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Figure 1. Whole life greenhouse gas emissions, constituted by manufacturing of construction materials
and building services, construction process, building operation, and demolition including reuse or
recycling of materials (left). The different ambition levels, referring to NS-EN 15978 (right).

The ZEB Laboratory is a full-scale office building with a ZEB-COM ambition, searching a high
degree of flexibility and where components and technical systems can be modified for research
purposes. The ZEB Laboratory is being built with "tomorrow's" technology. Project delivery of
a living laboratory with a ZEB standard is not an easy task and selecting the project’s delivery
method is an imperative client decision. The delivery method defines the roles and
responsibilities of all project participants, how to finance the project, and it sets the framework
for the delivery. The ZEB Laboratory is a complex project with ambitions to deliver in areas
beyond time, cost and quality, a new type of project delivery method is needed. Three methods;
Design-Bid-Build, Design-Build, and a collaborative form of project delivery method were
considered.
The implementation of the ZEB method in a partnering contract as a project delivery model has
been developed. This paper describes and elaborate the development of the project delivery and
design process for ZEB Laboratory seen by the client. The ZEB Laboratory design and
procurement process has given valuable insight and experience into the use of partnering and
collaborative elements for planning and production of ZEB buildings.
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The building sector is responsible for approximately 40 % of the energy consumption and
carbon emissions worldwide. Buildings of the future will have to comply not only with stricter
energy regulations, but they will also have to face changing climate challenges. To increase the
level of interdisciplinary knowledge and to develop and test innovative technology with users,
new types of adaptive research facilities are needed. The development of the ZEB Laboratory
replies to this need. Developing the building as a research tool has made us focus on 1) a flexible
laboratory for tomorrow building design research and 2) making the building itself a climate
adapted zero emission building. The laboratory building is realised according to the Norwegian
ZEB-COM ambition. To find the optimum combination matching the zero emission building’s
properties with local renewable energy sources and grid, the building laboratory is prepared
with BIPV, a twin heat pump system and a heat storage tank based on PCM material. Grid
integration makes it possible to implement experiments on the interface between buildings
(ZEBs) and the grids, especially smart power grids but also district heating and cooling grids.
The building is facilitated to explore ventilation systems together with monitoring of user
satisfaction and energy use. The laboratory is constructed with different principles for air
handling that can be operated separately and in parallel. Monitoring and control are made
available on a common platform.
The ZEB Laboratory gives the possibility for the development and testing of new methods for
user centred design of zero emission building technologies and user interfaces of building
technologies in general (end users).
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Recent technological developments in air sensors have enabled a proliferation of indoor air and
environmental quality monitoring tools. The COVID-19 pandemic has raised awareness of the
importance of indoor air quality and motivated an interest in such tools. The researchers were
brought on as consultants to help with the development of an air quality monitoring system for
commercial buildings that collects and visualizes data on a variety of parameters, including
temperature, humidity, light, CO2, PM2.5, and VOCs. The data are displayed to facilities staff
through a website that enables a more proactive approach to maintaining comfortable and
healthy indoor environmental quality (IEQ) for occupants. Building occupants can access some
of this information through a web app, which also allows them to report IEQ problems to
facilities staff and provides suggestions for how to adapt to indoor conditions they find
uncomfortable but are within acceptable standards.
This research, which informed the design of the occupant web app, sought to identify best
practices for the user interface design of tools that provide commercial building occupants with
air quality feedback. To this end, the researchers reviewed and analysed available IEQ
monitoring and feedback products and subjective IEQ assessment tools (i.e., surveys), focusing
on those developed for commercial buildings. Best practices were inferred from a combination
of common practices and insights obtained by applying the Eco-feedback Design-behavior
(EFDB) framework to IEQ feedback interfaces. The EFDB framework is based on behavioural
theories and a large body of empirical research on eco-feedback. Best practices articulated
pertain to IEQ data visualizations (e.g., message framing, use of colors, graphics, imagery, etc.),
as well as question prompts and response options for crowdsourcing occupant feedback and
collecting complaints regarding perceived IEQ. This presentation will summarize our
methodology and results, focusing on identified best practices for commercial IEQ feedback
products.
