offices in Buildings B-07 and B-06 were disabled due to an issue with the hardware configuration of the
Sensors.

Finally, although it was planned that the recommendation should be activated at the beginning of the
experiment, it did not go online until Week 6 (on 18.04.2023), due to delays in the implementation and testing.
Also, it was planned that recommendations are sent every day if required (but maximum of once per day per
office to avoid spamming participants). However, the recommendation system only functioned for four days
from April 18 to 20, and 24, due to a tiny bug in the scheduling logic that remained undiscovered until after

the experiment.

5.1.5 Poor Heating in Building B-01 and B-02

One of the long-running issues encountered during the project (especially before the experiment) was
the poor performance of the heating controller for the pilot building, Building B-01, where JuControl was
part of the automated heating system. (The interaction between JuControl and the heating controller was
already discussed in Section 4.3.1, "Coupling JuControl with Heating Controller".) Although the heating
controller itself was not developed as part of this thesis, the negative effects affected the engagement of users
— dissatisfied occupants in the building had dwindling motivation to use JuControl and its associated apps

after the issue had persisted for months. This heating issue was also present in Building B-02, where the
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controller had also been deployed at a much later date. However, the problem did not persist for long, since
by the time the automatic control was extended to Building B-02, measures were already being put in place

to address the issue.

A primary cause of the poor performance had to do with the source of the temperature feedback for
the smart radiator’s hardware-integrated controller. The cloud controller send the setpoint temperature
to the local hardware-integrated controller of the smart radiator, which in turn provides the actual control
functionality. As at the time of the experiment, this hardware-integrated controller was configured to derive
its closed-loop feedback temperature from the in-built radiator temperature sensor by default, instead
of from the room temperature sensor. Due to local heating effects, the temperature at the radiator was
often 1-2 °C higher than the actual room temperature (as measured by the room temperature sensor on
the opposite side of the room), which caused the local hardware controller to stop heating before the room
attained the actual desired temperature. Nevertheless, as at the time of writing, the hardware-integrated

controller now correctly derives its feedback temperature from the room temperature sensor.

Another cause of the poor heating in Building B-01 was the relatively poor insulation in the building,
which in some cases required several hours of pre-heating in order to meet the target temperature at the
start of work. To compound this issue, the supply temperature of the working fluid was usually reduced
at night by Facility Management and only raised again only a short while before the start of work, making
it virtually impossible to ramp up fast enough to meet the setpoint temperature in many cases. Yet again,
there were issues with low supply temperatures also during the day, which was beyond the control of the
researchers. In most cases, these drops in supply temperature occur without notice, and were only identified
via post-mortem analysis. Furthermore, there were occasional problems with individual radiators in the

building, where the flow rate of the heating fluid was not high enough, even with fully opened valves.

Finally, because there was no adequate monitoring system to proactively (and even pre-emptively) detect
these faults and investigate them early enough, there were multiple complaints from the occupants. In
Building B-01 in particular, where the issue persisted longer, communications with the occupants revealed
that they were not motivated to participate in the experiment, having been generally dissatisfied with the
comfort situation in the offices in the prior months. In order to maintain fairness in the evaluation of
setpoint temperature during the experiment, Juracle compensated for the heating shortfall by raising the
reference setpoint temperature for unoccupied offices in the building, Typ refunoce, from 17 °C to 19 °C. This
compensation coincided with a corresponding increase of the setback temperature by the heating controller
in Building B-01 during unoccupied hours, which was one of the measures taken to ameliorate the problem.
A more complete discussion of these measures that were taken over time to mitigate these issues, including
the implementation of a monitoring system, is presented in the next chapter (in Section 7.3.7).

In this chapter, the results of the behaviour interventions are presented, starting with an analysis of user
engagement with the developed systems. Subsequently, the experiment hypotheses H; to Hz introduced
in Chapter 3 (Section 3.8.2), are tested on the basis of the results of the experiment. These results include
derived performance measures of teams and buildings based on the behaviour evaluation methodology
developed in the thesis.

5.2 User Engagement Results

This section discusses the level of engagement of users with the developed systems. In Fig 5.4, the breakdown

of the interaction of employees of FZ] with the Energy Dashboard Suite as at the end of the experiment is
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depicted. This number includes those who have visited JuControl, since the same authentication system
is used for the entire Energy Dashboard Suite. About 1,906 staff members, making up almost 30% of the
nominal staff strength of FZJ, have interacted with the Energy Dashboard Suite at least once. Out of these,
43.3% (825 employees) have visited it more than once.

Level of usage Oonce [ Morethanonce [l Never
16.6% 12.7% 70.7%
0 1000 2000 3000 4000 5000 6000

Number of employees

Fig. 5.4 Level of usage of the Energy Dashboard Suite by employees of FZ].

For JuControl in particular, Fig. 5.5 shows a timeline of first interactions of users with JuControl, as well as
the number of offices implicated in these interactions. This first interaction involves the confirmation of the
officially assigned office of the Shibboleth-authenticated user, and the agreement to the data privacy notice.
However, JuControl is not available for an office until all occupants of the office have agreed to the data
privacy notice. Note that one multi-person office can appear across multiple days, since different occupants
of the same office can interact for the first time with JuControl on different days. The graph shows that
almost 140 occupants in 95 offices signed up for JuControl on the day of the initial announcement (March 16,
2023), with additional sign-ups average nine persons per day occurring over the next one week. On April 3
and 11, there are spikes in sign-ups in response to automated emails sent to all participants, in which the
summary of the evaluation of the previous week was provided. Also, it can be seen that the days on which the
recommendation emails were sent (April 18-20, and 24, 2023), saw additional sign-ups as occupants tried to

understand the details of the recommendations. A link to JuControl was contained in all the emails.
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Fig. 5.5 Timeline of first interactions with JuControl over the experiment period. For each day, the number of users who

interacted with JuControl for the first time ever is shown, along with the number of unique offices in which the
corresponding users sit.

On the other hand, the timeline for the "activation" of JuControl in offices by occupants (i.e. by all
occupants of each office consenting to the data agreement to enable JuControl for their office) is shown
in Fig. 5.6. This activation is the only means by which occupants can access JuControl in order to view

the status and performance of their room, or to control the heating in their office (depending on available
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Fig. 5.6 Timeline of activation of offices in JuControl by occupants over the experiment period. The plot shows the
change in number of offices activated in JuControl on each day of the experiment.

features). (The receipt of evaluation summaries and recommendations via email, however, does not depend
on activation.) Note that it is possible that all occupants in a multi-person office sign up for JuControl. Again,
the pattern of activation follows that of the first-interaction scenario discussed in the previous paragraph
(see Fig. 5.5). Specifically, for the announcement of March 16, 2023, 49 offices were activated in JuControl on
that day. In the one week following the announcement date, another 18 offices were activated. Subsequently,
further spikes in activations took place on April 3 and 11, in response to the evaluation summary emails,
similar to the first-interaction case already described.

By the end of the experiment on April 28, 2023, a total of 420 users (48.3%) of the approximately 870
potential users involved in the experiment had visited JuControl, including those who only started the
consent process without finishing it. These 420 users comprise 283 office occupants who signed up during
the experiment, and 137 users who already had access to JuControl in the preceding trial phases. In terms
of JuControl "activation" of offices, out of the 494 offices involved in the experiment, 56 offices (about
11.3%) correspond to meeting rooms and offices without officially assigned employees; these are termed
"unactivatable" offices (since they cannot be activated in the current setup without having officially-assigned
occupants) and are generally excluded from the analysis. From the remaining 439 "activatable" offices, 82
offices (18.6%) were activated in JuControl by the end of the experiment, consisting of 51 offices (11.6%) that

were activated during the experiment period itself, and 31 offices (7%) that were already activated during the
trial phase prior to the experiment.

Here it should be remarked that due to the policy of all occupants actively granting consent for activation
to occur, in most non-activated offices, only one occupant had failed to grant consent, and this was predomi-
nantly by omission rather than by actively declining. In fact, 70 offices involved in the experiment had at least
one occupant who simply did not click the activation link emailed to them by the JuControl activation system.
Out of these offices, 84% (n=59) had only one outstanding consent request that was not acted upon, which
prevented the office from being activated. Meanwhile, among these 59 offices with one missing consent, only
28 are two-person offices, meaning that in remaining 31 offices, at least two other occupants had granted
consent. Note that this analysis excludes offices with only one occupant (since this issue does not arise in
the first place), offices where no occupant gave their consent, and offices where there was consent denial.
Nevertheless, as at the time of writing, a new agreement has been reached with the Workers’ Council, which
allows offices to be available in JuControl without this consent process, on the condition that no private data
is shown to the occupants, especially CO, concentration.
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The breakdown of missing consents by team is given in Fig. 5.7, where the predominance of a single
missing consent is evident across most teams. In terms of activation at the team level, Fig 5.8 shows JuControl
activation by team, i.e. the number of activated offices (pre-experiment and during the experiment, depicted
by the blue and green bars, respectively) and non-activated offices (red bar) for each team. As can be seen
from the plot, Team T5 (comprised of part of Building B-05) had the highest number of activated offices
(n=11) corresponding to 28% activation rate relative to the total activatable offices in the team. Most of
these offices were activated pre-experiment. Team T7 had the highest relative activation rate (31%, n=8),
followed by Teams T4 (n=4) and T15 (n=10) at 29% relative activation rate each. The teams with significant
pre-experiment activation were either part of the testing phase (Teams T1 and T3), or had participants
who participated in the various LLEC workshops, or else were privy to the existence of JuControl through
word-of-mouth. In fact, according to the survey results (analysed in Section 7.2), word-of-mouth information
from colleagues was the main means via which JuControl was publicised.
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Fig. 5.7 Distribution of missing consents according to team for multi-person offices where the consent process had
been started by at least one occupant.
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Fig. 5.8 JuControl activation by team as at the end of the experiment, showing number of offices activated pre-
experiment (blue) and during the experiment (green), as well as non-activated offices (red). Unassigned
offices (including meeting rooms), which by definition cannot be activated, are shown in grey.
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In terms of relative activation rate as at the end of the experiment, Team T3 had the highest activation
rate relative to "activatable" offices (63%, or n=17), while in terms of absolute numbers, Team T1 has the
highest. In several cases there were some offices that were activated pre-experiment without actually being
involved in the pre-experiment tests, as can be seen from Fig. 5.8. This was as a result of the occupants of
these offices being aware of the existence of JuControl through formal or informal channels prior to the

official announcement and start of the experiment, e.g. through participating in the LLEC workshops.

Team T6 had the lowest experiment-period activation rate (n=0) because there were no recommendations
or evaluations, since no further prompts were provided to such teams to visit JuControl apart from the initial
announcement. Another factor that influenced the activation rate was the kind of work and academic
background of the building occupants: teams comprising administrative departments (e.g. Teams T2, T6,
T12) tended to have low activation rates. On the other hand, Teams T15 and T16 had the highest experiment-
period activations, although they had only JuControl View (Team T15) and access to a related serious game
(Team T16). The high engagement was because, as anecdotal evidence demonstrated, the participants in
these teams were more interested in JuControl due to the participants having a technical background related
to ICT and software development, which enabled them to better appreciate JuControl. Team T14, which had
only the JuControl View feature enabled belonged to a small building having mainly laboratories with few,
hardly occupied offices, which explains the low activation. Again, note that within all these teams (including
the 0% activated teams), interested occupants attempted to activate JuControl but were prevented by the
inaction of their fellow office mates, since all occupants must grant consent before activation. As mentioned

above, this issue affected 70 offices during the experiment.

5.2.1 Effects of Automated Emails on User Engagement

During the course of the experiment, two kinds of automated emails were sent to participants, starting first
at the beginning of Week 5, as shown Fig. 5.1. First was the evaluation summary emails, which were sent at
the beginning of each week summarizing the previous week’s evaluation for the office and the team to which
the office belongs, and also comparing it with the performance of the week preceding the summarized week.
The first of these was sent on Monday of Week 4 (April 3, 2023, see Fig. 5.1), and then every week afterwards.
The second kind of automated email was real-time recommendations about actions to perform to maintain a
good rating, regarding either reduction in setpoint temperature, or closing / not tilting the windows. The first
of these was sent on Tuesday of Week 6, i.e. on 18.04, and then on 19.04, 20.04, and 24.04 (due to a scheduling
bug, the original plan of sending everyday afterwards until 28.08 did not work as expected, as discussed in
5.1.4).

Within the experiment design and research hypotheses framework, recommendations were not con-
sidered a major experiment variable given the limited sample size for the experiment, and for that reason
no hypothesis was dedicated to it. Consequently, none of the teams differed from each other based on the
(un)availability of recommendations, meaning that all the offices that had evaluation also had recommenda-
tion and vice versa. The implication of this is that, in theory, one cannot test the effect of recommendations
on energy performance in isolation, based on the experiment design. However, the recommendations were
activated after the experiment had run to about 70% completion (on Day 2 of Week 6, i.e. on 18.04, see
Fig. 5.1), making it possible to analyse the effect of recommendations on energy rating along the time axis by
considering the periods before and after activation. Additionally, it is possible to gain some insight into the
response of individuals to the recommended actions by considering the time duration between the receipt of

arecommendation email and the execution of the action recommended in the email. However, this insight
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can only be approximate since it is not possible to know when the user has read the email. These latter two
effects of recommendations are handled in the next sections. The rest of this section, however, discusses the
effect of these emails on user engagement.

As already mentioned in the previous paragraph, one of the (intended) "side effects" of these automated
emails was the triggering of mass activation of JuControl in offices, since these emails did not consider
room JuControl-activation status. The timeline of activation of offices in JuControl shows spikes of activity
occurring at precisely the dates of the dissemination of the automated emails, as can be seen in Fig 5.6.
Apart from the initial activations on the date of announcement, one-half of all further activations during the
experiment period (n=12) occurred on, or immediately following, the dates when the automated emails were
sent. Meanwhile, these email dates account for less than 18% of the duration of the experiment (excluding
weekends and the day of initial announcement). Also, the first interaction plots (Fig. 5.5) show increased
first-time activity on JuControl for these dates. This shows that the automated emails led to a marked increase

in the rate of activations for the offices that received them.

5.3 Results for Hypothesis H; (Effect of Evaluations / Recommendation)

Hypothesis H; posits that the energy performance of offices with evaluation / recommendation would be
better than those of offices without these. To test this hypothesis, we employ the H; -Test-1 and H;-Test-2
tests defined in Table 3.9 in the previous chapter. Since the daily energy penalties in the teams follow an
approximately normal distribution as determined by the Shapiro-Wilk Test (e.g. for Team T5: W=0.977,
p=.68; for Team T6: W=0.986, p=.93), and have unequal variances (Team T5: 6>=0.468; Team T6: 0>=2.892),
we choose Welch’s T-test to determine the statistical significance of the performance difference between the

two teams, and then we use Cohen’s d to estimate the effect sizes.

5.3.1 H;-Test-1: Comparison of Team T5 and Team T6

Teams T5 and T6 were drawn from the four floors of the same building (Building B-05), where Team T5
comprises the lower two floors, and Team T6 the upper two floors. Whilst Team T5 had JuControl view with
ventilation evaluation and recommendation enabled, Team T6 only had JuControl view (see Table 3.7). In
Fig. 5.9, the distribution of energy penalties for Team T5 (Fig 5.9a) and Team T6 (Fig 5.9b) are shown in a
boxplot. It can be reasonably assumed that both teams were exposed to similar environmental disturbances
and similar office conditions by being in the same building. Mere visual inspection of the boxplots indicates
a difference in the distribution of penalties between the two teams, with Team T5 appearing to have generally
lower penalties than T6. Applying the afore-mentioned statistical tests of significance and effect size on the
results, the average daily energy penalty is significantly lower in Team T5 (¢ = 1.659 kWh) than in Team T6
(1 =4.667 kWh) (p<.001) with a very large effect size (d=2.27), showing that offices in Team T5 were more
energy efficient than those in Team T6 according to the evaluation methodology established in this work.

To investigate the factors underpinning the difference in performance between Team T5 and Team
T6, composite plots depicting JuControl activation, average team penalty, and number of offices in each
activation category, are shown analogously in Fig. 5.10 and Fig. 5.11 for Team T5 and Team T6, respectively.
Each of these figures comprises three sub-figures categorised based on JuControl activation for the respective
team: (a) JuControl activated offices, (b) non-JuControl-activated offices, and (c) all offices. In each activation
category, two complementary charts are shown: an evaluation penalty plot (line chart, top), and an office-

count plot (bar chart, bottom). The evaluation penalty plot (top) depicts the trend in average team penalty
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Fig. 5.9 Box plots of the distribution of the energy penalties for offices in (a) Team T5 and (b) Team T6 showing a

stronger trend towards energy efficiency improvement (lower penalties) over the course of the experiment for
Team T5 than for Team T6.

over the experiment period, while indicating the traffic-light rating of the penalties (see Section 4.5.9 for
details of the traffic light rating system). The office-count plot (bar chart, bottom) shows the number of offices
in the JuControl-activation category, with each bar consisting of two vertically stacked bars representing,
respectively, the proportion of occupied offices (black), and that of unoccupied offices (grey) on the given
date. The presence duration threshold for an office to be considered as occupied in this analysis is three hours
of occupancy. Presence was estimated in this building via the CO;, concentration mass-balance approach

described in Section 4.6.2.

