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inefficiently with regards to occupants’ preferences and presence. Meanwhile, practitioners —architects, engi-
neers, technology companies, building managers and operators, and policymakers — lack the knowledge, tools,
and precedent to design and operate buildings optimally considering the complex and diverse nature of occu-
pants. Building on the success of IEA EBC Annex 66 (“Definition and simulation of occupant behavior in
buildings”; 2013-2017), a follow-up IEA EBC Annex 79 (“Occupant-centric building design and operation”;
2018-2023) has been developed to address gaps in knowledge, practice, and technology. Annex 79 involves
international researchers from diverse disciplines like engineering, architecture, computer science, psychology,
and sociology. Annex 79 and this review paper have four main areas of focus: (1) multi-domain environmental
exposure, building interfaces, and human behavior; (2) data-driven occupant modeling strategies and digital
tools; (3) occupant-centric building design; and (4) occupant-centric building operation. The objective of this
paper is to succinctly report on the leading research of the above topics and articulate the most pressing research
needs — planned to be addressed by Annex 79 and beyond.

1. Introduction fulfill a variety of uses, human-building interaction remains one of the
least mature facets of building science [1-3]. Numerous post-occupancy

While most buildings are designed for human occupants, with the evaluations indicate that our buildings often do not meet expectations of
functions of providing comfortable, healthy, usable, and secure spaces to occupants [e.g., 4]. For example, Huizenga, Abbaszadeh, Zagreus and
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Arens [5] reported that only 11% of 215 buildings achieved 80%
occupant satisfaction for thermal comfort and 26% achieved that for
indoor air quality. Since then, several studies [6-8] have yielded mixed,
but generally positive benefits from certified buildings (e.g., LEED).
More research is needed not only on the fundamentals of occupant
health and indoor environmental quality (IEQ) in buildings, but also on
the processes and technologies required to transfer this knowledge to the
way buildings are designed, constructed, and operated [9,10]. This
could be achieved through guidelines, recommendations for codes and
standards, data-driven methods, (e.g., adaptive building controls), and
new occupant models and simulation tools. Accordingly, these are the
areas targeted by IEA-EBC Annex 79: Occupant-centric building design
and operation.

While there has been a surge in research related to building occu-
pants in the past decade, buildings remain to be designed and operated
based on outdated and/or simplistic assumptions about occupants that
are increasingly proving to be misguiding [11], such as the following.
(Note that the cited papers for each point debunk or discuss the listed
common assumptions.)

e Occupants are passive recipients of the indoor environment and
optimal indoor environmental conditions can be described alone by
physical parameters (e.g., air temperature, airspeed, relative hu-
midity, contaminant concentration, workplane illuminance, sound
pressure level) [12].

Providing so-called ideal indoor environmental conditions can
replace the need to provide occupants with control over their envi-
ronment [13,14].

Controlling buildings based on average occupants is adequate for
comfort [15].

e The four principal forms of IEQ (thermal, visual, and aural comfort
and indoor air quality) can be treated individually, weighted equally,
and affect energy-related occupant behavior in a linear way [16].
Given the opportunity to control building systems, occupants will use
such systems in energy-suboptimal ways; therefore, taking control
away from occupants is an effective means to reduce energy use [17,
18].

Buildings have uniform occupant distributions and near full occu-
pancy for all or part of the day [19,20].

Occupancy and occupant behavior are uncertain during design and
the most appropriate method to address this uncertainty in
simulation-based design processes is to use standardized schedules
and conservative assumptions [2,21,22].

In brief, a paradigm shift is required, whereby practitioners transi-
tion from seeing occupants as sources of indoor heat gains and con-
taminants who are content with standardized indoor environmental
conditions to understanding that there is a complex and dynamic bi-
directional interaction between occupants and buildings. This shift,
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which is presented in Fig. 1, is supported by new knowledge, increased
recognition of the value of healthy and comfortable environments, new
enabling technologies and techniques (sensing and communication
technology, analytical methods, computational power), and acknowl-
edgement that occupants are an increasingly important factor for low-
energy buildings.