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Users have significant impacts on building energy consumption and can interact with indoor
environments. Identifying user needs, behaviour and preference are crucial for the design of
both new and the renovation of existing buildings. Offices are important since people spend
on average one-third of their life at work that is often taking place in offices. Offices are also
responsible for a significant share of the energy use and the floor area occupation of nonresidential buildings in Europe. Moreover, more ambitious regulations and the increasing
application of voluntary building certification schemes require the construction of more energyefficient buildings, but in reality, a ‘performance gap’ is often observed. Therefore, deep
insights into user perceptions and experiences can provide the knowledge basis for developing
a new generation of office buildings that provide a healthier and more productive indoor
environment guided by a user-centric approach. In this article, we will introduce the web-based
application of the Questionnaire and Diary Apps and a Virtual Reality (VR) design tool
developed to support the interactive co-creation session with users and designers. A case study
of an office building which is certified as Miljöbyggnad Silver by Swedish Green Building
Council, will demonstrate the tools and explore the gaps between the building design and the
real building performance perceived by the occupants. The deep insights reflect the conformity
and discrepancy of energy-efficient building design and occupant comfort, for instance,
window shading and occupant satisfaction for the daylight, and thermal comfort and VAV
ventilation. In summary, by utilizing the smart and sustainable office (SSO) user insight
toolbox, occupant responses are collected in a holistic manner and on aspects like satisfaction,
stress and preferences. Furthermore, occupant behaviour, perceived health, and self-reported
work performance is also gathered. The SSO user insight toolbox could enhance efficient
communications among various building stakeholders and the interactions between the building
and its users to to enable beneficial occupant comfort and health.
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Heating and cooling systems in residential buildings consume a significant portion of the total
energy use of developed countries. Decades of technology advancements and social change
have focused on reducing the energy consumption of this sector. However, a greater change is
on the horizon: flexible loads to balance uncontrollable renewable resources on the electric grid.
Since occupant behaviours are a leading source of variation in building energy consumption,
advancements in occupant thermal comfort behaviour models could serve as a critical tool to
reliably manage electricity demand through internet-connected thermostats while maintaining
occupant comfort and avoiding, or at least predicting, occupant overrides.
This study adapts and introduces three theories of occupant thermostat override behaviours:
delay theory, comfort zone theory, and thermal frustration theory. Delay theory follows the
practice of many current demand response programs that turn-off HVAC systems for a fixed
duration for all participants. Comfort zone theory follows industry standard comfort models
that assume a certain percent of occupants will be dissatisfied for a given temperature. The
novel thermal frustration theory presented herein explicitly acknowledges the dynamics of
occupant behaviour (humans do not respond instantaneously to stimulation such as temperature
changes) and the dynamics of buildings (indoor temperatures do not change instantaneously
with setpoint changes). Specifically, delay theory, comfort zone theory, and thermal frustration
theory—respectively—predict an override after a fixed time-period, when the temperature
deviation from a nominal value exceeds a threshold, and when the integral of the deviation
exceeds a threshold. These three theories are tested on a dataset of tens of thousands of occupant
thermostat setpoint changes and are compared in their trade-offs between accuracy and
reliability.
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Most of the existing studies about automatic control of shading use physical environmental
parameters as the input and evaluation indicators of control strategies, such as illuminance and
irradiance. However, these parameters cannot accurately describe occupants' sense. Hence the
effect of the control strategies based on the physical environmental parameters always deviate
from the real requirement and preferences of occupants, which leads to the dissatisfaction with
the environment and the failure to decrease the load. In the past research, scholars proposed
kinds of performance indicators to the visual and thermal comfort of occupants, such as DGP,
PMV. With the development of chip technology, it is possible to calculate such complex
performance indicators in real time. In this study, a shading control logic based on the selected
key performance indicators is proposed. The control strategy generated by this logic can well
meet the requirement and preferences of occupants. It is proved by simulation that the proposed
control strategies with the objective of combining the energy saving and comfort demands
reduce the solar radiation heat gain by 60% in the cooling season under the condition of
ensuring the visual and thermal comfort of occupants, and it almost do not lead to the increase
of lighting energy consumption compared with no shading.

They’re smart, but are they usable? An investigation into
thermostat usability in Canadian homes
Ruth A.F. Tamas1*, Liam O’Brien1, Mario Santana Quintero1
1Department of Civil and Environmental Engineering, Carleton University, Canada
*Corresponding email: ruthtamas@cmail.carleton.ca

Keywords: Human-centred design, thermostat, usability, existing buildings, residential
Thermostats were originally very simple devices. Energy saving practices, such as nighttime setbacks,
required diligent user adjustment. Programmable thermostats emerged in the 1990s, allowing schedules
to be set, reducing the need for user interaction. However, later studies showed that programmable
devices did not achieve expected savings due to lack of interface usability. New, ‘smart’ thermostats
promise to address these downfalls while offering increasingly complex features. This has the potential
to be highly desirable, as thermostat upgrade represents one of the least invasive and inexpensive
measures for improving building performance. While thermostat usability is not a new subject, the
literature is limited due to a lack of in-situ testing, few interfaces tested, a lack of interdisciplinary
methods/approaches and small participant samples. This study examines the relationship between
thermostat usability and interface characteristics in Ottawa, Canada, with a focus on devices currently
installed in homes. To compare interfaces, human computer interaction methods, including participant
interviews and think-aloud analysis, were employed. A sample of 51 participants were interviewed in
their homes and attempted six usability tasks on their thermostat interface(s). Interviews were recorded
and each thermostat type (manual, programmable and smart) was evaluated based on the time to
complete, buttons pressed and qualitative observations for each task. The interviews provided insight
into various aspects of thermostat usability, addressing common misconceptions, user mental models
and what occupants like/dislike about their device(s).