From Fig. 5.10 and Fig. 5.11, several deductions can be made. First, the penalties during the Easter holiday
period (Apr. 7 and 10, i.e. Good Friday and Easter Monday, respectively) were practically zero for Team T5
and for JuControl-activated offices in Team T6. This confirms the expected baseline that unoccupied offices
should have zero penalties for ventilation-evaluated offices, since there are no window interactions. However,
in non-JuControl-activated offices in Team T6, even when there was seemingly no occupied office according
to Fig. 5.11(c) (on Apr. 10), the penalty was relatively high (red zone), and analysis of the data indicated that

at least one window appeared to be left tilted in some offices after occupants had gone for the holidays.
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Fig. 5.10 Composite plots for Team T5 showing evaluation penalty (line chart, top) and number of offices (bar chart,
bottom), categorized by JuControl activation for offices in the team: (a) JuControl-activated offices, (b) non—
JuControl-activated offices, and (c) all offices. Each evaluation penalty plot (top) is divided into horizontal
strips corresponding to the traffic light rating of the penalty values, and important dates are marked by vertical
lines. Each office-count plot (bottom) shows the number of offices in the respective JuControl-activation
category as a composite bar chart, where each bar depicts the proportion of occupied/unoccupied offices for
each day of the experiment period.



88 Run of Experiment and Analysis of Results

Evaluation line plot: —e— penalty Green rating zone Amber rating zone Red rating zone

Occupancy bar chart: Unoccupied [l Occupied

(a) JuControl-Activated Offices
10 :Announce Easter

Penalty (kWh)
(4]

Num. offices
N
o

0 ™ = m o E N E N EEE N EEEEEm = = = m o = Em EE == mEmmomm

(b) Non-JuControl-Activated Offices
Announce Easter

Penalty (kWh)
o

Num. offices
N
o

10
o| |||||||||"||I|I. |II|||I|.I||I|
(

c) All Offices
10 +Announce Easter

Penalty (kWh)
(9]

0
3
3 40
% 30
; 1.Calhninh [
= =01 |
Mar 12 Mar 20 Mar 27 Apr 3 Apr 10 Apr 17 Apr 24
2023

Date

Fig. 5.11 Composite plots for Team T6 showing evaluation penalty (line chart, top) and number of offices (bar chart,
bottom), categorized by JuControl activation for offices in the team: (a) JuControl-activated offices, (b) non—
JuControl-activated offices, and (c) all offices. Each evaluation penalty plot (top) is divided into horizontal
strips corresponding to the traffic light rating of the penalty values, and important dates are marked by vertical
lines. Each office-count plot (bottom) shows the number of offices in the respective JuControl-activation
category as a composite bar chart, where each bar depicts the proportion of occupied/unoccupied offices for
each day of the experiment period.
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Furthermore, due to the "activation policy" in JuControl, whereby office occupants are only granted
access to JuControl and its features after all occupants have agreed to the data consent form, only a subset
of offices in each team was "activated". As can be seen from the figures, for Team T5 (Fig. 5.10), there
were relatively more offices that were JuControl-activated than in Team T6 (Fig. 5.11), and these JuControl-
activated offices had lower penalties than non-activated offices, whilst trying to stay within the "green zone".
The initial low energy penalties in Team T6 is an artifact of the nature of the experiment — offices became
JuControl-activated throughout the experiment period, and for Team T6, the number of activated offices is
too low to be statistically meaningful, and the low penalties can be regarded as coincidental, as the spikes on
Apr. 3 and 25 show. Considering Team T5 and analyzing the difference between activated offices (n=9) and
non-activated offices (n=24), a significant difference is observed in the average energy penalty with a very
large effect size, where the penalty is much lower in activated offices (¢ = 0.739 kWh) than in non-activated
offices (1 = 1.995kWh) (p<.001, d=1.4).

In conclusion, we can reject the null hypothesis and conclude that having access to recommendations
and evaluations, as well as to the relevant contextual performance information in JuControl, led to more
energy-efficient behaviour among occupants, than in the control group without these features. Also, the
willingness to use the provided behaviour intervention tools was a key factor in causing positive behaviour
change. In the following sub-section, further discussion is provided regarding the particular occupant

behaviours that influenced the performance of Teams T5 and T6.

Analysis of Ventilation Behaviour for Teams T5 and T6

The relative contributions of window ventilation style (trickle vs. shock) and duration on the penalties of
Team T5 and Team T6 are depicted in Fig. 5.12 and Fig. 5.13, respectively. Note that only the raw ventilation
durations are given, without the trickle ventilation penalty. From the figures, it can be seen that the use of
trickle ventilation is the main factor contributing to penalties, as the daily duration of trickle ventilation
is almost always higher than for shock ventilation by a wide margin. On average considering the entire
experiment period, in Team T5, trickle ventilation is used almost 5 times as long as shock ventilation across
all offices (38.8 min vs. 8 min, respectively) (see Table 5.1). For JuControl-activated offices, trickle ventilation
is used only about 70% longer on average than shock ventilation (15.4 min vs. 9.1 min, respectively), while
for non-JuControl-activated offices trickle ventilation is used more than 6 times as long as shock ventilation
(47.5 min vs. 7.6 min, respectively). Furthermore, it can be observed from Fig. 5.12(a) that towards the end of
the experiment period, JuControl-activated offices tended to favour shock ventilation over trickle ventilation,
consistent with the nudges from the behavioural intervention measures.

Table 5.1 Comparison of average daily duration of shock vs. trickle ventilation in Teams T5 and T6 for the entire

experiment period, showing that trickle ventilation was the main driver for high penalties in both teams,
although much more pronounced in Team T6 than in T5.

Team Shock vent.? (minutes) Trickle vent.? (minutes) Ratio® (Trickle:Shock)
Al Act.? N/Act? All Act. N/Act All Act. N/Act

T5 8.0 9.1 7.6 38.8 15.4 47.5 4.8 1.7 6.2
T6 5.4 14.0 4.7 149.5 39.2 158.2 27.7 2.8 33.5

@ Mean shock ventilation duration.  ° Mean trickle ventilation duration.
¢ Ratio of average trickle to average shock ventilation duration.
¥ ALL: All offices; Act.: JuControl-activated offices; N/Act: non-JuControl-activated offices
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Fig. 5.12 Factors contributing to penalty of Team T5 for (a) JuControl-activated and (b) non-JuControl-activated offices.
The bar charts show the average equivalent ventilation duration (primary y-axis). The line chart (secondary
y-axis) shows the average penalty. Recall that trickle ventilation penalty = trickle ventilation duration since
fpen,trickle =2.
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Fig. 5.13 Factors contributing to penalty of Team T6 for (a) JuControl-activated and (b) non-JuControl-activated offices.
The bar charts show the average equivalent ventilation duration (primary y-axis). The line chart (secondary
y-axis) shows the average penalty. Recall that trickle ventilation penalty = trickle ventilation duration since
fpen,trickle =2.
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On the other hand, Team T6 tells a more extreme story: across all offices, trickle ventilation is used
more than 27 times as long as shock ventilation on average (149.5 min trickle vs. 5.4 min shock), with non-
JuControl-activated offices being the major contributors to trickle ventilation, which is used almost 36 times
as long as shock ventilation on average (see Table 5.1). Fig. 5.13 shows that on several days throughout the
experiment period, offices in Team T6 used trickle ventilation exclusively and for relatively long periods.
Comparing Teams T5 and T6, the average trickle ventilation usage in Team T6 is almost 4 times that of Team
T5 for all offices, while average shock ventilation usage in Team T5 is slightly higher than for Team T6 (8 min
vs. 5.4 min), although the values are low in absolute terms. This higher use of trickle ventilation in Team T6

in place of shock ventilation contributed to its high penalties.

5.4 Results for Hypothesis H, (Effect of Active Participation)

Hypothesis H; posits that the energy performance of JuControl-activated offices would be better than that of
non-JuControl-activated offices among teams that have evaluation / recommendation enabled. To test this

hypothesis, we employ the Hp-Test-1 test defined in Table 3.9 in the previous chapter.

5.4.1 H,-Test-1: JuControl-activated vs. non-JuControl-activated Offices

This test compares the performance of JuControl-activated offices to non-JuControl-activated offices within
buildings in which evaluation / recommendation is enabled, where the working assumption is that the acti-
vation of JuControl by occupants through unanimous data consent affords such occupants the opportunity
to fully exploit the system in order to be more energy efficient. Note again that in general, all evaluation-
/ recommendation-enabled teams received the recommendation and evaluation summary emails across
both activated and non-activated offices. This working assumption is all the more justified since anecdotal
evidence as well as user survey feedback and data analysis show that emails were only limitedly effective in
triggering behaviour change. In fact, some users redirected the evaluation summary and recommendation
emails to the spam folder or outrightly blocked the sending email address, meaning that the receipt of these
recommendations did not lead to corresponding action in some cases. The reasons for the varied user

responses are explored in the analysis of the survey results in Section 7.2.1.

For teams with JuControl Control enabled, i.e. Teams T1 to T3, where the automatic heating con-
troller manages the room heating in conjunction with JuControl presence schedules, the difference be-
tween JuControl-activated and non-activated offices is expected to reflect directly in the ratings, since
non-JuControl-activated offices do not have automatic setpoint temperature regulation. Some evaluation-
enabled teams were excluded from this analysis for the following reasons. Teams T2, T12, T13, and T14 are
excluded due to low number of JuControl-activated offices, where only three or fewer JuControl-activated
offices were successfully evaluated. Also excluded are Teams T7 and T8 for which no analysis is possible since
the entire building, Building B-07, was disabled for evaluations due to faulty sensors in the building, as men-
tioned previously. Hence, only Teams T1, T3, T4, T5, and T9 are analyzed here. Additionally, since Teams T2
and T3 are roughly equal in size and drawn from the same building, the entire T2 (non-JuControl-activated)

is also compared with JuControl-activated offices of Team T3.

The results of the comparison between mean daily energy penalties of the above-mentioned "activation
groups" is shown in Table 5.2, including the statistical significance and effect sizes. From the results, JuControl-
activated offices perform significantly better than non-activated offices in Teams T1, T3, and T5, with medium

effect size in T1 and large effect sizes in the other two teams. The comparatively lower effect size in Team
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T1 was partly caused by a brief increase in the reference setpoint temperature during the experiment to
compensate for heating issues in the building, as explained in Section 5.1.5, which diminished the advantage

of the JuControl-activated offices over non-activated offices.

Furthermore, comparing JuControl-activated offices in Team T3 with offices of T2 (which are all non-
activated) reveals the same significantly better performance of the former, with a large effect size. In fact, a
comparison of Team T2 with non-activated offices in Team T3 shows no significant difference in the means
(p=.201) and the effect size is small (d = 0.3). In other words, the non-activated offices in the entire building,
irrespective of team / grouping, had similar performance that was significantly worse than that of activated
offices. These results agree with hypothesis Hy, thus strengthening the working assumption that actual
and full use of JuControl contributed to higher energy efficiencies than merely receiving evaluations and
occasional recommendations by email.

Table 5.2 Mean daily energy penalties and corresponding comparative statistics for JuControl-activated vs. non-
JuControl-activated offices in select teams. The smaller values (more energy-efficient groups) are bolded.

Mean daily penalty (kWh)
Team p-value Effect size (|d|)
JuControl-activated Non-JuControl-activated

T1 1.61 2.49 .029 Medium (0.5)
T3 1.91 3.82 <.001 Very large (1.4)
T3/T2* 1.91 4.36 <.001  Verylarge (1.5)
T4 6.09 3.64 .002 Medium (0.79)
T5 0.74 2.0 <.001 Very large (1.4)
T9 1.24 1.06 >0.05 Small (0.15)

" T3-JuControl-activated vs. T2 (all offices are non-JuControl-activated).

Team T4 presents an interesting case, in which the opposite trend appears to hold, where JuControl-
activated offices perform even worse than non-activated offices. In particular, the mean daily energy penalty
in activated offices is significantly higher than that for non-activated offices. In fact, Team T4 is the worst-
performing of all the evaluated teams in the experiment, when its average penalties are compared to those of
other teams. The reason for this poor performance is that the bulk of this team is made up of offices from
Building B-03, in which the occupants reported that there was no possibility for them to control the radiators
in several offices, so that the occupants left the windows in the tilted position for long periods to control
overheating. Note that the heating in that building is not managed by JuControl with the automatic heating
controller; for this project, only a "read" connection was established to the building automation system
in order to include setpoint temperature evaluation for that building. The fact that JuControl-activated
offices perform worse than non-activated offices is likely because coincidentally the worst affected offices
happened to be also activated, as indeed the initial report about the faulty heating control came from a

JuControl-activated office where the occupant could see their performance in JuControl.

For Team T9, the performance of non-JuControl-activated offices seems to be statistically similar to that
of activated offices. However, a deeper analysis of the results reveals the reason for this: during the first half
of the experiment period, only three or less offices out of the 21 evaluated offices in the team were activated,
and the performance of one out of these three activated offices was poor throughout the experiment, thereby
skewing the average penalty for activated offices due to the low number of offices in that sub-category (see
Fig. C.13 in Appendix C). The average penalty for activated offices reduced as more offices became activated,

thereby counteracting the effect of the poorly-performing office; however, only 7 offices were activated in total
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as at the end of the experiment. Thus, beyond the observed mean penalties in the team, the time-dependent

nature of JuControl-activation also affected the results.

Binary classification of offices by JuControl-activation and energy penalties

To provide additional insight into the performance difference between activated and non-activated teams, a
binary classifier based on logistic regression is trained on the daily penalties for each included team, where
the penalties are averaged over all JuControl-activated offices on the one hand (Class 0), and non-JuControl-
activated offices on the other hand (Class 1). This classification is also done for all the included teams
combined. The purpose is to estimate the likelihood of accurately classifying an office in a given team as
JuControl-activated or non—-JuControl-activated based on its energy penalty, given the energy penalties of
other offices in the team. Two goodness-of-fit metrics are stated in the regression plots. The first metric is the

accuracy score from scikit-learn [157], defined as

1 Nsamples— 1
accuracy(y, )= —— Y. 1(Ji=y) (5.1)
samples i=0

where y and J; are the actual and predicted class of item i, respectively, and 1(-) is the indicator function
which returns 1 if y; = y;, otherwise 0. Note that this accuracy metric only measures how well the regression
line fits the given training / prediction data, and does not say anything about whether the data confirms
the hypothesis that JuControl-activated offices have less penalties on average than non-JuControl-activated
offices. The other metric is the Area Under Receiver Operating Characteristic curve (AUROC), which ranges
from 0.5 (worst classifier) to 1 (best classifier); values below 0.5 mean that "inverting" the binary classifier
would produce better results. The Receiver Operating Characteristic (ROC) curve is a plot of the True Positive
Rate (TPR) of the predications against the False Positive Rate (FPR).

In Fig. 5.14, the logistic regression curves are shown for each analysed team. As can be seen from the
figure, Team T3, which is comprised partly of the author’s research institute, shows the best fit for the
classification with 80% accuracy and AUROC=0.91, demonstrating a marked difference in performance
between JuControl-activated and non-JuControl-activated offices. This is followed by Team T5, which has
already been analysed in a previous section. Furthermore, Team T1 which makes up Building B-01, shows
some distinction between activated and non-activated offices, but only to a small degree. Since Building
B-01 was part of the pilot phase, detailed analysis for Team T1 is presented separately in Section 5.5 as part of

tests for Hypothesis Hs.

To further analyse the performance of Team T4, Table 5.3 shows a comparison of Team T4 (Building B-03)
with Teams T2 and T3 (Building B-02) in terms of the contributing factors to the penalties, since setpoint
temperature evaluation is available in all three teams. From the table, the average setpoint deviation over the
experiment period for all offices in Team T4 is 22% and 53% higher than that of Teams T2 and T3 respectively.
For JuControl-activated offices, the difference is more pronounced: more than three times as much setpoint
temperature deviation as in Team T3. (Team T2 had only one JuControl-activated office so is not shown.)
The same pattern holds for ventilation duration, where it can be seen that in Team T4, the windows are kept
tilted several times longer than fully open — one order of magnitude on average for all offices (27.8 min vs.
2.8 min). Compare this with the more even mix of tilt and fully open ventilation styles in Teams T2 and T3.
The plots showing the daily breakdown of the penalties for these three teams in terms of ventilation duration
and setpoint temperature deviation are not shown in this chapter but rather in Appendix C due to space
constraints (Figs. C.4, C.6, and C.8).
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Fig. 5.14 Logistic regression curves based on average daily penalty for evaluation-enabled teams included in the
analysis. Offices are categorized as JuControl-activated (y = 0, green) vs. non-JuControl-activated (y = 1, red).
(Acc. = Accuracy; AUROC = Area Under Receiver Operating Characteristic curve.)

Table 5.3 Comparison of the mean deviation of setpoint temperature from ideal for Teams T2, T3 and T4, as well as
the mean daily shock and trickle ventilation duration in the teams for the period of the experiment. The
offices in each team are additionally categorized into JuControl-activated and non-JuControl-activated offices.
The ratio of trickle ventilation to shock ventilation duration is also given, showing the predominant style of
ventilation for the teams and categories.