A surge of research on occupancy (i.e., human presence in buildings)
and occupant behavior in the past decade has significantly advanced the
state of knowledge in this field. For instance, IEA EBC Annex 79’s pre-
decessor, Annex 66, yielded the following advances:

e A quantitative representation and classification scheme (ontology)
for measured building data, including occupants [23];

e A systematic approach to experimentally study occupancy and
occupant behavior (including sensing technologies, data validation
and management) [24];

e A systematic method for modeling occupants (including consider-
ation of diversity between occupants) and evaluating those models
[25,26];

e Various practical schema and implementations for incorporating
occupant models in building performance simulation (BPS) tools [27,
28];

e A preliminary fit-for-purpose simulation framework for occupant-
centric design [e.g., 291;

e A framework and survey for interdisciplinary approaches for study-
ing occupant behavior [30,31].

The full final report of Annex 66 [3], along with several review pa-
pers [32,33] and special journal issues during the Annex 66 term pro-
vide an overview of the above activities. The outcomes are further
summarized in Fig. 2.

Yet, more research is needed - particularly around the themes of
multi-aspect comfort, human-building interaction through building in-
terfaces; advanced sensing, big data, and advanced modeling; and
occupant-centric building design and operations. Key questions posed
by this paper and that are being pursued by Annex 79 include:

e How do the different indoor environmental parameters (thermal,
visual, olfactory, and aural comfort) affect each other in the context
of energy-related occupant behaviors? For example, an occupant
may be conflicted about opening a window for fresh air and the
associated heat entering the space on a hot summer day.

e How do building interfaces, their context (e.g., positioning, ergo-
nomics, number of people affected by controlled system), and their
underlying controls logic affect behavior and perceived control?
What interface features and characteristics are most effective at
delivering a comfortable environment, outstanding perceived con-
trol, and reductions in energy consumption? What methods can be
developed and used from established fields (e.g., human-computer
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Fig. 1. Paradigm shift from occupants and passive participants in buildings to active and dynamic elements in a complex two-way relationship.
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Fig. 2. Summary of Annex 66 activities, problems addressed, and outcomes.

interaction) to evaluate interfaces in laboratories, in situ, and
through questionnaires? How should these results be disseminated to
industry (e.g. via guidelines or building codes)?

e How can new and existing data sources (e.g., building automation
systems, human resource databases, information technology net-
works, Internet of Things, etc.) and advanced data analytics (e.g.,
machine learning, artificial intelligence, statistical modeling) be
exploited to both 1) develop new fundamental knowledge about
occupant behavior, indoor environmental quality, energy, and the
relationship between them, and 2) better inform building design and
operation?

e How can simulation-aided building design processes, best practices,
as well as energy codes and standards be advanced to encourage or
mandate practitioners to properly account for occupants in order to
yield more comfortable, healthy, usable, and energy-efficient
buildings?

e How can building operations and controls be advanced to exploit
new data sources and online learning methods to adapt to occupancy
and occupant patterns and preferences to provide more comfortable
environments using less energy?

The objective of this paper is to provide an overview of the state-of-
the-art and most pressing needs in the field of occupant-centric building
design and operation to the broader community — and then to provide a
framework for research needs and potential activities to address them.
This paper serves to review a set of the leading literature, while serving
as a capstone for this special issue. Additional papers provide deeper
literature reviews and are cited throughout this paper. The scope of this
paper and Annex 79 is on office and residential buildings, as these are
building types for which occupants have a relatively high impact on
energy performance, as well as the ability to improve their comfort (e.g.,
by opening windows, adjusting blinds, changing clothing levels) and

play a role in purchasing decisions (e.g., office equipment). The imme-
diate intended audience for this work is researchers. However, it is
acknowledged that the topic widely impacts many stakeholders,
including: occupants, building owners, designers, operators, manufac-
turers, utilities, and policymakers. Annex 79 plans to provide custom-
ized reports for these stakeholders. For the current paper, occupants are
the consistent thread, whereas Sections 2 and 4 focus additionally on
building design practitioners and policy-makers (e.g., building code
officials), and Sections 3 and 5 focus additionally on technology and
building operators.

The structure of this paper approximately follows that of Annex 79
and is shown in Fig. 3. The first two sections are of fundamental nature,
considering IEQ, interfaces, behavior, data collection, and modeling
tools and approaches. These are prerequisite to the second two sections,
which focus on simulation-aided occupant-centric building design and
on occupant-centric controls.

1.1. Multi-domain environmental exposure, building interfaces, and
human behavior

This section is focused on three main interrelated topics: funda-
mental research and research methods to study multi-domain indoor
environmental exposure; guidelines for ideal indoor environmental
quality; and, the study and recommendation for building interface
design to optimize energy performance, comfort, and usability.