In general, smart thermostats were found to be significantly more usable than their programmable
counterparts. Figure 1 presents data from participants ranking the usability of their thermostat
interface(s). Results are relatively consistent with other quantitative findings. When asked about
thermostat features, participants expressed a desire for more real-time energy use feedback and half
(51%) of all participants noted they either wanted or enjoyed thermostat control through a smartphone
application. In general, smart thermostats were found to be significantly more usable than their
programmable counterparts. Figure 1 presents data from participants ranking the usability of their
thermostat interface(s). Results are relatively consistent with other quantitative findings. When asked
about thermostat features, participants expressed a desire for more real-time energy use feedback and
half (51%) of all participants noted they either wanted or enjoyed thermostat control through a
smartphone application.
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Domestic hot water (DHW) heat use prediction model is a critical reference for demand side
management. DHW usage pattern is significantly different among different building types.
However, currently, there is limited research on predicting the DHW heat demand in nonresidential buildings. More related research in non-residential buildings was focused on hotel
rather than office buildings. The objective of this research was to propose a data mining
framework for the DHW heat use prediction in office buildings based on the occupancy pattern
and investigate the effects of spatial resolution of occupancy patterns input on predictive
performance. An office building in Norway was taken as a case study. In the first step, a data
mining framework was proposed. Firstly, hourly occupancy rate based on zone-level and
building-level in this building was both calculated. Secondly, fuzzy c-means clustering method
was applied to obtain typical occupancy patterns. Thirdly, decision tree was applied to predict
the daily occupancy pattern taking the month of the day and the day of the week as the inputs.
Finally, after obtaining typical occupancy patterns and its predictive model, the hourly
occupancy rate in each typical occupancy pattern was applied to predict the hourly DHW heat
use. XGBoost algorithm was used as the prediction method and cross-validated grid-search was
used to search for best hyper parameters of prediction model. Data from January to April 2019
was used as the training data set, and data from May to June 2019 was used as the testing data
set. In the second step, zone-level occupancy data and building-level occupancy data was
applied into this prediction data mining framework. It was found that the zone-level occupancy
inputs could achieve better predictive performance, with its CV-RMSE and R2 at 23% and 0.81,
respectively, comparing with the building-level occupancy data (CV-RMSE and R2 at 50% and
0.12, respectively). The results showed that the CV-RMSE could be reduced from 50% to 23%
by using the zone-level occupancy inputs instead of the building-level occupancy inputs. In
addition, the performance of the proposed data mining framework for the hourly DHW use
prediction was also within the recommended values by ASHRAE of 30% for CV-RMSE. The
most important results of this study are related to the occupancy pattern definition for the office
building.
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In the United States, the buildings sector accounts for about 76% of electricity use and 40% of
all primary energy use and associated greenhouse gas emissions. Occupant behavior has been
identified as one of the factors which impact building energy consumption. Many researchers
have studied building occupant behavior at a single building scale, and a very limited number
of studies have been conducted at community scale or urban-scale. It remains a challenge to
study and model occupant behavior at urban-scale. Recently, with the development of
information technologies, such as mobile technology, urban sensing, and IoT, big data was
generated by those technologies which provide opportunities to better understand occupant
behavior at urban-scale. Recent studies have demonstrated the feasibility to model occupant
behavior at urban-scale utilizing Global Position System data. Based on the newly derived
occupant behavior model, urban-scale building energy simulations were conducted, and show
significant savings of up to 50%.
The objective of this study is to investigate and model occupant behavior in New York City.
The authors have obtained one year’s (10/1/2016 – 9/30/2017) anonymous GPS data of
mobile device users collected by the Cuebiq company. After initial data cleaning, this study
extracts stay points from GPS raw data based on the thresholds of stay duration (10 minutes)
and travel distance (300 meters). Each stay point indicates that the user has been staying in
that location for at least 10 minutes without traveling more than 300 meters. Based on the stay
points of different users, a preliminary study was conducted to derive building occupancy
profiles. Case study buildings in New York City Manhattan area were chosen, each building
was given a centroid based on its footprints and a radius of 300 meters to capture users’ stay
points. Finally, building occupancy profiles were derived from the proposed approach.
Results of this study can be further integrated into urban-scale building energy modeling,
building-to-grid integration study, urban planning, etc.