Setpoint deviation Shock vent.? Trickle vent. Ratio®
Team (degree-minutes) (minutes) (minutes) (Trickle:Shock)
All* Actt  N/Actt Al Act. N/Act All  Act. N/Act All  Act. N/Act
T2 3481.7 - 3481.7 48.0 - 48.0 16.2 - 16.2 0.3 - 0.3

T3 2770.0 1598.7 3109.7 173 143 18.2 22.8 9.4 26.7 1.3 0.7 1.5
T4 4248.1  5384.0 3814.8 2.8 1.0 3.9 27.8  49.0 19.7 9.7 49.0 5.1

a Mean shock ventilation duration. P Mean trickle ventilation duration.
€ Ratio of average trickle to average shock ventilation duration.
+ All: All offices; Act.: JuControl-activated offices; N/Act: non-JuControl-activated offices

Considering the three no-issue teams as discussed above, namely Teams T1, T3, and T5, their com-
bined logistic regression plot is shown in Fig. 5.15a (accuracy=84%, AUROC=0.9). For these teams, it can be
concluded that indeed, occupants of JuControl-activated offices were more energy-efficient than those of
non-JuControl-activated offices in general. Furthermore, to investigate the sensitivity of the performance
difference between JuControl-activated and non-JuControl-activated offices in general to ambient tem-
perature, the days of the experiment in which evaluations were suspended for four hours or more due to
high ambient temperatures are excluded in the combined logistic regression for Teams T1, T3, and T5 (see
Fig. 5.15b). This test was carried out in order to compensate for the weakness of the developed evaluation
system whereby penalties were still computed for ventilation during warm days (although penalties were
suspended at those instances when the ambient temperature was above 15 °C; see Section 5.1.3 for the
discussion). A total of 12 days out of the 35 experiment days were affected. As can be seen, the relative
performance of JuControl-activated offices increased slightly (accuracy=87%, AUROC=0.93). This shows
that there was some conflict within occupants between being comfortable on a warm day and having good
ratings according to the evaluation system, and that in many cases, occupants chose comfort, particularly on

the warmest days of the period.
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Fig. 5.15 Logistic regression curves for (a) Teams T1, T3, and T5 combined, and (b) same teams combined but with
the exclusion of days having above 4 hours of evaluation suspension. Offices are categorized into JuControl-
activated (y = 0, green) and non-JuControl-activated (y = 1, red). (Acc. = Accuracy; AUROC = Area Under
Receiver Operating Characteristic curve.)

5.5 Results for Hypothesis Hj: Effect of Automatic Heating in Building B-01

For the pilot building, Building B-01, where the occupancy scheduled-based automatic heating controller
was deployed along with the possibility of setpoint temperature control via JuControl, an analysis of the
savings due to this intervention is presented in this section. The automatic heating controller was designed to
work only for JuControl-activated offices, since the occupants of such offices have granted access to JuControl
and therefore have implicitly activated their presence schedules. Nevertheless, in non-JuControl-activated
offices in the building, smart radiator valves are also installed, but can only be physically controlled by the
occupants with no automation or JuControl involvement. (As at the time writing, a default schedule is now

also used for heating non-activated offices, although the upgrade post-dates this analysis.)

As mentioned previously in Section 5.1.5, participants in Team T1, who are the occupants of Building B-01,
did not participate in the experiment as much as expected due to dissatisfaction caused by the initial issues
with the heating controller that had persisted up to the experiment period (see Section 5.1.5). Nevertheless,
the application of the automatic control to space heating in the JuControl-activated offices had positive
effects on the energy performance of the building. In any case, the explanatory power of the setpoint
deviation analysis in the next section is not diminished by these heating issues, since the deviation does not
depend on the actual temperature in the room (which in the case of under-heating is lower than the setpoint
temperature), but on the setpoint temperature itself, and as will be seen in the analysis, some measures were
put in place during the experiment to account for possibly higher setpoint temperatures that occupants
could have set in order to compensate for the poor heating. Furthermore, in the calculation of potential
savings in Building B-01 due to the use of the automatic controller (Section 5.5.2), the poor heating in the
building is compensated for to remove the false advantage that the under-heating would have conferred on

the savings.

5.5.1 Hj-Test-1: Analysis of Setpoint Temperature Deviation in Building B-01

The deviations of the setpoint temperature from the ideal case for Building B-01 (Team T1), along with the
average ventilation durations, are depicted in Fig. 5.16 for JuControl- and non-JuControl-activated offices,
showing the relative contributions of these factors to penalties accrued by the team. In each sub-figure, the

bar charts, which have values on the primary y-axis, represent the setpoint deviation-from-ideal (orange bar)



96 Run of Experiment and Analysis of Results

and ventilation durations (stacked green/purple bar) averaged across all offices in the respective JuControl

activation category.
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Fig. 5.16 Factors contributing to penalty of Team T1 for (a) JuControl-activated and (b) non-JuControl-activated offices.
The bar charts show the average setpoint deviation and average equivalent ventilation duration (primary
y-axis). The line chart (secondary y-axis) shows the average penalty for reference purposes.

First, the effect of the compensation in evaluations to account for poor heating in the building by raising
the reference setpoint temperatures, as discussed in Section 5.1.5, can be seen between Mar. 28 to Apr. 18
in Fig. 5.16, where the red bars (setpoint temperature deviation) are relatively low throughout the period.
A difference can be seen, nevertheless, between the setpoint deviation of the activated vs. non-activated
offices, where the activated offices averaged 50% or less of the deviation of non-activated offices. According
to Table 5.4, which shows the breakdown of setpoint deviation and ventilation durations for the experiment
period, on average, the JuControl-activated offices had less than one-quarter of the deviations on non-
activated offices (528.9 deg.—min. vs. 2246.2 deg.—min.). More robust statistical analysis shows a significant
difference in the daily mean of setpoint deviations across JuControl-activated offices vs. non-activated offices
(p<.001) with a very large effect size (d=2.8). This demonstrates the energy-saving effect of the heating
controller that managed the heating in the activated offices through the presence schedules of the occupants
as capture in JuControl.

Table 5.4 Mean deviation of setpoint temperature from ideal for Team T1, as well as the mean daily shock and trickle
ventilation duration for the experiment period. The offices are categorized into JuControl-activated and
non-JuControl-activated offices. The ratio of trickle ventilation to shock ventilation duration is also given,
showing the predominant style of ventilation for Team T1.

Setpoint deviation Shock vent.? Trickle vent.P Ratio®
(degree-minutes) (minutes) (minutes) (Trickle:Shock)

Allf Act.¥ N/Actt All Act. N/Act All  Act. N/Act All  Act. N/Act
1971.7 5343 2240.4 45 124 29 28.7 299 285 64 24 9.7

2 Mean shock ventilation duration.  ° Mean trickle ventilation duration.
€ Ratio of average trickle to average shock ventilation duration.
* AlL: All offices; Act.: JuControl-activated offices; N/Act: non—JuControl-activated offices
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Furthermore, it can be seen that the penalties for JuControl-activated offices were low at the start of
the experiment but increased later, while the opposite effect was true for non-activated offices, where the
penalties reduced after the experiment started. This was caused mainly by a highly non-performant office
that became JuControl-activated and hence contributed to worse penalties in the activated offices. Again,
the long periods of ventilation at the end of the experiment in both activated and non-activated groups was
discovered to be caused by offices in the buidling which have south-east facing windows. Since those days
were warm, a likely explanation, therefore, is that the windows were kept open to counter the high heat gains
due to direct solar radiation, coupled with the warm ambient temperatures on those days that resulted in
suspension of evaluation for over 4 hours and almost 10 hours on these respective days, as seen from Fig. 5.2.
An immediately apparent improvement to the evaluation system is that the state of the heating system should
be considered along with ventilation, to know when energy is actually being consumed during the ventilation

period. In general, however, trickle ventilation was more predominant in the building.

For ventilation practices in Team T1, from Table 5.4, it can be seen that trickle ventilation was used for
similar durations on average between JuControl-activated and non-activated offices, averaging almost 30
minutes per day during the experiment period. However, shock ventilation was used for longer periods
in JuControl-activated offices than in non-activated offices, which is then responsible for the similar or
sometimes slightly worse penalties of activated offices, despite the latter having better setpoint deviation
performance. In general, however, trickle ventilation was used more than six times as long as shock ventilation
in the team, with the ratio being higher in non-activated offices due to their lower shock ventilation use. No
performance advantage is seen therefore for JuControl-activated offices in terms of ventilation, which was

already explained by the non-participation of occupants of the building in the experiment.

In conclusion, the performance improvement in Building B-01 demonstrates that the deployment of
the heating controller led to improved setpoint temperature performance, confirming hypothesis Hs that
the deviations of setpoint temperature from ideal would be reduced by the introduction of the JuControl-
calendar-managed heating schedule. In the next section, the second test for hypothesis Hj is carried out to

determine energy savings at the building level.

5.5.2 Hjs-Test-2: Historical Performance Comparison of Building B-01

The second test for hypothesis Hs, tagged Hz-Test-2, compares the annual energy demand of Building B-01
for October 2022 to September 2023 inclusive, a.k.a. the reporting period, with that of the same period in
the previous year (October 2021 to September 2022 inclusive), a.k.a. the baseline period, using the building
performance evaluation methodology detailed in Section 3.9. To apply the performance methodology, the
buildings energy signature (thermal demand regression curve) is first derived using historical data from
the baseline period (weekends are excluded). Specifically, the daily total thermal demand data, along with
the daily average ambient temperature, is used to obtain the piecewise regression curve of Eq. 5.2 (see the
change-point regression equation Eq. 3.15 in Section 3.9).

Eiha =3.21+41.86x (17.91 — Tamp,a)* (5.2)

where Eh,d is the estimated thermal energy demand (kWh) for daily mean ambient temperature Tymb,q
(°C) on day d. Comparing the above equation with Eq. 3.15, #; = 3.21 kWh is the baseline consumption,
B2 =41.86 kWh/K is the marginal energy demand for each Kelvin decrease in temperature, and 3 = 17.91 °C
is the balance-point temperature of the building. Fig. 5.17 shows the daily mean ambient temperature for the
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two periods overlaid on each other, while Fig. 5.18 shows the regression line and historical data on the plot of
daily demand vs. mean daily ambient temperature for Building B-01, excluding weekends.

Baseline period

Reporting period

Outdoor temperature (°C)

Day 1
Day 21
Day 41
Day 61
Day 81

Day 101
Day 121
Day 141
Day 161
Day 181
Day 201
Day 221
Day 241
Day 261
Day 281
Day 301
Day 321
Day 341

Fig. 5.17 Graphical comparison of ambient temperature for the baseline period (Oct. 2021 to Sep. 2022) and reporting
period (Oct. 2022 to Sep. 2023) for historical comparison of Building B-01.
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Regression model

800

600

400

200
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Fig. 5.18 Three-parameter regression model fitted on the historical data of Building B-01 to derive the energy signature
for the baseline period. The data is from Oct. 2021 to Sept. 2022 (inclusive), using weekdays only.

The thermal energy savings in the reporting period, D, is therefore the difference between the actual
demand and the estimated demand, previously given in Eq. 3.19 but repeated here for convenience:

Ehsaved,p = ), Etha —Em,p
deD

where Ey, p is the total historical thermal demand in period D (in kWh).

As previously mentioned, there were issues with the heating controller in Building B-01, in which the
desired temperature was usually not attained, especially after weekends and in the early mornings (see
Section 5.1.5). Since the temperature shortfall was about 1.5 K on average, this "shortfall" in supply should
be accounted for in the estimated savings by subtracting an energy penalty proportional to the shortfall from
the estimated savings. Specifically, from Eq. 5.2 and Eq. 3.15, the dependence of the daily heating energy on
temperature is captured by the slope term, $» = 41.86 (when ambient temperature is below the balance-point
temperature). Hence, the savings in the reporting period is adjusted as below:

Et*h,saved,D = Eth,saved,p — 41.86 X HD Dgportfall (5.3)
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where E, t*h,save 4D 1S the adjusted thermal energy savings in period D. The shortfall in terms of heating degree
days, HD Dgporttanl, is estimated as follows. From the data, out of about 120 working days in the heating season
that had daily mean temperature at least 3 °C below the building balance point temperature, the first 60 days
were affected by this issue. For each day, about 4 hours had insufficient heating (1.5 °C below the desired
temperature) within the working period (assumed to be 07:00 to 19:00). Thus, the total heating shortfall is

therefore estimated as 1.5 K x 60days x % =15K-day.

Based on the fitted model of Eq. 5.2, the performance comparison of Building B-01 between the baseline
period and reporting period is detailed in Table 5.5. As can be seen in the table, the model fits the training
data with reasonable accuracy in the baseline period (R% = 0.91; RMSE = 73.68 kWh). Also, Table 5.5 shows
that the reporting period achieved a savings of 18.6% (about 12.4 MWh) compared with the baseline. The
heating shortfall estimated as 15 K- day above, would have required 41.86 x 30 = 627.9 kWh of additional
heating energy, using Eq. 5.3. Hence, the adjusted total savings is 11,133.2 kWh, or approximately 17.66%.
The heating shortfall-adjusted savings are shown in parenthesis in Table 5.5.

Table 5.5 Performance comparison of Building B-01 between the baseline period (from Oct. 1, 2021 to Sept. 30, 2022,

inclusive) and the reporting period (from Oct. 1, 2022 to Sept. 30, 2023, inclusive). Weekends are excluded
from the analysis.

Period HDDjs55 Thermal Demand (kWh) Difference Statistics
(K-day)* Model Actual Abs. (kWh)  Rel. (%) RMSE (kWh)  R2

Baseline 1,333.7 71,928.2 71,916.5 11.8 0.016 73.68 0.91

Reporting 1,207.1 66,599.5 54,210.5 12,388.9 18.60 - -

(54,838.5%) (11,761%) (17.66%)

4 HDD is calculated using EU-standard base temperature of 15.5 °C for standardization purposes, and only for weekdays.
b Difference between model-predicted demand and actual demand.
¥ Heating shortfall-adjusted values. See Eq. 5.3..

In order to examine how the building energy signature changed between the two periods, the energy
signature of the baseline period is compared with that of the reporting period in Fig. 5.19, showing that
the energy savings in the reporting period are as a result of lower thermal demand per unit increase in
the associated driving temperature difference (equivalent to HDD) compared to the baseline period (82 =
38.4 kWh/K in reporting period vs. 82 = 41.9 kWh/K in baseline period), and a lowering of the balance-point
temperature by 1 °C (83 = 16.9 °C in reporting period vs. f3 = 17.9 °C in baseline period).

Since the building envelope and energy systems remained the same throughout the period, the savings
can be attributed to more efficient use of the heating system and more efficient building-occupant interac-
tions. From the energy signature comparison curve of Fig. 5.5, the improved performance can be attributed
to the schedule-based heating and lower setpoint temperatures as demonstrated in the penalty analysis of
the previous section, which reduces the balance point temperature by reducing the overall thermal demand
during office hours but especially during periods of absence, including at night. Note that these savings were
achieved despite the fact that only about one-fifth of the 32 offices in Building B-01 were JuControl-activated,
indicating more potential for energy saving, from both the user and control perspectives. In conclusion, the
deployment of the automatic heating controller where heating is determined by presence schedules led to
significant energy savings.



100 Run of Experiment and Analysis of Results

Baseline period Reporting period

= 1000
<
=3
©
c
®©
IS
[0}
T 500
T
£
[}
<
>
T
o 0
-5 0 5 10 15 20 25

Daily mean ambient temperature (°C)

Fig. 5.19 Comparison of "energy signature" regression lines for baseline and reporting periods for Building B-01,
showing reduction in balance-point temperature and slope (from S, = 38.4 kWh/K in reporting period vs.
B2 = 41.9 kWh/K in baseline period), and a lowering of the balance-point temperature (f3 = 16.9 °C in
reporting period vs. 3 = 17.9 °C in baseline period).

5.6 Analysis of the Use of JuControl Calendar

In this section, an analysis of the usage of the JuControl calendar is presented, specifically the agreement
or otherwise between the actual presence of occupants in the office and their respective schedules as seen
from the JuControl calendar. The analysis here only affects JuControl-activated offices in Buildings B-01 and
B-02, where the automatic heating controller is deployed, since the schedule-based heating is only active in
JuControl-activated offices. The occupancy detection for these buildings was based on CO, mass-balance, as
described in Section 4.6, since there were no presence sensors in the two buildings. It should be kept in mind
that while it is difficult to estimate the ground truth occupancy at the scale of deployment, the implemented
occupancy detection was designed to be more lenient than strict, so that it rather tends to overestimate than
underestimate real occupancy. Thus, the calculation of the setpoint temperature deviation is more forgiving,
since it depends on estimates of real occupancy. As will be seen shortly from the holiday baseline case below,
the occupancy detection was good enough to be practical.

The terminology used in this analysis to describe the mismatch between the schedule and real presence
is akin to supervised learning terminology, where the calendar schedule can be thought as predicting the real
presence. For example, when the JuControl calendar predicts that the office is occupied but it in reality it is
not, then this is a false positive (see Table 5.6 for the full terminology).

Table 5.6 Terminology for describing agreement or otherwise between occupant-specified JuControl calendar schedules

and real presence. The terminology is derived by thinking of the calendar schedule as predicting the real
presence.