1.2. State of the art

Building occupants are exposed to a variety of distinct environmental
conditions, including thermal, visual, aural, and olfactory stimuli. An
extensive body of literature (including review papers) deals with single-
domain influences, such as thermal [34-37], visual [38,39], or aural
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Fig. 3. Structure of this paper and IEA EBC Annex 79.

[40,41] perception. In comparison, fewer research efforts have been
conducted to explore multi-domain exposure situations. In a recent re-
view of corresponding laboratory studies, Torresin, Pernigotto,
Cappelletti and Gasparella [42] identified 45 studies published after
1990 dealing with two or more domains of exposures, with more than
half dealing either with temperature and light (29%) or temperature and
noise (24%). In the same period (1991-2019), over 1000 research ar-
ticles can be found via Science Direct, which have “thermal comfort” in
the title. Consequently, the majority of standards and guidelines for
designing indoor environments focus on single-domain influences,
resulting in isolated treatment of indoor environments’ multiple quality
criteria.

In situations where the state of perceived environmental stimuli, for
instance thermal sensation, does not match occupants’ preferences and
physiological or psychological adaptation is not sufficient to solve such
discrepancy, they may opt for adaptive measures such as adjusting their
position, body posture, or clothing level, or they may opt to interact with
the building’s envelope and systems through available interfaces
[43-46]. Specifically, in order to support and improve buildings’ energy
efficiency through occupant behavior, buildings need to provide
appropriate and user-friendly control opportunities via adequately
designed and configured building envelope components and technical
systems as well as corresponding effective human-building interfaces
[47-49].

1.3. Existing challenges

The current state of knowledge and practice reveals a number of gaps
and related research questions regarding building occupants’ perceptual
and behavioral phenomena [49-51]. Broadly speaking, these knowledge
gaps may be formulated as follows:

i) As already noted in the previous section, the bulk of past research
concerning human comfort and behavior in buildings treats the
various domains of environmental exposure in isolation. Specif-
ically, suspected environmental influence factors are subsumed
and assessed under separate domains (e.g., thermal, visual,
aural). It is true that the existing comfort models in each of these
domains can and must be improved in future (some of the
reductive models in individual domains remain controversial).
However, there is an additional, more overarching challenge: In
real situations, occupants are exposed to a combination of such
factors. In such situations, occupants’ perceptual and behavioral
responses cannot be reduced to simple linear aggregation of in-
dividual single-domain stimuli [52]. Much about the implications
of such multi-domain exposure situations on occupants’ satis-
faction, behavior and the energy use in buildings is still not yet
understood.

ii) Regarding environmentally relevant design and engineering
standards and guidelines for indoor spaces, it is often difficult to
trace the entailed recommendations back to fundamental insights
and studies in human biology, physiology, psychology, and so-
ciology. This implies the need for more systematic explanatory
theories of people’s perception and behavior in the built envi-
ronments that are rooted in sound underlying scientific knowl-
edge [53].

iii) Buildings are expected to offer a wide range of indoor environ-
mental conditions depending on external boundary conditions
and user requirements. Toward this end, buildings are typically
equipped with a number of environmental control devices,
including both envelope components (such as windows and
blinds) and mechanical and electrical systems [46,54]. However,
it can be argued that we have not paid enough attention to a
critical feature of these systems, namely their user interfaces,
specifically, their availability (to individual building occupants),
visibility, intuitiveness, responsiveness, and effectiveness.

To summarize the above challenges, a deeper understanding of oc-
cupants’ perceptual processes and behavioral patterns under multi-
domain exposure situations is needed. Moreover, there is a need for a
systematic approach to buildings’ control interfaces in terms of their
usability and potential to facilitate energy-conscious occupant behavior
[48,54].

These topical challenges are accompanied by methodological chal-
lenges. As compared to single domain research, multi-domain approach
requires (a) deep knowledge in all relevant domains, (b) sensory
equipment for field and laboratory studies, appropriate for capturing
relevant influences in each domain, and (c) substantially more complex
experimental designs that can capture the interrelations between one
domain’s influencing variables and those in other domains.

1.4. Research priorities

In the context of the existing knowledge gaps and challenges, Fig. 4
outlines the two main topics to be investigated in detail: (1) multi-
domain environmental exposure and its effect on human perception
and occupant behavior, and (2) the interactions between occupants and
building interfaces related to the buildings’ environmental control
systems.