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Occupancy in buildings is the basis of building energy simulation and management. With the
increasing requirement for energy conservation and occupant-centric service of building energy
system, the occupancy clustering method and forecast for future horizon become more and more
essential, and are potential to optimize the usage of renewable energy sources. This research
aims to conduct shape-based clustering and profile analysis on occupancy data in public
buildings, which would contribute to the building design phase. From the characteristic
analysis, occupancy in buildings possess the temporal sequential nature and seasonal feature
(as shown in Figures), which could be combined with the current models. Therefore, an
occupancy forecast framework based on temporal sequential analysis, named “TS-based-NN”
model has been proposed. The analysis is conducted based on the occupancy data from different
public buildings, including train station, airport, commercial complex, and hospital. The
proposed analysis is promising to promote the occupancy-oriented building design, and
occupancy forecast-based operation strategy.

Figure 1 Seasonal decomposition of occupancy in a commercial complex

Figure 2 ACF and PACF analysis of occupancy in a commercial complex
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Residential buildings in the UK represent twice the energy consumption when compared to all
industry and services. Moreover, this is consistently increasing despite national and
international policies. Within the home, space heating is responsible for over 60% of this total,
thus representing the greatest potential for change. Many factors influence the occupant’s
behaviour towards heating usage; some outside the occupier’s control such as weather, building
fabric and energy cost, but occupier thermal comfort is the obvious driver towards heating
usage. However, a user’s energy literacy and personality type may also influence occupants’
heating behaviour. These traits, along with perceived thermal comfort, can significantly vary
with differing cultures and demographics. Demographics such as age (both younger and older
than the main occupant) have seen little research into their respective influences on the main
occupant’s behaviour, but may be considerable factors in the overall use of domestic heating
usage. These factors could include sub-conscious health concerns for older relatives or pressure
from the ever-increasing environmental awareness of children. It raises the question; do other
generations affect occupants’ heating behaviour, in particular the frequency and type of
interaction with the heating system in the home? To address this question, a survey engaged a
pool of 26,000 dwellings in the UK. The survey also gathered information on the occupier’s
energy literacy levels, personal traits, social demographics and general dwelling information.
Analysis initially divided the participants’ homes between those with a younger generation,
older generation or those with both. A second contrast was drawn between those homes that
saw an increase or a decrease in heating usage within these groups. The survey results were
analysed with reference to these contrasting groups. Then the analysis provided evidence
describing if and how inter-generational factors influence occupants’ heating behaviour and
human building interactions. These results helped to identify potential pathways for future
research; leveraging these inter-generational influences to reduce household energy
consumption. Moreover, these results could be used to improve the future engagement of public
health and national energy reduction policies to aid sustainable development.
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Evaluation of thermal comfort in the built environment has dominated much of the research in
occupant-centric design and operations for decades. While important, keeping people thermally
comfortable is only one of many objectives of the built environment. Other often overlooked
occupant experience aspects include the feeling of privacy (sound and visual), building features
that encourage occupants to be more active, and design decisions that impact the perception of
infectious disease risk. These attributes can have a similar or greater impact on productivity,
satisfaction, fitness, and safety as compared to thermal comfort alone. In this presentation, a
platform will be presented that collects crowdsourced data from people in urban settings using
a smartwatch and indoor and outdoor localization and ambient environmental sensors. This
discussion includes a description of the deployment of an existing micro-ecological momentary
assessment (micro-ema) with three question sets related to Covid-19 mitigation, privacy in an
office context, and the movement behavior of occupants. This platform, known as Project
Cozie, has already been developed and tested (for Fitbit: https://cozie.app/ and Apple Watch:
https://cozie-apple.app) on the indoor thermal comfort context and this work focuses on
extending its use to collect information regarding user's perception of these new applications.
Ten research participants were deployed using smartwatch devices along with a few smartphone
applications to collect subjective data from participants across a subsection of a large university
campus. These participants were asked to give feedback about their experience in the buildings
using the micro-ema platform. These data were then converged with IoT data sensors from the
buildings through matching using indoor localization technologies. The resultant data of these
proof-of-concept experiments were then used to characterize the preferences of the occupants
and the spaces they inhabit. Cozie is open-source and is intended to be a tool that anyone can
use to design and conduct experiments using smart watches in the built environment. Guidance
on how to get started with the platform will be provided.
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The International Energy Agency Annex 66 project “Definition and Simulation of Occupant
behaviour in Buildings” differentiated between behaviours, movement and actions of
occupants in a space, while also acknowledging other contextual parameters as influential.
These contextual factors were described as the building itself, the energy context (usage and
cost), comfort, culture and economic context, as well as physiological and psychological
influences.
This paper integrates these different contexts in which individual occupants are embedded and
aims to describe human building interaction from a systemic perspective. The theoretical
framework for the systems approach is Integral Methodological Pluralism (Wilber 2007),
which is an expansion of previous work by the authors using an Integral Research Approach
(DeKay et al (2018), Roetzel et al (2019), Sadick et al (2020)) based on Integral Sustainable
Design (DeKay 2011).