JuControl calendar (predictor) Computed real presence Terminology for prediction outcome

Occupied Occupied True positive

Unoccupied Unoccupied True negative
Occupied Unoccupied False positive
Unoccupied Occupied False negative

In Fig.5.20, the degree of agreement between the JuControl calendar and real presence is shown for
all JuControl-activated offices for two sample days — one workday and one public holiday, covering from
06:00 to 20:00 each day divided into 30-minute periods. As can be seen for the holiday (Fig. 5.20b), the
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calendar predicts presence for all the analysed offices, while the estimated real occupancy says the opposite,
showing that occupants did not adjust their calendars to reflect the holiday. It is important to note here that
for JuControl-activated offices, an 8.5-hour presence schedule with a 30-minute lunch break is enabled by
default for each day of a working week, in order to ensure that at the offices are heated pre-emptively during
working hours and avoid cold offices if the occupant never adjusts the calendar. The result also provides
a benchmark for non-occupancy that demonstrates the practicality of the occupancy estimation. For the
workday case (Fig. 5.20a), the rate of true positives seem to be higher for Building B-02 than for B-01, although
the pattern is not necessarily consistent across all dates.
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Fig. 5.20 Comparison of JuControl calendar schedules with real occupancy for offices in Buildings B-01 and B-02. Each

cell represents a 30-minute period for one office. In (a), a normal working day is shown, while in (b) a public
holiday is shown.

Additionally, a comparison of the agreement between the JuControl schedule and real presence is

performed for each date of the experiment for all included offices (excluding weekends), covering typical
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occupancy hours from 06:00 to 20:00 on each day in 30-minute increments. For this comparison, the
frequency of the true/false positives/negatives for these 30-minute buckets is shown in Fig. 5.21. This plot
shows that across all the analysed offices, employees were not present in the office as much as their JuControl
calendar schedules indicated, with the false positive rate (i.e. calendar presence but actual absence) ranging
from 25% to over 50%. This trend remained consistent in general throughout the experiment period. There
were generally very low false negative rates (periods where the calendar predicted an unoccupied office, but
in reality it was occupied). In general, the matches between the calendar schedule and real presence (true
negatives + true positives) were almost always above 50% for each day, averaging about 61% for the entire

experiment period.
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Fig. 5.21 Comparison of agreement between the JuControl schedule and real presence for the experiment period,
showing average frequency of prediction outcomes for 30-minute buckets during the typical occupancy hours
of each day for all analysed offices combined.

5.7 Analysis of Response to JuControl Recommendations

In this section, the effectiveness of recommendations received via email in triggering corrective action is
analysed. For the three classes of recommendation message — "Trickle ventilation detected", "Ventilation
exceeded", and "Setpoint temperature exceeded" — the triggers and corresponding corrective actions are
shown in Table 5.7.

Over the four days during which recommendation was active, recommendations were triggered for offices
239 times in total, discounting those triggered in offices that were (later) disabled due to sensor faults. The
sum of the unique email addresses per day receiving one or more recommendation emails over the period
is 393, since multi-person offices received one email per occupant for each triggered recommendation.
Each kind of recommendation message was triggered a maximum of once per day per office (hence also
per user), even if the trigger conditions persisted or repeated during that day. The distribution of these 239
recommendation instances over the recommendation days, grouped by JuControl-activation status, is shown
in Fig. 5.22.
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Table 5.7 Triggers and corresponding corrective action for each class of recommendation email sent to participants.

Recommendation Trigger Corrective action
message
Trickle ventilation Any window becomes tilted Fully open the window (side-hung)
detected or close it
Ventilation exceeded Nventeq > Nvent,ref + 10 min, i.e. more Close the window
than 30 min equivalent ventilation
Setpoint temperature Tsp > Tsp refocc + 1.5 °C, i.e. more than Reduce the setpoint temperature
exceeded 20.5 °C setpoint temperature

po#en Total + excluded m=®== Total ==®== Non-JuControl-activated m=®== JuControl-activated

Number of offices

0
Apr 18 Apr 19 Apr 20
2023

Fig. 5.22 Distribution of recommendations triggered by offices over the recommendation days. The "Total + excluded"
plot accounts for offices where all occupants disabled email notifications, assuming the worst-case scenario
that these offices could have triggered recommendations in subsequent days if they had not been disabled.

Since the recommendation emails contain a link for deactivating receipt of emails, some occupants used
this option, resulting in less emails being sent. To account for this, the total number of offices that became
completely deactivated from receiving emails for each recommendation day, is added to the "Total" plot in
Fig. 5.22 for the following recommendation day to form the "Total + excluded" plot, under the worst-case
assumption that these recommendation-deactivated offices could have triggered recommendations in the
subsequent days if they had not been deactivated. Note that in offices where only some occupants disabled
recommendation emails, the remaining occupant(s) could also in principle perform the recommended
actions if on-site; therefore only offices where all occupants turned off emails are considered deactivated
for recommendations. As seen from the figure, the corrected total number of recommendations reduced
initially, then marginally increased and then remained relatively constant. This seems to suggest that the first
recommendation produced the strongest effect, possibly due to its novelty property, as has been identified
previously in the literature. Comparing JuControl-activated offices with non-activated offices, there is no
consistent difference in trend, although it should be noted that due to these recommendations, a total
of nine (9) offices transitioned to become JuControl-activated within this period, as shown previously in
Fig. 5.6, which then possibly biased the trend for JuControl-activated offices towards increased triggering of

recommendations.

In Fig. 5.23, the distribution of recommendation instances is broken down by team to show the trends
amongst teams. The majority of teams exhibit a similar trend as in the totals trend of Fig. 5.22, with an initial
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reduction in triggered recommendations followed by a slight uptick. Only Teams T1 and T5 either maintained

or reduced the number of recommendations triggered throughout the period.
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Fig. 5.23 Distribution of recommendations triggered by offices over the recommendation days grouped by team.

5.7.1 Occupant Response to Recommended Actions

To analyse the response of occupants to recommended actions, Fig. 5.24 shows the distribution of the elapsed
time in minutes between the receipt of an email recommendation and the performance of a corresponding
corrective action for each type of recommendation message for the entire recommendation period. In
Fig. 5.24a it is shown as a boxplot, with median values of 238, 76, and 83 minutes respectively for setpoint
temperature exceeded, ventilation exceeded, and trickle ventilation detected recommendation messages.
The lower median and interquartile range for window changes than for setpoint adjustments is an indirect
indication that manipulating the window position is done more frequently than adjusting the setpoint
temperature. However, it does not seem to support the claim that most users responded to recommendations
for corrective action immediately, since the relatively long time lag before corrective action can be reasonably
assumed to indicate that the corrective action was not a result of the recommendation. According to Fig. 5.24b,
only in a small number of office did occupants respond appropriately to ventilation recommendations within
5 minutes of receiving them (n=10 or 5.6% for ventilation exceeded; n=8 or 4.7% for trickle ventilation). Since
it is not possible to know when such emails were read by the occupants, it is difficult to conclude definitively
on the reasons for the time-to-corrective-action patterns. The survey analysis in Section 7.2 provides some

information about user engagement with these emails.
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Fig. 5.24 (a) Boxplots and (b) histogram showing the distribution of the time elapsed (in minutes) before corrective
action corresponding to each type of recommendation email was carried out, grouped by type of required
action. Only detected corrective actions are represented in the boxplots, and in the histogram, the "N/A" bin
indicates that no corrective action was detected during the day of the recommendation.






Chapter 6

Discussion of Results

In this chapter, the results of the previous chapter are discussed in detail. Two main aspects are covered in
the discussion: the extent to which the experiment hypotheses could be confirmed or otherwise, and the

comparison of obtained results with the literature where available and applicable.

6.1 User Engagement

As is typical in programmes that require voluntary user participation, a good percentage of users would be
unable to participate for one reason or another. In this work, the user engagement results can be considered
as promising, especially given the fact that there was no top-down or policy-driven push to adopt or engage

with the developed systems.

In the present study, almost half of the potential employees of the experiment setup accessed the
developed system within or before the experiment. Since there was no explicit logging of interactions, it
is hard to say to what extent (in terms of frequency of use) occupants interacted with the systems. The
multiplying effect of consent refusal in multi-person offices due to the unique nature of the data privacy
policy, led to even higher attrition rates than would otherwise have occurred if JuControl activation were
strictly based on individual consent, as discussed previously in Section 5.2. Future experiments using the
developed systems are now taking the more favorable approach of limiting access only to provably personal
data like CO, concentration in case of lack of consent, instead of blocking access to the entire system for all
other occupants, including thermal comfort feedback and schedule-based heating.

Indeed, in behaviour intervention programmes, privacy considerations are always central nowadays in
Europe especially, given the General Data Protection Regulation (GDPR) policy active in many member states.
Like in several other areas such as personalized advertizing and in health-and-wellness apps, there always
exists some incompatibility between respect for user privacy and fulfilling business functions. As would be
expected, previous behaviour intervention programmes in the energy sector have also been negatively
affected. For example, the strict privacy requirements for anonymity and absence of communication
among team members in the Social Power gamification project [80] detracted from the feeling of a sense of
community amongst participants, thus robbing them and the research team the opportunity to exploit and
understand the social motivational factors otherwise integral to such interventions. An attrition rate of 57%
(i.e. participants dropping out of the experiment before it finishes) was observed in Social Power, attributable

in a large part to the lack of social cohesion due to privacy requirements [80].

Ihttps:/ /gdpr-info.eu/
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As a general guideline, following the completion of the EnerGAware programme, Casals et al. [71] surmise
that experiment participation rate of one-third of initial participants should be expected by the designers
ab initio, to account for the effects of attrition. In the present work, no attrition was observed directly by
JuControl deactivation during the experiment, but this says nothing about the trajectory of the strength of

participation of users, which was not directly measured.

6.2 Effect of Behaviour Interventions during the Experiment

Hypothesis H, that the energy performance of offices with evaluation / recommendation would be better than
those of offices without these, was tested using H; -Test-1. Hypothesis H;-Test-1 compared the performance
of two equal-sized teams derived from the same building, and a significant difference was found between the
mean energy penalties of the test team and those of the control team, with a large effect size. Specifically,
the test team had significantly lower energy penalties on average than the control team. When considering
the contributing factors to the difference in performance, namely the ventilation style and durations in
both teams, it is seen that Team T5 used more of shock ventilation than Team T6, and ventilated for shorter

durations on average in each ventilation period.

However, the splitting of the building could have introduced a bias, since from the beginning of the
experiment, the mean consumption of Team T5 was generally lower than that of Team T6. One possible
bias could be that the occupants in Team T5 have a more energy-efficient disposition due to differences in
professional background. Indeed, analysis of the level of engagement with JuControl shows such a skew in
favour of research scientists or technicians, especially those with an energy-related background. However, the
split appears to be a fairly evenly mixed population of research and management staff in both teams. Another
possible explanation for the bias could be the difference in floor level, where Team T5 occupies the bottom
two floors, and Team T6 the upper two floors. Again, a few offices in Team T5 already had informal access
to JuControl before the actual experiment announcement, although the sensors in the building were only
commissioned the week before the experiment. At any rate, there does not appear to be a clearly identifiable
composition or environmental differences between the two teams from this post-mortem analysis. At the
whole-building level, since Building B-05 was not homogeneously used for energy saving measures, and the
duration of the experiment was short compared to the duration of the entire heating season, the effect of the

interventions on building thermal energy demand is expected to be negligible.

The second hypothesis regarding the behaviour interventions during the experiment posits that JuControl-
activated offices would perform better than non-activated offices within the same team. JuControl activation
is used here as a measure of active engagement with the intervention system, since most of the behaviour
modifying aspects of the intervention, including eco-feedback and competition, were only available after
JuControl activation. This hypothesis was tested by and Hy-Test-1, and as the results demonstrated, in
the teams where there was good adoption of the implemented behaviour intervention systems (Teams T1,
T3, and T5), barring technical and exceptional issues like discussed for Team T4, or low adoption of the
system like in Team T2 and T9, JuControl-activated offices show moderate-to-strong statistically significant
improvement in performance when compared to non-activated offices, also with mostly very large effect
sizes. The possible bias discussed above due to systematic splitting of Building B-05 does not apply in these
cases, since office activation within a building can be seen as random for this purpose. Nevertheless, it is
conceivable that occupants of offices physically close to each other might also tend to communicate more

than occupants of distant offices, and thus when an office becomes activated, a neighbouring office could
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come under more social pressure to do the same. In any case, the trend of higher performance of JuControl
offices was strongly demonstrated across multiple buildings. In terms of ventilation styles, the predominant
style in non-activated offices was trickle ventilation, while activated offices tended to follow the JuControl
recommendation of shock ventilation, resulting in a more even mix of ventilation styles. Therefore, the
analysis of this section confirms hypothesis Hy that the interventions had a positive impact on the energy
efficiency of occupants, as demonstrated by the superiour performance of JuControl-activated offices, in
which occupants opted to take full advantage of the energy-saving behaviour improvement opportunities
afforded by JuControl.

In conclusion, the strong results of the tests of the above two hypotheses enable us to reject the respective
null hypotheses and conclude that having access to recommendations and evaluations, as well as to the
relevant contextual performance information in JuControl, led to more energy-efficient behaviour among
occupants, than in the control group without these features, as determined by the performance evaluation
methodology developed in the thesis.

Indeed, performing a three-way comparison among Team T6 (without any interventions), and JuControl-
activated and non—JuControl-activated offices in Team T5 (with evaluation / recommendations), we see
a progression of improvement corresponding to higher levels of accessibility of the user to the designed
intervention measures. Specifically, with Team T6 as the base case having average daily energy penalty of
4.67 kWh, we observe a statistically significant improvement of 57% for non-JuControl-activated offices of
Team T5 compared to Team T6 (down to 2.0 kWh), and a further 63% improvement for JuControl-activated
offices of Team T5 compared to non-activated offices in the same Team (down to 0.74 kWh). These results are
testament to the huge potential the developed interventions have to positively affect user behaviour in office
buildings in a real-world setting where there are neither financial incentives for employees nor mandatory

personal responsibility for energy efficiency.

Email evaluation summary

Full JuControl access: 16% [l
/ recommendations:43%
Baseline: 100%

Avoided penalty: 84%

Fig. 6.1 Progression of energy efficiency with increasing exposure to interventions showing incremental improvement
in energy performance as derived from the results of testing Hypotheses H; and H, on Building B-05.

Eco-visualization and feedback have been used widely for engaging building occupants and facilitating
energy-related behaviour change. Similar to the interactive room in JuControl and its traffic light energy
rating system, Francisco et al. [158] tested occupant responses to a building information modeling-based
interface that colors zones based on energy consumption. Their results show that such representations lead
to improved user engagement, and the 2D version of the interface was more engaging for users than the
3D version due to its simplicity. Regarding the use of energy penalties instead of rewards, Jain, Taylor, and
Peschiera [87] suggests that rewards have more positive effects on users than penalties, although they only
tested the initial view the user has on logging into their interface (negatively or positively signed reward
points). Nevertheless, like in our case study, they find a positive correlation between interaction with their
digital platform and energy savings among the participants.
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Also, since JuControl provided more than mere visualization by including traffic-light-based energy
ratings, recommendations, and competition, the results agree with existing literature that indicate that
visualization alone does not produce behaviour change [26, 75, 159, 160]. For example, Peschiera, Taylor, and
Siegel [161] showed that no change in behaviour was noticed when occupants of a school dormitory merely
saw their energy consumption, as against those that had the consumption compared to either the building

or peer network average.

6.2.1 Impact on Indoor Air Quality

An analysis of the indoor air quality (IAQ) as represented by the CO, concentration shows that there were
no significant differences in the daily mean concentration of CO; in offices of Team T5 (i = 883 ppm) as
compared to offices of Team T6 (u =901 ppm) during the experiment period. Here, each data point is the
mean when the CO; concentration is grouped by datein each team 2. Since the two teams are drawn from
the same building, it is reasonable to assume that air infiltration rate differences in the offices cancel out
across the two teams. The same observation of comparable CO, concentrations holds for the activated vs.
non-activated offices in Team T3, where the test of Hypothesis H; -Test-2 also showed significantly better

performance for activated offices than for non-activated ones in the team.

In Team T1, a significant difference in mean is observed between the CO; concentration in activated
offices (u =905 ppm) and in non-activated offices (1 = 705 ppm) (p<.001) with a very large effect size (d=1.8).
Similar but less extreme difference is also observed for activated vs. non-activated offices in Team T5 with
medium effect size (activated: u = 954 ppm; non-activated: p =859 ppm, p=0.01, d=0.5).

In conclusion, although in some cases the indoor CO, concentration was statistically significantly higher
in experiment group than in its corresponding control group, these higher concentrations were still below
1000 ppm on average. With the new indoor air quality-based approach to ventilation evaluation implemented
in the new version of JuControl, the CO, concentrations in the test groups are expected to be lower in the

next experiment.