The state-of-the-art review has identified a number of knowledge
gaps concerning the multi-domain nature of indoor environmental
exposure, the relevance of respective perception and behavior models,
and the typology and utility of interfaces for buildings’ control devices.
Moreover, a number of necessary foundational state-of-the-art reviews
have been conducted to address these gaps [49-51]. Consequently,
research specific priorities are emerging, which are briefly described as
follows — and then in more detail in the following sections.
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(1) to develop a unified theoretical framework for perceptual and
behavioral theory of building occupants;

(2) to establish general empirical research methods guidelines for
developing a better understanding of occupants’ comfort prefer-
ences and behavioral patterns under multi-domain exposure sit-
uations in buildings;

(3) to provide a systematic categorization scheme for common
control-oriented building interfaces and to collect and present
best-practices for building interfaces, together with interface
design and evaluation criteria of new products considering multi-
domain comfort;

(4) to document occupancy-related information relevant to the
building design, construction, and operation processes; and,

(5) to further develop existing occupancy-related data ontologies and
to explore the potential of a versatile agent-based modeling
platform.

1.4.1. A unified theoretical framework for perceptual and behavioral theory
of building occupants

Occupants’ perception and behavior is investigated by different
disciplines, ranging from engineering to social sciences. Underlying
theories are more often explicitly mentioned in social sciences compared
to engineering work, where theoretical thoughts may drive decisions
such as selecting observed variables, but are not explicitly mentioned in
the majority of literature. The majority of literature from engineering is
concerned with physical variables [45]. Research in social sciences
suggests that different psychological factors may drive human behavior
and interactions with the surrounding environment. Examples for these
psychological factors are control beliefs [55], social factors [56], or the
awareness of consequences [57]. Bringing such perspectives together
into buildings, occupant behavior and interactions with building sys-
tems can be motivated by different psychological factors, resulting in
different operation modalities of control devices (luminaires, radiators,
blinds, etc.) and respective energy use. Therefore, the first priority is to
review scientific theories (from physiology to psychology and sociology)
to explain what factors may explain occupants’ behavior in view of in-
teractions with buildings’ environmental control systems and to develop
a unified framework. Thereby, aside from the physical setting and
physiological state of the human subjects, special attention must be paid
to psychologically and socially relevant parameters that may encourage
or discourage occupants from engaging in control-oriented adaptive
actions. Developing this unified research framework will guide future
activities, enhance communication between different disciplines, and at
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the same time, will remain open for additions and adjustments based on
new findings through collaborative works or from individual disciplines.

1.4.2. Guidelines and additional research related to empirical research
methods for multi-domain exposure situations in buildings

The initial assessment of the state-of-art of existing models (and
associated practice-oriented standards and guidelines) regarding human
perception, comfort, and behavior suggests the pervasiveness of single-
domain thinking. This, however, does not mean that there have not been
previous efforts to explore multi-domain exposure situations and their
implications for human comfort [42,58-60].

Future progress in this area could benefit from general guidelines for
empirical research methods, which is the second priority of the research
agenda. Specifically, guidelines for future studies that concurrently
consider multiple environmental stressors, their impact on human
sensation and perception processes, their relevance for the formation of
adaptive dispositions, and the potential for realization of such disposi-
tions via interactions with control device interfaces. Such guidelines
could set minimum requirements for related research activities, support
future researchers to avoid previous mistakes, and enhance the
comparability across studies, as these studies would be based on com-
mon methodological thoughts. Furthermore, such guidelines could offer
insights from research design to minimum requirements for reporting
research results, such as the inclusion of discussion of non-significant
results and reporting effect sizes as important additions to levels of
significance.

1.4.3. Categorization and assessment of control-oriented building interfaces

A better understanding of interfaces and how occupants use them can
inform efforts to encourage desirable user behavior patterns that can
bring about preferable indoor environmental conditions from occu-
pants’ perspective while meeting the operational efficiency criteria
[49]. Therefore, the third priority is to characterize how occupants
interact with different types of building interfaces (i.e. structural in-
terfaces, control interfaces/building services, and active digital in-
terfaces) and how, thereby, opportunities for energy savings, increased
occupant control, both perceived and real, and comfort can be recog-
nized and exploited. This priority also extends to cover the review and
processing of experiences in the area of behavior change, feedback (e.g.
feedback via screens, red/green light, etc.), and control (e.g. perceive-
d/actual; automated vs. manual). A related challenge, in the area of
building interfaces and associated occupant behaviors, is the problem of
effectively measuring a building’s quality and usability as related to its
embedded user control interfaces. There is arguably a lack of generally
agreed-upon evaluation procedures for this aspect of buildings’ indoor
environment, namely its controllability by building users, or — in the
terminology of Human Ecology - its “Ecological Valency” (EV) [62]. The
potential for designing and implementing formal procedures toward
measurement and certification of indoor environments’ EV [46,54,63]
will be actively pursued by Annex 79 researchers.