Aims of this work are:
to differentiate the internal and external perspectives on the four fundamental
subjective and objective quadrants representing individual experiences, behaviours,
cultures and systems.
To holistically map the system of human inhabitation
To discuss the potentials and limitations of this systemic perspective on human
inhabitation for building design and operation
To illustrate possibilities how this approach can serve as a framework for
interdisciplinary research collaboration on the topic.
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The energy-related occupant behaviour (OB) gains a growing interest in building and energy
disciplines. It is caused by efforts to optimise energy use in the buildings sector. The occupants’
needs and activities are the main reasons for indoor energy use. Therefore, understanding
occupants’ actions and their interactions with indoor appliances plays a crucial role in energy
optimisation. There are a few OB numerical models supporting analysis in both design and
operation stage. In both stages, the models’ main task is to translate the research findings related
to human thermal comfort into proper response of HVAC, hydronic or electrical systems.
Reaching such a target requires a time-demanding numerical model setup, that must be
conducted separately for design and operation stage. This is influenced by the simulation scope,
which is, by default, a simulation of occupant actions. An event of occupant interaction with
indoor appliances is considered as an action. The observed event can be repetitive and triggered
by indoor conditions. With change of the simulation scope towards occupants’ reasons, each
occupant would behave following its own “personal” rules. Thus, there would be no need for
setting up models into the simulation solver. It would require loading up a database of
occupants’ “personal” rules into the main solver. An example of such approach was not found
in the literature. To address the issue, the Building Occupant Transient Agent-Based Model
(BOT-ABM) was introduced [1].
Instead of observing and analysing the phenomena affected by OB, it proposed gathering
information about the occupants’ actions and causality. Change of analysis scope allows
formulating the fundamental blocks of occupants’ actions and activities (sequenced actions).
Generated blocks can be analysed from the perspective of a person to draw its personal profile.
Once a significant amount of data would be collected, it would allow formulating personality
archetype that could be implemented in building simulation software. The benefit of the
proposed approach is the consistency of the investigation subject. It enables interchangeable
functionalities of the OB model between design and operation stage. Additionally, with a proper
monitoring system, the proposed BOT-ABM has the potential to forecast the energy-related
occupants’ actions. Therefore, it would lower the respond latency of building control systems
and increase energy efficiency. To demonstrate BOT-ABM performance, a sample simulation
is presented with an analysis of output information and its useability for building simulation
applications.
[1] Dziedzic, Jakub Wladyslaw, et al. "Building occupant transient agent-based model–Movement module." Applied Energy 261 (2020):
114417
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Building performance indicators are widely used to guide building design and track and
benchmark operational performance. Traditional building performance indicators mostly focus
on the energy efficiency perspective. Yet, the increasing penetration of renewable energy
resources, distributed energy technologies, and frequent extreme weather events impose a need
to quantify building energy flexibility and resilience to support research and development of
grid-interactive efficient buildings (GEBs). One key factor to consider in the GEB context is
occupant comfort and well-being, since occupants are the primary building service recipients
in residential and most commercial buildings. This study first identified significant attributes
of occupant-centric key performance indicators (KPIs) and analysed the diverse factors that
should be considered in formulating an occupant-centric KPI. Then a suite of occupant-centric
KPIs were synthesized from the review and enhancement of existing occupant-related
performance metrics. The proposed occupant KPIs represent the occupant lens on three
integrative aspects of building performance: resource use (including energy and water), indoor
environmental quality, and human–building interactions. A simulation-based case study was
conducted to demonstrate how occupant-centric KPIs can be used to quantify the impacts of
building operation changes from the occupants’ point of view.

Figure 1. Occupant-centric building performance aspects
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Building performance simulations are increasingly used in research and industry outside their
original primary purpose of comparing lifetime energy use of different design choices. For
example, new equipment such as variable speed heat pumps and EV chargers, new applications
such as real-time digital twins of building stocks and hardware-in-the-loop simulation, and new
objectives such as modelling grid-interactivity and occupant behavior are pushing standalone
building energy simulation software to their limits. To meet these new demands, various
methods and tools have been proposed and developed for simultaneously simulating—that is
co-simulating—the bulk of a building in these software with a component of interest in another
software.
This presentation provides a critical review and survey of building performance co-simulation
tools and methods to meet the demands listed above, especially modeling comfort, occupancy,
and occupant behavior. Specifically, this will cover common core software such as EnergyPlus,
Spawn, and TRNSYS; the use of functional mock-up interfaces and application programming
interfaces for co-simulation with other component models; application-specific environments
for developing such component models; and wrappers to facilitate parametric studies and
sensitivity analyses. The review will discuss compatibility of methods and tools with other
software and versions; extensibility and constraints; learning curves; and model fidelity
limitations. The goal of this work is to provide a shared understanding of available tools, their
capabilities and limitations, and opportunities for future developments in this space.