6.3 Effect of Automatic Heating Control

For the whole-building energy savings of nearly 18% realized in Building B-01 for the test year compared to
the reference year, previous work indicate similar results, where it has been noted that a significant portion
of energy wastage in buildings is due to unnecessary heating or cooling of unoccupied spaces [162, 163].
The analysis carried out by Meyers, Williams, and Matthews [163] estimates potential energy savings of
14-20% due to not heating unoccupied rooms in homes in the United States, and even further savings with
lowering of excessively high temperature setpoints. Becker et al. [164] investigated the energy savings from
simulated occupancy-based heating for several thousand households as compared to the real-world energy
consumption without a setback temperature. The results showed average energy savings of 9%, with about
11% and 5% of these households being able to save up to 15% and 20% respectively. Interestingly, the 5%
with the highest savings potential share similar characteristics with Building B-01 in our study; i.e. being old

and having rooms that are unoccupied for several hours a day. Furthermore, Iria et al. [77] report electricity

2 "Grouped by date" means that each data point is the average CO2 concentration across all offices in each team (e.g. T5 / T6) or
activation category (e.g. T5-activated / T5-non-activated) for each date of the experiment period. The alternate grouping was also
analysed, where each data point consists of the mean of all experiment dates for each office (a.k.a. grouped by office). In all cases,
"grouped by office" yielded non-significant differences in all comparisons, so the more varied "grouped by date" is presented.
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savings of 20%, and the review of Zhang et al. [165] estimates energy savings of 5-30% in commercial buildings,
due to occupant behaviour change. Additionally, Peng et al. [166] reports savings of 7-52% in cooling energy

in a commercial building by using machine-learning-based occupancy-driven cooling.

Since in Building B-01, the building envelope and energy systems remained the same during the baseline
and test periods, the savings can be attributed to more efficient use of the heating system and more efficient
building-occupant interactions. Specifically, from the energy signature comparison curve of Fig. 5.5, the

improved performance can be attributed to:

* schedule-based heating and lower setpoint temperatures as demonstrated in the energy penalty
analysis of the previous section, which reduces the balance point temperature by reducing the overall

thermal demand during office hours but especially during periods of absence, including at night.

* less wasteful ventilation as shown in the previous section, which reduces the overall building heat
loss coefficient accounted for by the slope term, f, in Eq. 3.15, as well as reduces the balance point

temperature, since the balance point temperature depends on the overall heat loss coefficient.

Note that these savings were achieved despite the fact that just 8 out of the 32 offices in Building B-01 were
JuControl-activated and hence had automatic setpoint temperature regulation, indicating more potential for

energy saving, from both the user and control perspectives.

6.3.1 Cost-Benefit Analysis for Instrumentation

For the pilot building, Building B-01, a total of 183 wireless sensors and valve actuators were installed in 38
spaces, costing € 23,330 in total (see Table 6.1). There were no KNX-protocol-based devices in the building.
The costs for the installation of sensors and actuators are not considered here, since after the development
of a sophisticated workflow for the preparation and installation of these devices, the time required for the
equipping further offices is minimal. If only the installation costs are compared with the reduced energy
costs due to energy savings which amount to 11.8 MWh, assuming the price for heat of € 0.1647/kWh (2022),
it would take 12.0 years to fully recover the investment. A few important remarks should be made here. First,
only 8 offices were JuControl-activated in the building, meaning that the heating controller managed only
these rooms with respect to dedicated user-specific schedules in the reporting period. In a best-case scenario
where all offices are activated and occupants specify schedules that are up to 90% in alignment with real
presence, the energy savings compared to an uninstrumented baseline would be expected to be above 30%.
In this case it would take at most 7.2 years to recover the investment. Indeed, after further consultation with
the works council and the data protection officer, in a future upgrade the automatic heating controller would
always be enabled, regardless of JuControl activation status. Apart from the energy savings, the installation
setup also provides occupants an insight into the indoor air quality and consequently ensures better air
quality on average.

As can be seen from the table Table 6.1, the Indoor Air Quality (IAQ) sensors, and sensors for window/door
states account for around 50% and 22% of the hardware costs respectively. In a minimal setup where the
detection of ventilation patterns is based on software sensors (e.g. based on temperature profile) and the IAQ
sensor could be replaced by an EnOcean-based temperature-only sensor (costing approximately € 50 instead
of €300) the payback period could be reduced to 4.5 years. When switching from EnOcean to LoRaWAN, the
IoT gateway and the transceivers could be replaced by a single, significantly cheaper LoRaWAN gateway and
the cabling costs would be eliminated. In such a case, the payback period could be decreased further. This

effect especially holds for smaller setups with a limited number of rooms like in the pilot building.
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Table 6.1 Installed device types and their associated purchase costs.

Device Type Unit Price Quantity Total Price
IoT Gateway €1,500 1 €1,500
EnOcean Transceiver €120 8 €960
Cabling of Transceivers €650 1 €650
TAQ multisensor €300 38 €11,400
Window handle €70 54 €3,780
Contact sensor €35 38 €1,330
Valve actuator €70 53 €3,710
Total €23,330

Regarding the estimated payback period of 4.5 to 12 years, Iria et al. [77] estimate 15 years of payback

period for electricity savings in a gamified application involving similar instrumentation, and 4-6 years if

commercialized. The reported energy savings was 20%.

Rotondo et al. [24] report says up to 30% savings in residential buildings in the United States via connected

thermostats.



Chapter 7

User Feedback and Critique of Methodology

This chapter first deals with the feedback of users during the project, which was obtained primarily through
Co-Design workshops during development and testing, and a user survey conducted after the main ex-
periment. Additionally, the methodology adopted in the work is critically analysed to identify potential
improvements, also considering user feedback. Finally, recommendations are provided based on the forego-

ing analysis.

7.1 Feedback from Co-Design Workshops

The development of the software and tools in the Energy Dashboard Suite followed a co-design strategy, in
which volunteers drawn from different departments of the campus contributed to the planning, design, and
review of features of these software (similar to [14]). Before these workshops, early access was granted to

participants prior to the main release of the Dashboard, and before new major features were made available.

The first co-design workshop, which focused on the evaluation of the first version of the Campus Viewer,
took place in February 2020 and involved about 25 participants. The second co-design workshop took place
about a year later in January 2021, where the implementation of the outcome of the first workshop was
reviewed. Concomitantly, the initial version of JuControl containing the visualization and control features
was presented in the same workshop and received feedback from participants. This initial version had
been developed solely according to the ideas of the author and project collaborators. A rough roadmap for
gamification in JuControl was also presented. About 20 employees participated. After the implementation of

gamification in JuControl, no further co-design workshop was carried out for JuControl.

7.2 Post-Experiment User Survey

A user survey was designed and implemented within JuControl after the experiment had ended, in which
participants were asked about their experience during the experiment. The goal of the questionnaire was
to gain insight into factors affecting the outcomes of the experiment from the users’ perspective, and to
identify areas of improvement. Thus, the results of the experiment discussed in the previous chapter can
be better explained when considering the additional information afforded by the survey. The start of the
survey was announced to all participants on June 20, 2023 via email, and feedback was received until October
16, 2023. Since the survey was directly implemented into JuControl, no "activation" was required to access

it. Additionally, on the JuControl interface, a popup regularly appeared, which could only be snoozed for 6
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hours. The survey garnered 113 responses, whose analysis is presented in the following subsections. The
questionnaire was designed to be dynamic — questions and/or options that were displayed to each participant
depended on the features enabled for the participant, and the response to one question determines the next
question to be displayed. Additionally, relevant images were included that served as memory and visual aids

to respondents. An example screenshot of a survey question is shown in Fig. 7.1.

LLeC JuControl User Survey & ‘ e

Section: JuControl
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Q3. Which pages do you remember visiting? —
NS
[J MyRroom

(O evaluation / amification

[J visualize Data \
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My Room

Q4. Which of the following pages did you visit the most?

QO MyRoom
(® Evaluation / Gamification

CHEREETEEE
EH= FETE AT

(O Vvisualize Data

5 i in?
Q5. What data were you most interested in? Visualize Data My Building

Please select all that apply
[J co; concentration
[ Humidity

[J room temperature

(O window state / Door state
[J Room setpoint temperature

[ energy rating (own room)

[ energy rating (other rooms in my team)

Next Question

Fig. 7.1 Screenshot of a survey page in JuControl showing pictorial memory-aids associated with the questions.

Explore Page —]

The results of the post-experiment user survey is presented in this section. The survey was carried out
between June 20 and October 16, 2023. In total, there were 113 respondents. However, since the questions
were programmed to be context-sensitive, meaning that subsequent questions depend on previous answers
and the features available to the respondent’s team, some questions were not shown to all 113 respondents if
a qualifying condition for displaying the question was not met. The distribution of respondents according to
team, categorized by experimental group, is shown in Fig 7.2. The highest number of respondents according
to team came from Teams T7 (n=13) and T8 (n=10), which belong to the same building in which faulty sensors

were discovered and thus evaluations disabled.

In terms of getting to know about JuControl, Fig. 7.3 shows that the most common response was that users
knew about it from colleagues (n=50), although there were several other information dissemination methods
attempted, including posters at the building entrance (see Fig. B.17 in Appendix B for a sample poster). In
terms of frequency of use of JuControl during the experiment period, out of 103 respondents, about half
visited only a few times throughout the experiment period (n=54), although more than a quarter (n=30)
visited JuControl several times per week, while 15% (n=15) never visited it and less than one-tenth (n=9)
visited it several times a day. Amongst those who visited JuControl at least once (n=88), "My Room" page (see
Fig. 4.2a) was the most visited (n=69), followed by the "Data Visualization" page (Fig. E.6 in Appendix E) that

shows plots of historical data (n=13). Very few respondents visited the Evaluation/Gamification page (n=6).
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Fig. 7.2 Survey response by team, also indicating the group to which the team belongs.

This suggests that placing basic evaluation results on "My Room" page would likely increase its visibility,
while detailed results can be reserved for the "Evaluation" page.

| have never heard about JuControI.

Poster at the Building Entrance

LLEC Workshop

JuControl Data Consent Email
Evaluation Summary Emails

Presentation

Colleagues

Other (please specify, if applicable)

10 20 30 40 50

o

Number of responses

Fig. 7.3 Survey response to "How did you know about JuControl?", showing that word-of-mouth information transmis-
sion was the most effective.

When asked about which data they were most interested in (Fig. 7.4), respondents mostly said room tem-
perature (n=38), which is probably because in winter season, thermal comfort is one of the most important
needs for building occupants. This was followed by energy rating of own room (n=22) and energy rating
of other rooms (n=10). The least common response was CO, concentration (n=3), which seems to imply
that indoor air quality was not a priority for most respondents. However, since the question allows selecting
only one option, it is likely that CO, concentration still mattered to the respondents, especially since most
respondents viewed "My Room" page most often, which does not show energy ratings at all but indoor air
quality parameters, setpoint temperature (available to respondents from Building B-01 and B-02 only), and
window / door state.
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CO, concentration

Room setpoint temperature

Window state / Door state

Energy rating (other rooms in my team)
Energy rating (own room)

Room temperature

Number of responses

Fig. 7.4 Survey response to "What data were you most interested in?", showing that room temperature was most
important to the respondents.

7.2.1 User Response to Evaluations and Recommendations

A number of questions in the survey dealt with user response to evaluations. Regarding evaluation summary
and recommendation emails (see Section 5.1.2), out of 85 respondents, two-thirds remembered receiving the
emails and read them at least once (n=64), while only one person received it but did not read it; the rest didn’t
recall receiving it or did not see the emails (only offices with evaluation or recommendation enabled according
to the experiment design had access to this question). Among those who recalled receiving the emails (n=65),
almost half (n=31) liked the idea and thought the emails were interesting, while more than one-fifth (n=14)
found them annoying and uninteresting. Eleven respondents were indifferent, while the remaining nine
found them annoying but interesting. Out of those who found the emails annoying (n=23), when asked about
the most annoying thing about the emails, the top response was that the data in the emails was erroneous
or inaccurate (n=9), followed closely by the emails being spam-like (n=8). Most of the respondents that
received the emails claimed nevertheless that the emails were quite or totally understandable (n=39), and
one-third said it was only a little understandable (n=22). In response to whether the emails affected their
behaviour in terms of window use and/or heating setpoint temperature, the majority said "No" (n=39), while
the remaining said "Yes" (n=24), which shows that the option of sending emails is effective to an extent. On
the general subject of energy ratings as a means of improving their personal behaviour with the assumption
that the ratings were "properly implemented", half of the respondents answered that it would only be "a
little" effective for them, while more than one-third (n=23) said "totally" effective or "to a large extent". Eight

answered in the negative.

In order to further test the respondents’ understanding of the evaluation penalties, occupants were asked
to select the option that reflected their understanding, as shown in Fig. 7.5a. The responses revealed, however,
that penalty values were mostly misunderstood (Fig. 7.5b), which implies that the claim of "erroneous or
inaccurate" values above was at least partly due to misunderstanding. One factor that possibly contributed
to the misunderstanding was the wording of the first version of the evaluation summary emails, shown in
Fig. B.15, which did not clarify that the given penalties were scaled to the size of the campus, although the
help files and contextual help buttons in JuControl explained the concepts. Indeed, when respondents were
asked in a follow-up question about what they felt about the comparison of their performance with that of
other offices in their team, the most common response was that they believed something was technically
wrong with the comparisons (n=29), while less than one-quarter said they were motivated to perform better
(n=15). One respondent stated they did not understand the comparison, while the rest selected "No thoughts
/ 1did not notice the comparison" (n=17). The implication for the User Experience design is that the most



7.3 Critique of Experiment Methodology 117

natural understanding of "energy rating"” among the target audience was energy consumption in own office,
unlike the penalty-scaled-to-campus-size approach that was used in this thesis. Hence, energy rating of own
office would have been a better way to present the evaluation results to users. Again, this underscores the
importance of user acceptance tests before deployment of such tools. In Chapter 8, lessons learned are

presented, including how to improve the User Experience in the developed tools.

The energy wasted in FZJ campus as a whole, if every office was similar to mine in behavior-

| did not understand the values at all .

| understood it to mean the total energy consumption of my office anne_

| understood it to mean to the energy wasted in my office alone

0 10 20 30

Number of responses

(a) Response to survey question

. 0,
62 Respondents: 100% Incorrect or not at all: 87% I Inconect: 7% I

Not at all: 10% =

Correct: 13% =

(b) Breakdown of survey response

Fig. 7.5 Respondents’ understanding of energy penalty values. (a) Survey response options and frequency of response.
(b) Breakdown of survey responses, showing that most respondents did not understand the meaning of the
energy penalties.

Finally, many improvements were suggested by the respondents in the free-text field following the above-
analysed questions. The most recurrent theme was about having more "meaningful”" penalty values, which
relates to the misunderstanding of penalty values discussed above. Other themes included fixing sensor and
software issues, having a real-world bonus system that rewards top performers, and performance comparison
against own office benchmark instead of against other offices. Additionally, the unavailability of German
translations for some parts of JuControl (especially the Evaluation / Gamification part) negatively affected

more than one-fifth of the respondents (21 out of 96).

7.3 Critique of Experiment Methodology

All through the planning and development phases of the project, up to and including the testing and feedback
rounds, several issues were identified that should be improved upon to achieve more effective systems and
better quality results. Some of the proposed solutions are already integrated in the system and would be
described in the following subsections.

7.3.1 Improved Publicity

The Energy Dashboard Suite would benefit immensely from better publicity, which potentially improves its

effectiveness in at least two ways: a lower psychological barrier-to-entry for the users, since the publicity



118 User Feedback and Critique of Methodology

already primes the user, thereby reducing the foreignness of the products; and, more understanding of the
Dashboard ecosystem, since the publicity also provides background and direct information that help reduce

the mental burden the users experience when interacting with the apps.

Already, within the scope of this work, several publicity campaigns were carried out, including dedicated
information workshops and Co-Design workshops. In addition to these, more avenues should be explored,
where the attention of employees of FZJ can be captured, including on the Intranet website, in public screens
like at the canteen, and in the internal newsletter. These avenues were discussed during the project, but were
not exploited so far.

On the development side of the apps, summary or overview pages should be created that are appropriate
for public screens. The corresponding API endpoints for such summary pages should be implemented, as
well as authentication models that are not person-based (e.g. non-Shibboleth authentication in the case of

the Campus Viewer / JuControl), since such display devices do not represent human users of the app.

Real-world reward tokens for improved publicity and engagement

In order to improve visibility and publicity, as well as user engagement, small physical tokens of reward can be
given to participants for feats accomplished across the Energy Dashboard suite. For example, JuControl tracks
"achievements" for teams and individuals related to e.g. low CO2 emissions, some of which are computed on
a weekly basis (in game-time). In JuControl also, streaks of energy savings could receive publicity and tokens

as rewards.

A referrer-based reward program can also be developed and integrated into the applications to further
enhance the social aspects of the apps and tools. Under such a program, users are provided means to
invite participants to the experiments. An exemplary means is via customized links that can be shared with
colleagues, which then identify the referrer when the invitee joins the system. This is standard practice in

referrer-based programs.