1.4.4. Documentation of existing information concerning occupants’
requirements

The literature shows that occupants can significantly influence
buildings’ energy use [64]. Nonetheless, the building delivery process
(including the design, construction, and operation phases) does not
appear to be sufficiently informed concerning the building users’ needs,
requirements, expectations, perceptual characteristics, and behavioral
patterns. In the initial discussions preceding the formation of Annex 79,
the lack of sufficiently rich procedures and informational repositories
concerning such occupancy-related requirements and characteristics
was found to be potentially detrimental to evidence-based building
design and operation processes. Therefore, another priority is to collect
salient information concerning the existing procedures and sources
available to building design, engineering, and management pro-
fessionals concerning occupants’ needs and requirements at an
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international level.

1.4.5. Occupancy data ontologies and agent-based modeling

Occupancy-related factors can significantly influence buildings’
performance. Hence, the representation of building users is a critical
aspect in simulation applications that deal with buildings’ energy and
indoor environmental performance. In recent years, researchers have
argued for more sophisticated user-related building simulation input
data. Thereby, a key prerequisite pertains to implementation of robust
occupant-centric data ontologies that would systematically capture
constitutive attributes of occupants, such as age, sex, health conditions,
typical activity patterns, indoor-environmental requirements and pref-
erences, and cultural background. Initial developments in this area [23]
need to be further expanded and enriched. With regard to the temporal
patterns of occupants’ presence and action in buildings, stochastic
behavioral models have been considered as alternatives to conventional
schedules and simple rule-based assumptions. Compared to the con-
ventional static schedules, stochastic occupancy models can provide a
more realistic depiction of the dynamically changing patterns of occu-
pants’ presence and actions in buildings [45,65]. Moreover, agent-based
formalisms have been promoted to provide a flexible and powerful way
to capture the complexity of individual users’ presence and behavior in
buildings. Aside from the potential to enrich advanced building simu-
lation model development efforts, a platform for a systematic and
coherent representation of occupants’ presence and actions in building
via deployment of agent-based modeling techniques can provide a
powerful virtual testbed for examination and evaluation of
multi-domain occupant comfort and behavior models. Thereby, the
aforementioned theoretical and empirical findings, regarding the
perceptual and behavioral repertoire of buildings’ inhabitant, may
provide an underlying basis for the encapsulation of occupants’ attri-
butes and behavior in terms of computationally defined dynamically
acting agents [66].

2. Data-driven occupant modeling strategies and digital tools

The advancement and pervasive deployment of new sensing mo-
dalities, computing platforms, information technologies and the digiti-
zation of the society enable many new sensing technologies and data
sources about occupant presence and actions [67,68]. This advance
enables a research paradigm shift towards data-driven modeling of
occupant presence and behaviors as well as occupant-centric controls
(Section 5). This section describes research priorities with regards to
knowledge, strategies and tools to seize these opportunities.

2.1. State-of-the-art

2.1.1. Occupant sensing

Work in IEA EBC Annex 66 reviewed the properties of sensor mo-
dalities and general protocols for collecting occupant-centric data using
sensors [24]. The general focus was on enabling domain experts to
choose sensors to optimize the accuracy or other properties of the
collected data. In any deployment, trade-offs have to be made among
accuracy, privacy invasiveness and the cost of data collection (e.g.,
building installed versus tenant/occupant owned sensors) [68]. A recent
review on current building occupant sensing systems indicates that
commercially available occupant sensors are still too expensive to
deploy at the whole building level (Dong et al., 2019). The large po-
tential for energy savings from occupancy-based HVAC and lighting
controls [69], ranging from 20% to 50%, however motivates researchers
to investigate new sensors or new approaches for occupancy sensing.
Most research studies focus on a small-scale deployment using prototype
sensors. A notable recent study is to utilize WiFi probe technology to
actively scan the WiFi connection request and response between WiFi
signals and smart devices in existing network infrastructures. The results
show that more than 90% of the time, up to four occupants in a space can
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be detected [70]. Another direction is to integrate sensor modalities to
address the limited coverage of high-accuracy sensors with
wide-coverage inaccurate sensors [71]. Finally, an important direction
is to preserve privacy of occupants, while maintaining or improving
accuracy. For example [72], developed a method to encrypt images for
video-based occupancy sensing to remove the identify of occupants.