Incorporating people’s behaviour in buildings requires new methods,
conceptual frameworks, and Building Performance Simulation tools
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People’s interactions with buildings are often triggered by a desire of feeling more comfortable,
thus modelling said actions requires a good understanding of what people mean by “comfort”.
Nonetheless, based on a qualitative study in which participants from Chile and New Zealand
described “Comfortable homes”, this research identified a considerable mismatch between our
(researchers’ and practitioners’) view of Comfort and that of those individuals whose comfort
we are meant to predict and improve.
An example of this mismatch is that, while researchers and practitioners seem to explain
comfort almost exclusively through perceptions (e.g., glare) that can be estimated from the here
and now environmental conditions (e.g., contrast), respondents expressed a constant awareness
of the future. That is to say, if they know they can fix potentially uncomfortable situations, they
seem to feel more comfortable (explaining the well-known beneficial effect of Personal
Control). This also affects behaviour as, we suggest, people choose whether to act or not based
on what they think will happen if they take an action. This and other differences between
people’s and researchers’ points of view suggest that new conceptual frameworks, methods,
and simulation tools are required for appropriately understanding and modelling people’s
feeling of comfort and behaviour in buildings.
To bridge this gap, this research produced a new qualitative model of the Feeling of Comfort.
This model can serve as a conceptual framework for driving Comfort research and practice. For
instance, we used this framework to propose a set of equations that can represent people’s
Comfort in quantitative terms and also to inform the development of (a prototype of) a new
Building Performance Simulation tool. This tool is meant to more appropriately incorporate
people’s feeling of comfort and behaviour in buildings. These developments evidence that it is
possible to transition to new methods and conceptual frameworks.

Topic 5: Occupant-centric building controls
1. HVAC Energy Savings and IEQ for Occupancy Sensing in Buildings
2. An ontology on occupants’ conscious feedback in building - Zoom into reported data
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The performance of the occupancy-based HVAC control was tested in this study using side-byside rooms configured as typical open-plan offices. One room was set as the baseline case with
the fixed schedule control, while the other room was controlled by occupancy counting sensors.
Three sensors of different technologies were tested individually in this study. The complete
occupancy-based control (OBC), both temperature and ventilation rate were controlled based
on the occupancy, OBC temperature control, and OBC ventilation control were tested. The
supply and return air temperature, outdoor air temperature, and fan speed and power were
monitored and recorded for calculating the heating and cooling load and total energy
consumption. The accuracy of the occupancy sensors was compared against the ground truth
and correlated with the energy-saving potential by OBC. The occupant’s feedback on the IEQ
by OBC was surveyed to demonstrate the comfort-maintaining capability of OBC.
The accuracy of the occupancy sensors varied between 5% and 100% compared with the ground
truth. By using two side-by-side energy-balanced rooms, the real energy savings by OBC were
quantified. The results have shown that with occupancy sensors of different levels of accuracy,
the daily energy-saving by the OBC varied from 0% to 35% depending on the weather and
sensor accuracy. The OBC temperature control gave minimal energy saving compared with the
ventilation control. A correlation between the daily energy-saving and system accuracy as well
as the outdoor temperature was found in this study, which could be represented using a twolayer neural network model. The relationship could be interpreted as the higher the outdoor
temperature was, the less accuracy the system could bear with for energy-savings. The thermal
comfort level and perceived indoor air quality both far achieved the 80% comfort criteria under
the OBC. No significant discomfort was observed during the initial start-up stage in the
morning.

An ontology on occupants’ conscious feedback in building - Zoom into
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Understanding occupant behaviour plays a crucial role in improving the indoor environment
while reducing energy use at a low cost. Over the past years, significant research explored
human behaviour and interaction with building technologies. The lack of consistent and
systematic data collection and sharing has led to an increased interest in the development of
comprehensive energy-related occupant behaviour frameworks. Together with monitoring
techniques, surveys and interviews are the most common methods to capture occupant
behaviour. However, surveys and interviews are diverse and vary among studies, which may
lead to difficulties regarding the interpretation and comparison of the results. In addition to the
multiple efforts to standardise energy-related occupant behaviour data, this study seeks to
provide a framework to describe occupants' conscious feedback regarding perceptions and
behaviors within the indoor environment. This work proposes a bottom-up approach to integrate
self-reported data from occupants in buildings into an occupant behavior ontology for conscious
feedback. About 900 unique questions from 42 questionnaires corresponding to 19
experimental studies carried out in the indoor climate test facility LOBSTER in Karlsruhe,
Germany were categorized and structured into the proposed ontology. Each question was
tagged with multiple keywords, which were later clustered in two levels; the focus on the
question object resulted in a differentiation between attitude and attribute questions, while the
focus on the participant’s perspective resulted in the working memory and long-term memory
categorization (Figure 1). This framework aims to support the research community by providing
a structured and systematic way of collecting and representing occupant-related feedback of
indoor environments.