7.3.2 Improved Experiment Design

One of the possible flaws of the experiment design employed in the thesis was the method that was used
to divide some buildings into experiment groups, in which a set of contiguous rooms were assigned to one
group, and the next set of contiguous rooms were assigned to another group (for example, assigning top floor
to one group and bottom floor to another group). The flaw in this strategy lies in the fact that it is possible that
such a grouping could contain a latent confounding factor which correlates the contiguous rooms and makes
it difficult to compare the two groups. These factors include which institutes occupy the rooms (in practice,
institutes are usually collocated when multiple institutes share a building, and energy-related attitudes might
differ across institutes), and possible differences in building characteristics (e.g. offices in the top floors could
experience higher heat losses through the ceiling boundary). Naturally, when the experiment goals require
that user behaviour differences according to job description or educational background are investigated,
then this collocation approach suits perfectly. A better strategy in general could be to randomly assign the
rooms to different experiment groups, or a round-robin assignment, thereby cancelling out such unwanted
correlations. This method, nevertheless, has its own drawbacks, including increased risk of "cross-talk",
whereby information meant to be siloed in one experiment group leaks out into other groups, especially
given that the user survey results indicated that employee-to-employee communication contributed the
most to the spread of awareness about JuControl. In any case, the comparison between JuControl-activated
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offices and non-activated offices in this work was not susceptible to this office assignment bias, as it can be

considered close to random assignment.

Furthermore, the next experiment should be structured such that the most attention is paid to the most
important hypotheses to test, meaning that offices should be assigned to experiment groups redundantly
prioritizing the most important hypotheses. Likewise, the number of hypotheses or effects to be investigated
should be appropriate for the sample size to account for attrition of participants and possible data collection
issues. Again, testing should be carried out in the core of winter to allow simplification of the analysis, since
weather would then not be a significant confounding factor. Finally, a longer test period should be chosen,
allowing measurements to be taken before official experimentation begins, and after experimentation ends
(at least two weeks each of pre-experiment and post-experiment measurements, and at least 8 weeks of
the experiment itself). This enables analysis not just by comparing experimental groups, but by comparing
particular teams with their historical baseline performance and their performance after the "stimuli" is
removed. The latter can answer questions about the ability of the interventions to foster intrinsic motivation

in participants.

Finally, periodic surveys can be conducted during the experiment, consisting of short questions regarding
user experience difficulties followed possibly by quick fixes to improve the systems online. These surveys
could be presented to the user as dismissible prompts on the JuControl interface, without pestering users

with emails. This provides a more unobtrusive alternative to emails.

7.3.3 Improved In-App Monitoring and Measurements

The analysis in this work would have been easier if the level of interaction of users with the developed
tools was measured and stored by instrumenting certain aspects of the applications. The degree of possible
instrumentation can range from high-level interactions (page visits) to detailed interactions (click, hover,
and scroll interaction measurement). Importantly, the issues around user privacy and consent have to
be handled. For JuControl, an appropriate degree of instrumentation should ideally answer the following
user engagement questions, so that office evaluations can be better correlated with interactions with the

developed system.
* Which pages did the user visit, how often, and how much time did the user spend on each page?

* Which page views are most correlated (i.e. which pages are most likely to be viewed when the user is

on a particular page)?

* Which widgets did the user interact with (e.g. the setpoint temperature widget in JuControl’s control

panel) and how often?

¢ Which automated emails were read, and which links in the emails were followed by the user (the
recommendation emails for the experiment, for example, had links to JuControl for getting more

information about the recommendations)?

In order to correctly answer the above questions and avoid false positives, certain technical considerations
regarding the implementation should be borne in mind. In particular, logging HTTP requests is not a good
way to measure how much time the user spent on a JuControl page, since by design, JuControl makes frequent
HTTP requests to update its state, which also happens when the browser is running in the background. Rather,
mouse movements can be regarded as being indicative of (active) interaction with JuControl, and these

can be harvested through some throttling mechanism to avoid data explosion. Likewise, in order to track
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page-view correlation, page loads through bookmarks or directly via the browser navigation bar should be
differentiated from page loads triggered by clicking on links within a page. The latter kind of page loads can
then be stored with the page containing the clicked link as the source page, and the link’s target as the target

page.

7.3.4 Indoor Air Quality as Focus of Energy Evaluation Strategy

The approach used by Juracle to estimate the energy performance of offices uses a fixed set of criteria that
were selected to be reasonably applicable to multiple shapes and sizes of rooms. Particularly, the estimation
of ventilation efficiency in this work assumed a distinction between the efficiency of trickle ventilation
(windows tilted on bottom hinges) and shock ventilation (windows fully swung open on their vertical hinges).

This assumption was supported in the extant literature and in government campaigns in Germany.

However, from the simulation results of the reference models, the difference between the efficiency of
trickle ventilation and shock ventilation was not significant for the most common window configuration
(all windows on one outside wall). Rather, it seems that the aversion for trickle ventilation stems more from
the fact that usually people adopt this ventilation style for extended periods in practice, than that trickle
ventilation is inherently wasteful. In other words, the inefficiency relates rather to the duration of ventilation,
and not the ventilation style. Since trickle ventilation leads to slow heat losses, the heating system often is
able to compensate for the energy losses for long periods, luring the occupants to keep the windows open

since they feel no discomfort.

Furthermore, the current approach fails in maintaining good Indoor Air Quality (IAQ), especially when
there is a spike in occupancy in rooms with several occupants. In particular, higher ventilation rates by
occupants above the reference model assumptions are penalized by the current system. Indeed, this drawback

of the system also elicited negative responses from occupants during the experiment.

On the grounds of the foregoing discussion, the next version of Juracle would rather focus on the effect of
ventilation on indoor air quality, specifically measured by the CO, concentration in the room, irrespective
of how the ventilation was carried out. Here, energy wasted can then be estimated as a function of the
duration during which the CO, concentration stayed below a given predefined lower threshold due to
windows being open during the heating season, with the threshold indicating an expected healthy indoor
CO; concentration for a room with closed windows. The proposed approach, for which details have been
provided in Section 3.4.2, has the advantage of being more intuitive than the previous approach, in addition
to having the potential for higher acceptability amongst users, since it is more user-centric — the health of the

user’s working environment is now the focus.

7.3.5 Communication of Energy Evaluations to Users

In the communication of the energy ratings for offices and teams to users, many "numbers" were involved,
which was overwhelming for many users, especially those without a background related to energy. Besides
the evaluation values, ventilation duration was expressed as three additional numbers - trickle ventilation
minutes, shock ventilation minutes, and equivalent ventilation minutes. Indeed, previous studies show that
users find it difficult to comprehend direct numbers (energy rating in kWh, CO, emissions in tonnes, etc.)
(see e.g. the review of [167]). One mitigating strategy is to convert some of the numbers to graphics expressing

the same ideas (so-called eco-visualization) 85, 168], e.g. showing trees to represent CO, emissions, or some



7.3 Critique of Experiment Methodology 121

chosen home appliances to represent energy consumption. A supporting idea is to show only one or two

core numerical metrics, only revealing more numbers and details when the user explicitly requests them.

To add to the difficulties users experienced with numbers, the physical meaning of penalty values
was not clear to many users as evidenced in the user survey results of Section 7.2. Two main flaws in the
conceptualization of what numbers to display are responsible for this. Firstly, "penalties”" — the excess
consumption above an ideal demand — were displayed to the user as the energy evaluation of their room.
However, users expected the energy evaluation numbers to rather be related to the total consumption
of their offices. Therefore, for many users, zero penalties (in the correct interpretation) seemed to them
(erroneously) to mean that their offices consumed no energy. This led to email exchanges between the
author and some users, who were trying to understand the zero-demand rating of their offices. Secondly, the
displayed energy penalties for the office and team were scaled to the size of the campus, but was still shown
as being "associated" with the office/team, causing many users to believe that the penalty was indeed for
their office alone. For some knowledgeable users, this led to confusion since the values were significantly
higher than reasonable for a single office (the author wrote several emails and had at least one online video
call in response to this confusion, in order to clarify the meaning of the numbers). Many other knowledgeable
users just concluded that the values were wrong, indicating a broken evaluation system that was not worth

investing any more attention in.

In a future version of the system, the general concept of penalizing wastage will be retained (subject to
the revised methodology based on indoor air quality, as described in the preceding sub-section). However,
instead of directly displaying this penalty to users as a stand-alone value scaled to the size of the campus, the
displayed value should be the sum of the penalty and an estimate of the ideal consumption of the room in
order to represent the total demand of the office itself. The derivation of such an ideal (baseline) demand
estimate for the office would be relatively straightforward, since the reference model used to derive the
penalties already embodies this information (also expressible as Energy Use Intensity, i.e. in kWh/m?, and

thus easily scalable).

7.3.6 Software and Hardware Testing and Validation Strategy

Many of the bugs that hampered the effectiveness of the developed applications at various levels could have
been eliminated with better, more structured testing following software engineering best practices. It is more
difficult to test web-based applications than desktop applications due to the additional complexities of the
request-response cycle and the difficulty of testing the correctness of text-based HTML pages in response
to requests. Nevertheless, there are frameworks like Selenium that aid in this process, which should be

employed. Additionally, more backend tests can be performed to test and validate units of functionality.

Furthermore, the co-design strategy, in which volunteers gain early access to test new apps and features,
should be increasingly adopted. In the developmental stages of the Energy Dashboard Suite that underwent
testing by co-design participants, many bugs and user experience issues were discovered by the testers, and
these were fixed prior to the main deployment. However, for some later phases of development, the co-design

testing was skipped, resulting in poorer user acceptance overall than for the tested phases.

7.3.7 Performance of the Heating Controller

As already discussed in Section 5.1.5, there were issues with adequately heating Building B-01. The measures

taken to improve the situation include setting a higher temperature setpoint than indicated by the occupant,
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according to the average shortfall by the controller; increasing the pre-heating period; and increasing the
setback temperature, i.e. the fallback temperature when there are no occupants. Also, for particularly affected
rooms, the pre-heating period could be higher than for other rooms. Also, several on-site inspections were
carried out, especially to identify faulty sensors and actuators. These measures greatly reduced the comfort

violations.

Additionally and crucially, as at the time of writing this thesis, a monitoring system has now been
developed and integrated into JuControl, giving the responsible admins oversight of the performance of
the heating controller in the offices having JuControl-assisted heating (i.e. for Buildings B-01 and B-02).
The performance oversight provides both predictive diagnosis (based on current heating trend, but before
occupants arrive in the affected office) and current status reports. Additionally, automated emails describing
these faulty conditions are sent to admins in real-time, both for predicted comfort violations and for existing
violations. Screenshots of the heatmap graphs providing a quick visual cue as to current and past performance
of heating in the offices of Building B-01 are shown in Fig. 7.6 for different time periods. In the heatmaps, each
row represents an office in the building, and each column a one-hour time period. The red colour represents
an ongoing comfort violation (office is occupied at that time slot, but temperature setpoint is below target);
yellow represents an imminent comfort violation (the office will soon be occupied, but the rate of temperature
ramp-up does not seem sufficient to meet the target before the occupant arrives); and, green represents
either an unoccupied office, or a correctly heated occupied office. The grey cells are indeterminate, meaning
that there was not enough data to determine the status. In Fig. 7.6a, the status of the heating performance is
shown for Building B-01 as at when the monitoring system was initially deployed, covering the working week
of Oct. 30 to Nov. 3, 2023, while in Fig. 7.6b, the heating performance is shown for working week of Dec. 11 to
15, 2023. As can be seen, there were less violations in the latter period, and all indeterminate states (grey

cells) had been resolved by fixing or replacing faulty sensors and actuators before the end of the period.

In addition to the heatmap visualization, the monitoring system also features tables with detailed
information regarding the heating status, including current room temperature, the start time of current or
upcoming occupancy, the aggregated temperature preference of the current (if occupied) or next (if to be
occupied later) occupants, and statistics regarding the current state of the rooms in the building, amongst
others. Thus, the monitoring system enabled targeted resolution of the heating issues in real-time even
beyond the initial general resolution measures described in the previous paragraph, thereby minimizing

discomfort caused to occupants.
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Fig. 7.6 Heating performance heatmap for Building B-01 for two periods, showing improvement in heating performance
due to more accurate monitoring (Red: ongoing comfort violation, i.e. occupied office with below-target room
temperature; Yellow: predicted violation, i.e. probably future violation of comfort; Green: correctly-heated
occupied office, or unoccupied office; Gray: indeterminate due to missing data). In (a), the status of the building
at the initial deployment of monitoring system are shown (Oct. 30 to Nov. 3, 2023), and (b) is the status after
many of the pinpointed problem spots had been rectified a few weeks later (Dec. 11 to 15, 2023).






Chapter 8

Conclusion and Outlook

8.1 Conclusion

In this thesis, a set of software applications, tools, and methods targeting building occupants in public
buildings was developed, with the overall goal of improving the energy efficiency of the occupants’ behaviour
within the buildings. These user behaviour interventions were developed based on the concepts of eco-
visualization, control, gamification, and serious games, which have been shown in the literature to have a
positive effect on user behaviour in general. The set of software applications, collectively called the Energy
Dashboard Suite, include the Campus Viewer, which deals with visualization of energy consumption at the
building and campus level; JuControl, which visualizes the indoor conditions and energy systems at the
office level, facilitates automatic schedule-based heating, and provides gamification; Juracle, an engine for
evaluating the energy efficiency of occupant behaviour; and ALICE, a tool that supports semi-automatic

generation of interactive visualizations of occupant offices for embedding in JuControl.

These above applications were developed considering the three main research questions being addressed

by the thesis, which can be rephrased succinctly as follows:

Q1: What is a systematic methodology for developing fair occupant energy-related behaviour evalua-

tion system while taking into consideration occupant comfort and wellbeing?

Q2: Which gamification methodologies should be employed to enable occupants of public buildings,
who have no financial incentive to be energy efficient, be motivated to become energy efficient

without disrupting normal business functions?

Q3: How effective and efficient are such gamification-based interventions in terms of measurable

change in behaviour and / or energy efficiency?

To address Q1I, a novel framework and taxonomy for categorizing energy-related occupant behaviour eval-
uation methodologies was developed and characterized, called the Rule-Model-Measurement (RMM) frame-
work. The framework categorizes behaviour evaluation systems into rule-based, model-based, measurement-
based, or a mixture of these. Based on behaviour-analytic considerations, the development of the framework
demonstrated the link between energy-related behaviour evaluation systems and user behaviour modifi-
cation procedures, also called operant conditioning. Operant conditioning modes of reinforcement and
punishment were analysed vis-a-vis the characteristics of the behaviour evaluation system and the compati-

bility of these modes with energy-related performance feedback. The framework was conceptually applied to
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the setting of the current study, highlighting input/output requirements, modelling effort, and strengths and
weaknesses in specific use cases. For example, for an evaluation system that targets particular pre-defined
user actions, a rule-based system is more appropriate, since it can provide the intended type of feedback
even when the action has no immediate negative energy consequence. This contrasts with a model-based
system that only judges user actions based on their real energy footprint, even when those actions are energy
inefficient in the long term, but possibly efficient under niche conditions. As an illustration, consider an
occupant who leaves the office window open overnight in autumn and goes home. This is generally an energy
inefficient action, but during a warm autumn night where the heating is turned off, the energy impact might
be negligible from a modelling perspective, but as a rule could be equivalent to doing so on a cold autumn

night with the heating on.

On the other hand, the Energy Dashboard Suite implements the concepts of eco-visualization, control
(i.e. integration into Building Automation System), occupant behaviour evaluation, and gamification, thus
outlining the approach taken to address research question Q2. To deal with privacy, clear data privacy policies
were negotiated with the responsible bodies, in addition to carefully selecting the type and granularity of
instrumentation in other to achieve the thesis aims while not violating the agreed privacy policies. Further-
more, the implementation of the gamification software ensured seamless integration into the normal office
routine of building occupants. For example, user survey results show that many occupants used JuControl
CO3 concentrations to know monitor indoor air quality in their offices. Also, the integration of JuControl into
the Building Automation System ensured that JuControl became part of daily life in those buildings, since
occupant schedules in JuControl were used for heating the offices. In fact, informal interactions showed that

the pre-heating functionality was especially favoured by occupants.

In a seven-week experiment period from March to April 2023, the developed systems were holistically
tested in a real-world setting, using selected buildings of the campus of Forschungszentrum Jiilich to
investigate the effectiveness of the developed systems and methods. During the experiment, buildings were
divided into teams, with each team belonging to an experiment group with a predefined set of experimental
variables enabled. By the end of the experiment period, almost 2000 employees had accessed the Energy
Dashboard Suite at least once, and among the potential 870 employees who were part of the experiment by
design, about 50% of them accessed JuControl before or within the experiment period. Nearly one-fifth of
the potential 439 offices involved in the experiment were activated in JuControl by all occupants granting
consent to the data processing terms. Considering that many willing users could not access JuControl due
to the privacy policy, as discussed in Section 5.2, the level of engagement could even easily be higher. In
fact, the new privacy policy as at the time of writing does not restrict access to JuControl, but only to CO,

concentration when there is no consensus of consent, giving even more room for engagement.

The experiments demonstrated that the interventions had largely positive effects on occupant energy
efficiency as reflected in ventilation styles and setpoint temperature, especially where the level of engage-
ment with the developed systems was reasonably high. The mean daily energy penalties in the ventilation
intervention group was 65% lower than that of its control group (1.66 kWh vs 4.67 kWh), with even lower
penalties in the "activated" subgroup of the intervention group (0.74 kWh). In another test building that
considered both ventilation and setpoint temperature, activated offices had 56% lower daily mean energy
penalties than the control (1.91 kWh vs. 4.35 kWh), while in the pilot building, the energy penalties in the
activated offices was 40% less than that of its control group (1.61 kWh vs. 2.94 kWh). All these effects were
statistically significant and with large effect sizes. Furthermore, year-on-year thermal energy savings of about
18% (11.8 MWh) were realized in the pilot building where occupancy-driven heating was introduced. Accord-

ingly, a preference for shock ventilation was adopted above trickle ventilation in line with the goals of the
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interventions, demonstrated by the predominant use of trickle ventilation for offices in the control group, as
against the use of shock ventilation in the offices with interventions. Furthermore, the results demonstrated
superior energy efficiency in JuControl-activated offices compared to non-JuControl-activated offices as a
result of more efficient window ventilation styles in JuControl-activated offices than in non-activated offices.
These results reflect the potential that the developed system has to improve energy efficiency when used.
Nevertheless, an analysis of the use of the JuControl calendar for specifying planned presence indicates that
the occupants did not generally update their calendars to reflect their planned presence, with a tendency

towards overestimating scheduled presence in the office.

On the other hand, the level of engagement with the developed systems was shown through data and
surveys to be dependent on the user acceptance of the developed systems, especially as a function of the
perceived correctness of the behaviour evaluation results and the understandability of their presentation.
In addition to the seven-week experiment, the results of enabling occupant control of heating via presence
schedules and general sensitization in a pilot building showed that effective energy savings of 16.7% was
achieved in the building over a full year compared to the baseline case, which was reasonably demonstrated
to be as a result of the interventions.

Several issues were highlighted in the experiment methodology and the results analysis, and these are
presented as recommendations for future work in the next section, where applicable. Additionally, due to
the limited duration of the trial, the effect of the interventions on intrinsic motivation of the occupants to
act energy-efficiently for which a more longitudinal study and repeated tests are required, could not be
established.

8.2 Outlook

The work carried out in this thesis exposes ample opportunity for further research in user engagement and
behaviour motivation in the energy sector. The most significant of these are highlighted in this section, along

with implications for research and policy.

First, a longer experiment is planned to cover the entire 2024/25 winter season. The results of the
upcoming experiment can be subsequently be compared with data from the preceding year at the building
level, where no experiments were run for the same setup. By implication, the design of the experiment will

permit the investigation of building-wide energy savings due to interventions.

Secondly, indoor air quality (IAQ) will be the major driver for ventilation recommendations in future
versions of JuControl, without considering the window opening style (tilted or fully opened), where the goal
is to maintain a healthy indoor CO, concentration. This approach is expected to be more acceptable by users
since it is more occupant-focused. However, how the resulting energy demand compares with that of control

groups without intervention is yet to be seen.

Thirdly, a serious game called JuPower will be integrated into JuControl. The JuPower game story focuses
on making a virtual campus of Forschungszentrum Jiilich more energy efficient. The integration into could
be used as the primary eco-visualization for the occupants, showing the "greenness" of their respective
virtual campuses as a function of their real-world energy efficiency.

Finally, innovative integration of Large Language Models (LLMs) through Generative Pre-trained Trans-
formers (GPTs) are planned for JuControl, such that users can query their own data conversationally, as well

as request insights into their historical performance visualizations.
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Appendix A

Software and Hardware Details

This appendix provides more details on the implementation of the software, as well as the supporting
hardware framework consisting of necessary sensors, actuators, and hardware communication platforms is

presented.

A.1 Overall System Design

A.1.1 System Architecture

An architectural overview of the system developed in this thesis is depicted in Fig. A.1, showing the main
components of the overall system, their interrelationships, and the supporting databases that provide the

necessary data for occupant behaviour evaluation.

As shown in Fig. A.1, JuControl is at the heart of the system, interfacing with the user on the one hand,
and with other parts of the system on the other hand, including:

¢ Juracle, via the exchange of evaluation results via the Postgres database;

* ALICE, to retrieve room geometry data and images, and room energy system components and their
associated sensors and actuators;

e WALDO (a device management tool used in the LLEC project) to obtain metadata on installed sensors
and actuators.

Furthermore, JuControl reads sensor and actuator timeseries data from the CrateDB database, where the
timeseries data from room-level devices and gateways is stored using so-called adapter scripts that bridge the
data formats required by the different parts of the data capture system. The data capture system is described
in Section A.1.2 below. The devices which use the KNX hardware communication protocol are not stored in
the WALDO device book-keeping tool, but are included into JuControl via data files that contain the group

addresses of the devices. The user interacts directly not just with JuControl, but also with the Campus Viewer.

A.1.2 ICT Platform for Hardware and Data Capture

In this section, the ICT platform for hardware and the communication protocols that facilitate the capture of
the field-level sensor data used in the thesis are presented. For the research undertaken in this thesis, the
following data was available and utilized:
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| WALDO (device |
: ' bookkeeping)
Room geometry / Installed "ttt
device IDs EnOcean Installed EnOcean
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Postgres CrateDB vices_| Postgres

timeseries

Field-level sensors / actuators, Edge gateways, Adapter scripts

Fig. A.1 Overall system architecture of the Energy Dashboard Suite showing databases and high-level interaction
amongst components.

building-level energy demand data for heating and electricity;

indoor air quality and environmental data at room level, specifically indoor temperature, CO, concen-

tration, and relative humidity;

radiator setpoint temperature, local temperature around the radiator as measured by the radiator, and

valve position for offices in selected buildings;

passive infra-red presence sensor data for offices in selected buildings;

window and door status data; and

weather data, specifically ambient temperature and solar radiation.

A simplified diagram showing the hardware setup and communication protocols is given in Fig. A.2. More
details about the hardware setup are provided in Althaus et al. [169] and Redder et al. [146].

Building metering data is captured within a proprietary system developed by an external contractor
and managed by the Facility Management Department of FZ]. For research purposes, a custom plugin was
deployed by the external contractor to publish the metering data to an MQTT broker. The MQTT-to-InfluxDB
Adapter, which subscribes to the MQTT broker, was developed to transfer the metering data published on
the MQTT broker to the InfluxDB timeseries database. The metering data thus transferred include heating
and electrical power demand at the building level for most of the buildings in the FZ] campus, currently
at minute-wise resolution. A total of 153 buildings are thus metered and the data stored in the InfluxDB
database. Some of these buildings are divided into multiple wings that are either conjoined or separate, in
which case the metering is at the building wing level, bringing the total number of metered building wings to
326.
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Fig. A.2 Hardware architecture and communication protocols for the sensors and actuators used to gather data for the
thesis and to control devices.

At the room level, two major communication protocols are involved in the hardware setup, namely the
EnOcean wireless protocol, and the KNX-TP (i.e. KNX twisted pair) protocol. The EnOcean protocol is used
by the indoor environment sensors (room temperature, CO, concentration, and relative humidity), window
and door state sensors, and the cloud-controllable radiator valve available in two buildings, while the KNX-TP
protocol is used by the presence and luminosity sensors, as well as by the heating-related systems in buildings
in which the building management system (BMS) manages the heating. Some other protocols serve niche
purposes at this level, e.g. the CAN bus protocol. The manufacturers and models of the installed hardware
devices for room-level data capture as it relates to this thesis is provided in Table A.1. As at the time of writing
this thesis, about 12 buildings are equipped with these room-level sensors and / or actuators. (The full details

for the installations in these buildings are provided in Table 3.6 of Chapter 3, where the experiment setup for
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testing the developed systems is described.) Since JuControl deals with the room level, only these 12 building

are currently available in JuControl.

Table A.1 Installed hardware and their associated protocols for measuring data at the room level, for actuation, and for
communication. (Adapted from [169].)

Device Manufacturer Device Comm. Purpose
Type Model Protocols?
IoT Beckhoff CX5130 CAN bus, Collect data from multiple sources and
Gateway IpP transmit over IP to cloud
EnOcean Beckhoff KL6583 EnOcean, Receive and send EnOcean telegrams
Transceiver CAN bus
Air multi- Pressac 60.CO2 EnOcean Measure CO, conc., relative humidity, and
sensor SLR TMP temperature of room air

HUM.868
Window Thermokon SRGO02 EnOcean Measure window state (open/closed/tilted)
handle
Contact Eltako FTKB EnOcean Measure window / door state (open/closed)
sensor
Valve Micropelt MVA005 EnOcean Control radiator valve position; local heating
actuator controller; measure radiator temperature and

valve position

Presence MDT SCN- KNX Detect presence in room
sensor P360D3.03
Luminosity - - KNX Measure the luminosity in room
sensor

4 Communication protocols
b Internet Protocol

As already mentioned, most of the devices installed at the room level (except the presence detector,
luminosity sensor, and wall-mounted HMI for setpoint temperature) use the wireless EnOcean protocol
to send data to, and receive data from, EnOcean transceivers, which in turn communicate with the edge
device (IoT Gateway) via the CAN bus protocol. The IoT Gateway provides the connection to the cloud via the
Internet Protocol using the connection-oriented Transmission Control Protocol (TCP) or the connectionless
User Datagram Protocol (UDP). It transfers data to and from the cloud using another protocol built on top of
the IP/TCP protocol, called the Automated Device Specification (ADS) protocol. The Edge Adapter program
sitting in the cloud then transforms the ADS-encoded data into JSON and publishes it to the MQTT broker
on predefined MQTT topics. Another adapter program (the MQTT-to-CrateDB Adapter) listens for data on
the relevant topics on the MQTT broker and then writes the data to the CrateDB database.

A.2 JuControl System Architecture

The high-level architecture of JuControl is shown in Fig. A.3. The Privacy / Access Manager enforces user
access restrictions to building and room information, and to sensor data. The room geometry and sensor
information is in turn managed by the Building, Room, and Devices Manager. The Gamification manager
oversees the experiment setup and uses evaluation data from Juracle to provide gamification functionality

to the user. The Occupant Schedule & Comfort Preference Manager is responsible for sourcing occupant
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thermal preferences and their presence schedules via the JuControl calendar. It then supplies the aggregated
thermal preferences to the external heating controller via an API. In the following subsection, the coupling of
JuControl with the heating controller is discussed.

JuControl

Privacy / Access 2:7:%:?
From ALICE Manager To Heating
Occupant Schedule Presence Controller
: schedule &
Room & devices | o Ean [ occupant —
oom evices .
metadata ' e Preference Manager preferences
r Building, !
Room & Devices ' JuPO\ger
Manager g game data
d Ginmlflcatlon <«— & behaviour—»
anager evaluation
results
To JuPower

Databases

API = Application Programming Interface ¢ HTTP = Hypertext Transfer Protocol

Fig. A.3 JuControl system architecture showing the main components.

A.3 Dealing with User Privacy and Data Security

As discussed in Chapters 1 and 2, the issue of privacy requires special consideration in a research work such
as this. Consequently, several design decisions are based on considerations for privacy preservation, in
addition to factoring in legal and policy limitations.

A.3.1 Legal and Policy Compliance

In collaboration with the data privacy officer for Forschungszentrum Jiilich and the Works Council (Betriebsrat
in German), the policy-related compliance issues were ironed out. In particular, the following measures were
taken in this thesis (and all related research activities) to meet the data privacy requirements as agreed with

the relevant stakeholders.

¢ Data privacy course All the developers having access to one or more project databases completed a
data privacy course.

¢ Data agreement by users In JuControl, where data that can be used to indirectly track user activities is
available, a data agreement form has to be consented to by all the occupants of the room before the

information is shown to any of the room’s occupants.

¢ Data for research For research purposes, measurement data can be processed anonymously indepen-
dent of the user data consent in JuControl.
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A.3.2 Data Isolation Measures

One of the requirements for privacy policy compliance in this work is that data should only be accessed by
authorised persons. The implication of this is that users should only see their own data. This was particularly
of importance to the Works Council, and such special data isolation schemes were developed in this thesis to
fulfil this policy requirement.

First, in the context of competitions and comparisons of office performance, since these performance
metrics are considered private to the offices to which they apply, the scheme shown in Fig. A.4 was developed.
In this scheme, actual office performance data is only visible to the occupants of the office, who are required
to all agree to the data access before room-related data is shown to any occupant. As mentioned previously,
the gamification aspect of JuControl necessitated the formation of teams comprising multiple offices per
team (described in detail in Chapter 3). At the team level, the ratings of other offices are ranked and shown to
members of a team anonymously, so that the user knows only the identify of their own office in the ranking
(see Fig. 4.5b). Above the team level, only team-related performance is shown to members of other teams.
The membership of offices to teams is also protected, such that each team’s members only know the offices
within their own team (both JuControl-activated and non-activated offices). Additionally, a statistically
significant number of offices are assigned to each team (between 20 and 44 offices per team), so that the
identity of the offices that contribute to the team statistics cannot be retroactively derived from the statistics,
thus preserving privacy.

Office 1

&
([{[[Fon=2 ]

‘[HHH Office N ‘ Office K

|

Only occupants of an
office can see the rating of
the office

Only members of a team
can see (anonymous)
stats about team

Anonymous Anonymous
statistics statistics

Teams can see the overall

ratings of other teams, but

not the ratings of offices in
other teams

Leaderboard

Campus-wide ranking
based on team ratings

Fig. A.4 Proof-of-concept depiction of privacy-compliant strategy for displaying and comparing behaviour evaluation
ratings at the office, team, and campus levels.

Secondly, a scheme was developed to track the official allocation of staff to offices such that relocation of
staff is accounted for automatically. A script runs periodically on the JuControl server to check for changes in
office allocation in the centrally managed facility allocation database of FZ], and when changes occur that
add new occupants to an office, JuControl is deactivated for the office automatically and the new occupants
are presented with the data access agreement form. Each data consent that is granted by an occupant is

stored for the office for which the user granted it, so that when the occupant moves to a new office, they need
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to grant consent for the new office separately. Furthermore, the new occupants, on consenting to the data
agreement, can only view historical room data which begins at the time-point at which they joined the office.
In this scheme also, when an occupant relocates away from an office, they lose access to the data of the office
from which they left.

A.3.3 Authentication and Data Access

In order to reduce the risk of data leaks and security compromises, an early decision in the development of the
Energy Dashboard suite was to "outsource" authentication by using the Shibboleth federated authentication
system [170] managed by the IT services department of the campus. By this token, users are not required
to input their passwords at any point in any app in the Suite, and the burden of password encryption
and management is totally avoided. It also serves to reduce scepticism about the trustworthiness of the
development team to manage such sensitive information, since some users would probably share the same

passwords across many sensitive applications.

Furthermore, besides human users of the Energy Dashboard Suite, other systems ("clients") also consume
data from the applications ("servers") via Application Programming Interface (API) endpoints. Specific
instances of such API data consumption include:

* The Campus Viewer supplies building and room location information, via an API endpoint, to an
"external" book-keeping tool (called WALDO). WALDO manages the wireless sensors and actuators
installed within the wider LLEC project. The Campus Viewer also provides the same information to

ALICE in a similar manner.

¢ The cloud-based room heating controller available in some buildings pulls presence and comfort

preference data from a JuControl API endpoint.

Access to these API endpoints is validated using short-lived access tokens that are provided to the API

clients when they are successfully authenticated by the respective API server.






Appendix B

User Notifications and User Survey

Questionnaire

This appendix presents the full results of the post-experiment user survey, followed by samples of the com-

munication sent automatically via email to the participants as evaluation summary and as recommendation.

B.1 User Survey Questionnaire

The questions asked in the post-experiment user survey are shown below, along with the options and
frequency of responses. The sub-texts accompanying the questions and the visual aids are omitted, and some
question and option texts have been edited to shorten them for presentation below or to remove unnecessary
details. In total, 113 respondents completed the survey.

Q1. How did you know about JuControl? Please select all that apply.

| have never heard about JuControI.

Evaluation Summary Emails

JuControl Data Consent Email

Poster at the Building Entrance

Presentation

LLEC Workshop

Colleagues

Other (please specify, if applicable)

o

10 20 30 40 50
Number of responses

Fig. B.1 Response to survey question Q1
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Q2. How often did you visit JuControl in general during the evaluation period (March to April 2023)?

Never

Only a few times in total

Several times per day

Several times per week

0 10 20 30 40
Number of responses

Fig. B.2 Response to survey question Q2

Q3. Which pages do you remember visiting? Please select all that apply.

My Room

Evaluation / Gamification

My Building

Explore

Number of responses

Fig. B.3 Response to survey question Q3

Q4. Which of the following pages did you visit the most?

My Room

Evaluation / Gamification

Visualize Data

o

20 40
Number of responses

Fig. B.4 Response to survey question Q4
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Q5. What data were you most interested in?

CO, concentration-
Humidity
Window state / Door state_
Room setpoint temperature-
Energy rating (own room)_
]

Energy rating (other rooms in my team)

0 10 20 30 40
Number of responses

Fig. B.5 Response to survey question Q5

Q6. Did you receive any automated emails with subject similar to any of the following?

Yes, and | read at least one of the emails_
Yes, but | did not read any of themI
No, | did not receive any such emails-
Can't remember-

0 20 40 60
Number of responses

Fig. B.6 Response to survey question Q6

Q7. If yes to the above question, which of the following sums up your general reaction to the automated

emails?

| found them annoying and uninteresting_

They were annoying but interesting

| liked the idea and | thought they were interesting

0 10 20 30
Number of responses

Fig. B.7 Response to survey question Q7
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Q8. What annoyed you the most about the automated emails?

| personally didn't care about them

| thought they were generally unnecessary|
They were repetitive (like spam emails)
They were not easy to understand

They were erroneous or inaccurate

Other reason (please fill in)
4 6 8

o
N

Number of responses

Fig. B.8 Response to survey question Q8

Q9. Were the automated emails understandable to you?