Figure 1: Occupant behavior framework for conscious feedback

Topic 6: Case studies of occupant-centric modelling, design, and
operations
1. A Proposed Architecture for Longitudinal Studies of Home Thermal Comfort
Perception and Behavior
2. Building Operators and their Role in Occupant-centric Building Controls
3. Empirical and computational assessment of lighting conditions in home offices
4. Capturing occupant activities of daily living through sensor fusion: framework,
modelling and applications
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Electrifying heating and cooling systems in homes and transitioning to renewable energy
sources is essential to reduce greenhouse gas emissions. Grid-interactive efficient buildings
(GEBs) have the potential to increase energy-demand flexibility. However, traditional demand
response (DR) programs aiming to shed peak electric loads do not explicitly incorporate humanbuilding interactions. Specifically, they do not model occupants’ ability to override thermostat
controls, nor how the timing and magnitude of overrides is affected by the rate-of-change and
magnitude of indoor temperature variations. Recent work into such human-building interactions
have been enabled by large datasets of temperature and override dynamics—or—large datasets
of occupant thermal comfort perception and behavior in fixed environments. The lack of a
dataset that combines building thermal dynamics with the dynamics of perception and behavior
is hindering the development of robust and generalizable models of such behavior.
This presentation highlights the challenges and opportunities of psychophysiological occupantcentric building models and describes the scalable methods of a study underway to create such
a dataset. Smart thermostats and a smart-home hub will be used to monitor 30 homes in three
different regions of the United States over two years. Their occupants will be monitored with
just-in-time ecological momentary assessments (EMAs) administered via smart watches.
Additionally, structured interviews and home surveys will be conducted to gain an
understanding of individual environmental attitudes and future orientations, the role of
economics in comfort and behavior, perceptions of risk, and thermostat-use mental models. The
first phase of the study will passively collect building data as well as psychophysiological data
from the occupants, while the second year of the study will continue such data collection during
a simulated DR program. At the completion of the study, these data will be disseminated to the
community to accelerate the development of occupant-centric models, controls, and
interventions.
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Building operators are tasked with the day-to-day monitoring, management, and maintenance
of building HVAC systems in mid- and large-sized commercial buildings. Due to the
complexity of these buildings, occupants and owners are typically unable to understand and
effectively control the system themselves, thus relying on the expertise of building operators.
Thus, operators play a critical role in occupant-centric buildings to reduce occupant-related
building energy consumption and to improve individual occupant comfort. To better understand
this role, an activity within the IEA EBC Annex 79 conducted 70 interviews with building
operators across seven countries and four climates zones.
This presentations summarizes the findings of the large-scale international study of building
operators. The intent of the study was to survey occupant-centric control technologies;
operators skills, trust, drivers, needs, and opinions; and their relationship with occupants and
other personnel. The analyses of these interviews revealed a network of (1) occupants, (2)
operators, (3) sensors and interfaces, and (4) heating, ventilating, and air conditioning (HVAC)
equipment. This study aims to qualitatively understand this network and its role regarding
occupant-centric building design and operation. We first define each of the four nodes, then we
describe the relationship between them. We then discuss both the limitations of these
relationships as well as how these relationships can be strengthened to improve occupantcentric building controls.

Empirical and computational assessment of lighting conditions in home
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The design and installation of lighting systems in conventional office buildings typically benefits
from expertise of domain specialists. However, this is typically not the case, when lighting settings
in home offices are concerned. As such, the arrangement of lighting settings in home offices often
results from ad hoc decisions and do-it-yourself activities. This can have undesirable consequences,
when issues related to occupants' health, comfort, and productivity are considered. The related
challenges have gained further significance, given the recent global trends and circumstances that
led to major increase in the number of people who work partially or entirely at home offices. In this
context, our presentation reports on a recent detailed cased study and its results. This study pertains
to lighting conditions in nine home offices (located in the city of Izmir, Turkey). These home offices
are used by diverse set of professionals. The existing visual conditions in these home offices were
examined using measurements under both daylight and electrical light conditions. Values of
common indicators of lighting performance (prevailing illuminance availability and uniformity,
luminance and glare) were obtained and compared with applicable code-based benchmarks (Figure
1 below illustrates one such comparison). In addition, lighting simulations were conducted to
explore the possibilities for the improvement of lighting conditions. The results of the case study
reveal a rather uneven level of performance across the selected cases. Some instances of excessive
illuminance notwithstanding, the visual conditions were generally better under daylighting
conditions. However, visual conditions under electrical lighting were found to be in multiple
instances unsatisfactory. This was mainly due to unsuitable luminaires as well as shortcomings in
their positioning. Simulation-based optimization studies suggest that it is possible to improve the
visual conditions in the home offices via measures including via relatively simple measures
involving exchanging and repositioning the light sources.