No, not at all-
Totally understandable

0 5 10 15 20 25 30

Quite understandable

Number of responses

Fig. B.9 Response to survey question Q9

Q10. Did they affect your behaviour with regards to window use / heater setpoint temperature?

e——————
0 10 20 30 40

Number of responses

Fig. B.10 Response to survey question Q10

Q11. Do you have any suggestions for improvement, or issues you encountered?

Free-text responses.
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Q12. Which of the following options most accurately describes your understanding of the energy values

shown on the Evaluation page, or as mentioned in the Evaluation Summary email?

| understood it to mean the total energy!
consumption of my office alone

| understood it to mean to the energy wasted|
in my office alone

The total energy consumption of the whole FZJ campus
if every office was similar to mine in behavior

The energy wasted in FZJ campus as a whole,
if every office was similar to mine in behavior

| did not understand the values at all

o
-
o

20 30

Number of responses

Fig. B.11 Response to survey question Q12

Q13. What did you feel about the performance (rating) of your office compared to other offices in your

team?

No thoughts / | did not notice the comparison

| did not understand itI

| was motivated to perform better or | wanted my team to perform better|

| felt that something was technically wrong with the comparison

o

10 20 30
Number of responses

Fig. B.12 Response to survey question Q13

Q14. Do you believe that such energy rating (if properly implemented) can lead to more energy-efficient
behaviour for you personally?

No, not all all
A little
To a large extent

Totally,

Number of responses

Fig. B.13 Response to survey question Q14

Q15. What was confusing / needed improvement about the energy evaluation (optional)?

Free-text responses.
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Q22. Did the unavailability of the German translation of some parts of JuControl negatively affect your

use and/or understanding of the app?

Absolutely, it is a deal-breaker.

To a large extent, but manageable-
Somewhat, but not a big deal_

0 10 20 30 40 50

Number of responses

Fig. B.14 Response to survey question Q22

Q23. Final comments

Free-text responses.
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B.2 Evaluation Summary and Recommendation Email Samples

Examples of the English version automatic emails sent to the users are shown below: weekly evaluation sum-

mary email (Fig. B.15), and recommendation email after exceeding the ideal ventilation duration (Fig. B.16).

JuControl Week 3 (27.03.2023 - 31.03.2023): Zusammenfassung Energiebewertung der Woche // Week Energy Evalua...

| @ | © Reply | € Reply Al | = Forwerd | |-
To © Ubachukwu, Eziama Wed 19/04/2023 2218

Dear JuControl User,

The daily average energy evaluation for your office (Building [ BBl ) for JuControl Evaluation Week 3 (from
March 27, 2023 to March 31, 2023), is

. 6,153.00 kWh

which is a measure of the excess energy consumed per day on average due to non-ideal occupant interactions with the
energy system for the above week.

Your office ranks #28 out of 39 offices in your team.
Compared to the previous week's evaluation (from March 20, 2023 to March 24, 2023), this is an increase of 11%.

Your team, Team [l has an average evaluation of @ 2,005.00 kWh for the week. Compared to the last evaluation
for your team, this is a decrease of 26%.

Fig. B.15 English version of evaluation summary email. A newer version clarifies that the given energy penalty was w.r.t.
the entire campus, not just the user’s office.

2023-04-19 JuControl: Energie-Empfehlung (Llftung) // Energy Recommendation (Ventilation)
@ | ©3 Reply | % ReplyAll | —> Forward | | =*»
|
@ To © Ubachukwu, Eziama Wed 19/04/2023 22:04
Dear JuControl User,

The recommended duration for ventilation has been exceeded in your office (Building | NNENENEE)- The
recommended duration is 20 minutes of shock ventilation.

The total "equivalent” ventilation duration for your office so far is 429.0 minutes (429.0 minute(s) of shock ventilation
and 0.0 minute(s) of trickle ventilation.

Note that this value takes into "trickle ventilation minutes" are counted as equivalent to 2 minutes of shock ventilation
for each minute of trickle ventilation, in order to discourage the less energy-efficient trickle ventilation.

Consider opening all the windows fully at once for a few minutes, in order to minimize energy wastage while ensuring
maximum refreshing of the room air.

This evaluation is suspended when the outside temperature is greater than 15 °C. You can view details in JuControl:
https://energydashboard.fz-juelich.de/jucontrol/gamification/

Fig. B.16 English version of an example recommendation email in response to the ideal ventilation duration being
exceeded.
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B.3 Deployment poster

A sample deployment poster for a building with both JuControl and a serious game’s features available is

shown in Fig. B.17.
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NOW AVAILABLE: MANAGE ENERGY

CONSUMPTION IN YOUR OFFICE

As part of the LLEC Energy Dashboard, you can now manage the
energy consumptionin your office through JuControl.

\

https://energydashboard.fz-juelich.de/jucontrol/

FEATURES

: Set up your room heating View energy ratings for your
) preference automatically room and team
4 View data for your room (CO,, 1— Compete with other teams and
ol temperature, etc.) ’— getranked
Get automatic feedback and 7 Design an energy system for
recommendations FZJ with JuPower game

ALSO AVAILAELE FOR YOUR BUILDING

YJUPOWQ" JuPower is a game where you compete to design an

DESIG OMPETE + EVALUATE

inowerfrivelich.de  €Nergy system with minimal CO, footprints for the FZJ.

Contact us: energydashboard@fz-juelich.de

Some icons from Fiaticon.com

Fig. B.17 An example of a deployment poster.






Appendix C

Additional Result Plots

In this appendix, additional result plots are presented for each team with valid results, specifically Teams T1,
T2, T3, T4, T5, T6, T9, T10, T12, T13 and T14. For each team, two plots are presented. First is the composite
penalty plot showing daily penalties for JuControl-activated, non-JuControl-activated, and all offices in the
team, in addition to the number of offices in each activation group. The second is the breakdown of penalties

for these evaluated teams in terms of setpoint deviation (for teams with Setpoint Temperature Evaluation
enabled) and ventilation duration.
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C.1 Result Plots for Team T1
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Fig. C.1 Composite plots for Team T1 showing evaluation penalty (line chart, top) and number of offices (bar chart,
bottom), categorized by JuControl activation for offices in the team: (a) JuControl-activated offices, (b) non—
JuControl-activated offices, and (c) all offices. Each evaluation penalty plot (top) is divided into horizontal
strips corresponding to the traffic light rating of the penalty values, and important dates are marked by vertical
lines. Each office-count plot (bottom) shows the number of offices in the respective JuControl-activation
category as a composite bar chart, where each bar depicts the proportion of occupied/unoccupied offices for
each day of the experiment period.
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Fig. C.2 Factors contributing to penalty of Team T1 for (a) JuControl-activated and (b) non-JuControl-activated offices.
The bar charts show the average setpoint deviation and average equivalent ventilation duration (primary
y-axis). The line chart (secondary y-axis) shows the average penalty.
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Additional Result Plots

C.2 Result Plots for Team T2
Evaluation line plot: —e— penalty Green rating zone Amber rating zone Red rating zone
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Fig. C.3 Composite plots for Team T2 showing evaluation penalty (line chart, top) and number of offices (bar chart,

bottom), categorized by JuControl activation for offices in the team: (a) JuControl-activated offices, (b) non—
JuControl-activated offices, and (c) all offices. Each evaluation penalty plot (top) is divided into horizontal
strips corresponding to the traffic light rating of the penalty values, and important dates are marked by vertical
lines. Each office-count plot (bottom) shows the number of offices in the respective JuControl-activation
category as a composite bar chart, where each bar depicts the proportion of occupied/unoccupied offices for
each day of the experiment period.
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Fig. C.4 Factors contributing to penalty of Team T2 for (a) JuControl-activated and (b) non-JuControl-activated offices.
The bar charts show the average setpoint deviation and average equivalent ventilation duration (primary
y-axis). The line chart (secondary y-axis) shows the average penalty.
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C.3 Result Plots for Team T3
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Fig. C.5 Composite plots for Team T3 showing evaluation penalty (line chart, top) and number of offices (bar chart,
bottom), categorized by JuControl activation for offices in the team: (a) JuControl-activated offices, (b) non—
JuControl-activated offices, and (c) all offices. Each evaluation penalty plot (top) is divided into horizontal
strips corresponding to the traffic light rating of the penalty values, and important dates are marked by vertical
lines. Each office-count plot (bottom) shows the number of offices in the respective JuControl-activation
category as a composite bar chart, where each bar depicts the proportion of occupied/unoccupied offices for
each day of the experiment period.
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Fig. C.6 Factors contributing to penalty of Team T3 for (a) JuControl-activated and (b) non-JuControl-activated offices.
The bar charts show the average setpoint deviation and average equivalent ventilation duration (primary
y-axis). The line chart (secondary y-axis) shows the average penalty.
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C.4 Result Plots for Team T4
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Fig. C.7 Composite plots for Team T4 showing evaluation penalty (line chart, top) and number of offices (bar chart,
bottom), categorized by JuControl activation for offices in the team: (a) JuControl-activated offices, (b) non—
JuControl-activated offices, and (c) all offices. Each evaluation penalty plot (top) is divided into horizontal
strips corresponding to the traffic light rating of the penalty values, and important dates are marked by vertical
lines. Each office-count plot (bottom) shows the number of offices in the respective JuControl-activation
category as a composite bar chart, where each bar depicts the proportion of occupied/unoccupied offices for
each day of the experiment period.
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Fig. C.8 Factors contributing to penalty of Team T4 for (a) JuControl-activated and (b) non-JuControl-activated offices.
The bar charts show the average setpoint deviation and average equivalent ventilation duration (primary
y-axis). The line chart (secondary y-axis) shows the average penalty.
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C.5 Result Plots for Team T5

Evaluation line plot: —e— penalty Green rating zone Amber rating zone Red rating zone

Occupancy bar chart: Unoccupied [ Occupied
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Fig. C.9 Composite plots for Team T5 showing evaluation penalty (line chart, top) and number of offices (bar chart,
bottom), categorized by JuControl activation for offices in the team: (a) JuControl-activated offices, (b) non—
JuControl-activated offices, and (c) all offices. Each evaluation penalty plot (top) is divided into horizontal
strips corresponding to the traffic light rating of the penalty values, and important dates are marked by vertical
lines. Each office-count plot (bottom) shows the number of offices in the respective JuControl-activation
category as a composite bar chart, where each bar depicts the proportion of occupied/unoccupied offices for
each day of the experiment period.
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Fig. C.10 Factors contributing to penalty of Team T5 for (a) JuControl-activated and (b) non-JuControl-activated offices.
The bar charts show the average setpoint deviation and average equivalent ventilation duration (primary
y-axis). The line chart (secondary y-axis) shows the average penalty.
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Fig. C.11 Composite plots for Team T6 showing evaluation penalty (line chart, top) and number of offices (bar chart,

bottom), categorized by JuControl activation for offices in the team: (a) JuControl-activated offices, (b) non-
JuControl-activated offices, and (c) all offices. Each evaluation penalty plot (top) is divided into horizontal
strips corresponding to the traffic light rating of the penalty values, and important dates are marked by vertical
lines. Each office-count plot (bottom) shows the number of offices in the respective JuControl-activation
category as a composite bar chart, where each bar depicts the proportion of occupied/unoccupied offices for
each day of the experiment period.
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Fig. C.12 Factors contributing to penalty of Team T6 for (a) JuControl-activated and (b) non-JuControl-activated offices.
The bar charts show the average setpoint deviation and average equivalent ventilation duration (primary
y-axis). The line chart (secondary y-axis) shows the average penalty.
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C.7 Result Plots for Team T9

Evaluation line plot: —e— penalty Green rating zone Amber rating zone Red rating zone
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Fig. C.13 Composite plots for Team T9 showing evaluation penalty (line chart, top) and number of offices (bar chart,
bottom), categorized by JuControl activation for offices in the team: (a) JuControl-activated offices, (b) non-
JuControl-activated offices, and (c) all offices. Each evaluation penalty plot (top) is divided into horizontal
strips corresponding to the traffic light rating of the penalty values, and important dates are marked by vertical
lines. Each office-count plot (bottom) shows the number of offices in the respective JuControl-activation
category as a composite bar chart, where each bar depicts the proportion of occupied/unoccupied offices for
each day of the experiment period.
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Fig. C.14 Factors contributing to penalty of Team T9 for (a) JuControl-activated and (b) non-JuControl-activated offices.
The bar charts show the average setpoint deviation and average equivalent ventilation duration (primary
y-axis). The line chart (secondary y-axis) shows the average penalty.
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C.8 Result Plots for Team T10
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Fig. C.15 Composite plots for Team T10 showing evaluation penalty (line chart, top) and number of offices (bar chart,
bottom), categorized by JuControl activation for offices in the team: (a) JuControl-activated offices, (b) non-
JuControl-activated offices, and (c) all offices. Each evaluation penalty plot (top) is divided into horizontal
strips corresponding to the traffic light rating of the penalty values, and important dates are marked by vertical
lines. Each office-count plot (bottom) shows the number of offices in the respective JuControl-activation
category as a composite bar chart, where each bar depicts the proportion of occupied/unoccupied offices for
each day of the experiment period.
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Fig. C.16 Factors contributing to penalty of Team T10 for (a) JuControl-activated and (b) non-JuControl-activated
offices. The bar charts show the average setpoint deviation and average equivalent ventilation duration
(primary y-axis). The line chart (secondary y-axis) shows the average penalty.
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C.9 Result Plots for Team T12
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Fig. C.17 Composite plots for Team T12 showing evaluation penalty (line chart, top) and number of offices (bar chart,
bottom), categorized by JuControl activation for offices in the team: (a) JuControl-activated offices, (b) non-
JuControl-activated offices, and (c) all offices. Each evaluation penalty plot (top) is divided into horizontal
strips corresponding to the traffic light rating of the penalty values, and important dates are marked by vertical
lines. Each office-count plot (bottom) shows the number of offices in the respective JuControl-activation
category as a composite bar chart, where each bar depicts the proportion of occupied/unoccupied offices for
each day of the experiment period.
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Fig. C.18 Factors contributing to penalty of Team T12 for (a) JuControl-activated and (b) non-JuControl-activated
offices. The bar charts show the average setpoint deviation and average equivalent ventilation duration
(primary y-axis). The line chart (secondary y-axis) shows the average penalty.
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C.10 Result Plots for Team T13
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Fig. C.19 Composite plots for Team T13 showing evaluation penalty (line chart, top) and number of offices (bar chart,
bottom), categorized by JuControl activation for offices in the team: (a) JuControl-activated offices, (b) non-
JuControl-activated offices, and (c) all offices. Each evaluation penalty plot (top) is divided into horizontal
strips corresponding to the traffic light rating of the penalty values, and important dates are marked by vertical
lines. Each office-count plot (bottom) shows the number of offices in the respective JuControl-activation
category as a composite bar chart, where each bar depicts the proportion of occupied/unoccupied offices for
each day of the experiment period.
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Fig. C.20 Factors contributing to penalty of Team T13 for (a) JuControl-activated and (b) non-JuControl-activated
offices. The bar charts show the average setpoint deviation and average equivalent ventilation duration
(primary y-axis). The line chart (secondary y-axis) shows the average penalty.
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C.11 Result Plots for Team T14
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Fig. C.21 Composite plots for Team T14 showing evaluation penalty (line chart, top) and number of offices (bar chart,
bottom), categorized by JuControl activation for offices in the team: (a) JuControl-activated offices, (b) non-
JuControl-activated offices, and (c) all offices. Each evaluation penalty plot (top) is divided into horizontal
strips corresponding to the traffic light rating of the penalty values, and important dates are marked by vertical
lines. Each office-count plot (bottom) shows the number of offices in the respective JuControl-activation
category as a composite bar chart, where each bar depicts the proportion of occupied/unoccupied offices for
each day of the experiment period.
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Fig. C.22 Factors contributing to penalty of Team T14 for (a) JuControl-activated and (b) non-JuControl-activated
offices. The bar charts show the average setpoint deviation and average equivalent ventilation duration
(primary y-axis). The line chart (secondary y-axis) shows the average penalty.






Appendix D

Reference Model Derivation Details

This appendix presents some details regarding the development of the model of the reference room. Specif-
ically, it shows the model schema of the reference room and window model, and the weather clusters

determined as input for the simulation of the reference room.

D.1 Modelica Model Diagrams

The schema of the Modelica model of the reference room as depicted in Dymola is shown in Fig. D.1 below,
while the Dymola representation of the implemented empirical window ventilation model based on Richter
etal. [150] is shown in Fig. D.2.
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Fig. D.1 Schematic representation of the Modelica model of the reference room.
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D.2 Weather Clustering

The full output of the weather clustering that formed an input into the simulation of the reference room is

presented in Fig. D.3.
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Appendix E

Screenshots of the Energy Dashboard Suite
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Screenshots of the Energy Dashboard Suite
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Fig. E.3 Campus Viewer building demand comparison page.
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Fig. E.5 JuControl "My Room" page.
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E.3 Screenshots of Juracle Results in JuControl
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Fig. E.9 JuControl gamification page showing ranking of offices in a team.
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E.4 ALICE Screenshots
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Fig. E.10 ALICE Editor page showing real-time validation of input and real-time visualization.
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Fig. E.11 ALICE device linking page.
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