Capturing occupant activities of daily living through sensor fusion:
framework, modelling and applications
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With the emergence of smart homes from a niche to the mainstream, Human Activity
Recognition (HAR) has become a vital component for enhancing building performance. The
routine tasks conducted frequently by the occupants are termed as Activities of Daily Living
(ADL). Recognition of these activities is a complex task, due to the complications involved in
active monitoring such as making informed decisions and inferences about a human activity.
Furthermore, modelling complexities arise from interclass resemblance, interclass variance,
subject variability, and privacy concerns, among others. Generated datasets and models also
need to have adaptability, to be applied independently by other researchers.
This study uses depth registration and sensor fusion to capture the activities of daily living. The
experiment is conducted in a smart living lab in Norway, an initiative taken under the Net Zero
Energy Buildings (nZEB) project. The objective was to collect an empirical dataset, wherein
three participants performed several continuous activity sequences in a no-restriction
environment, mimicking the real-world setting. The data, captured with the use of three depth
registration cameras, was used to develop an activity recognition framework for generating
deep learning models. The different models used were unidirectional, bi-directional, and
cascaded variants of Long Short-Term Memory (LSTM) and Gated Recurrent Unit (GRU). The
results from the HAR analysis showed higher accuracies and boost in performance compared
to others available in the literature. In addition, the models were also applied to publicly
available datasets for validation. The developed framework and models can be beneficial to a
number of occupant-centric fields, such as elderly assistance, safety monitoring, occupant
analytics etc. The study also discusses the privacy concerns of such surveillance and proposes
a privacy risk modelling to mitigate them.

Topic 7: Other building occupant-related research
1. Exploring cross-modal influences in occupants' perception and evaluation of indoor
environments
2. Seeking Barriers to Comfort and Energy Efficiency on a University Campus
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Building occupants are typically exposed to a multitude of indoor-environmental conditions
that include a variety of different thermal, auditory, visual, and air quality factors. However,
the majority of related research efforts and almost all codes and standards on this subject deal
with indoor-environmental stimuli in isolation. Recently, the interest in cross-modal influences
in occupants' multi-perceptual indoor environment assessment has increased. Recent reviews
in this area have underlined the need for more research. In this context, we present the results
of an original study of cross-modal influences in occupants' perception and evaluation of indoor
environments. Within the framework of this empirical (laboratory-based) study, participants
evaluated thermal, visual, and auditory conditions under different combinations of relevant
indoor-environmental conditions. To this end, a laboratory space including two adjacent
identical mock-up office rooms was used to conduct parametric studies with human
participants. The thermal conditions can be controlled in these rooms. Moreover, both lighting
settings in and the acoustic landscape outside these units can be changed. Specifically, traffic
noise can be emulated in the larger laboratory space that houses the office units. In the course
of the conducted experimental study, different thermal, visual, and auditory conditions were
maintained in the aforementioned office rooms. Participants were exposed, on a short-term
basis, to different combinations of thermal, visual, and auditory conditions. The objective was
to explore if participants' evaluation of one aspect of the indoor environment (e.g., the thermal
conditions) was affected by the influence of other aspects (e.g., glare-inducing visual exposure
and/or traffic noise exposure). We present the detailed statistical analysis of the collected data
and summarize the main findings
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The primary goal of this research project was to gather data from building occupants to help
inform, design, and eventually, implement a tenant engagement campaign to help save our
University Campus up to $1 million in annual energy costs. Our team gathered data through a
large-scale University survey and interviews to support energy-use reduction goals for the
Washington State University (WSU), Pullman Campus. In total, over 65 interviews and 2800
survey responses were collected. Several important findings illustrate surprising ways in which
occupant behaviors or perceptions significantly impacted energy use, perceived comfort, and
overall satisfaction in buildings. Reported interactions between occupants and their buildings
were a significant challenge, as automated controls and lack of comfort-seeking interfaces have
led to significant thermal discomfort and complaints. Overall, most people agreed they cared
about the energy they consumed, and they generally knew how to save energy. However, many
participants expressed interest in automated energy saving devices, such as smart power strips
or requested reminders in their workspaces to raise awareness of energy efficiency initiatives.
They also mentioned that they could save more energy if they knew how much energy they
were using in the first place. These stories support the notion that many code requirements,
comfort settings through building management systems and assumptions do not truly reflect the
reality of occupant behaviors, their experience, and building use. These data provide insight
into human interactions with buildings in ways that may help inform and better define building
codes. Ultimately, findings from study have guided tenant engagement strategies, which are
currently under development through the Fall of 2021. Outcomes of this project will help our
team encourage a culture of energy efficiency and sustainability for our campus building
occupants in ways that will positively affect the WSU community.