2.1.2. Data-driven modeling for occupant presence and behavior

The wealth of data opens new opportunities for extracting knowl-
edge through data-driven modeling of occupant presence and actions. In
particular, the many opportunities offered by data mining and artificial
intelligence creates a humus for the development of new models or for
generating new knowledge on multi-aspect environmental exposure,
human-building interfaces, human behavior, and occupant-centric
building design and operation. Data mining and artificial intelligence
are fostering a rapid development and penetration of new methods and
tools that can identify patterns and learn from the past, have better
properties and performances, or make analytical and predictive tech-
niques easily accessible on more powerful computing infrastructure
[73]. In this regards, deep learning is emerging in the latest years as a
promising approach for occupant and activity identification and expla-
nation purposes [74].

While IEA EBC Annex 66 focused on traditional methods for
modeling occupant presence and actions, future research should also
embrace machine learning techniques including supervised and semi-
supervised learning for classification and regression and unsupervised
clustering for pattern analysis of occupant behavior. Previous work has
documented the challenges in selecting the best data processing
methods and in knowing when data-driven methods are the appropriate
tool, for example, for predicting occupant presence [75] or for
model-predictive control [76,77]. Furthermore, while a most studies use
metrics for quantifying the properties and accuracy of a model [78], the
field lacks a structured and coordinated overview with the identification
of the main limitations of the data-driven methods commonly used in
occupant presence and action modeling [74].

2.1.3. Open data-driven science

Data is the foundation of data-driven models. Therefore, science and
domain experts must establish means of sharing data and software to
alleviate researchers and organizations from the burden of collecting
redundant data for research purposes. Sharing data and software will
increase the efficiency, transparency, and reproducibility of science
[79]. To share and use data in a consistent manner requires that orga-
nizations agree on documentation of the meaning of data, e.g., a meta-
data schema. Existing work has considered schemas for building
instrumentation in general [80] and building monitoring with an
emphasis on building occupants, outdoor and indoor environmental
conditions [23]. A threat when sharing data is the possible violation of
individuals’ right to privacy. Existing principles and regulations must be
observed, such as, the Findable, Accessible, Interoperable and Reusable
(FAIR) principles and the EU General Data Protection Regulation
(GDPR). Existing work has considered methods to anonymize released
data to minimize possible violations. PAD is one example of an ano-
nymity system based on the principle of k-anonymity [81]. However,
there remain major gaps in that open science methods are not well
established in the field, no proper metadata schema exists, privacy
protection methods do not protect against a range of threats, and the
methods are not easy applicable by domain experts [82].

2.2. Existing challenges

The review points to a list of research needs and associated activities
as illustrated in Fig. 5.

A challenge with data-driven modeling is that there is a lack of
scalable data collection solutions for a large-scale occupant behavior
modeling, especially when considering the many types of data from
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small to big from thin to fat. With the development of the Internet of
Things, researchers have started looking at potential data from mobile
phones and social media. For example, research on urban mobility un-
covered the potential to derive occupancy locations using mobile posi-
tion data [83]. To expand on this, the Annex 79 will develop new
occupancy data collection methods including scalable data sources, such
as, mobile position and social media.

Another challenge is that, by borrowing methods from other fields,
there is a wealth of data-driven methods for modeling and analysis.
However, a coherent and thorough picture of the methods used for
occupant presence and action modeling is lacking. This gap can —-among
other things- result in using inferior or outdated methods, or in
incomparable results if different methodologies are applied. To address
this challenge, a synoptic table from review studies will be created
which relates methods, purposes and accuracy metrics, together with
the identification of the limitations of data-driven methods commonly
used in occupant presence and action modeling.

Furthermore, to foster a proper use of data-driven methods, the el-
ements of a data processing tool chain will be distilled for data-driven
models representing occupant presence and action. The scope has to
cover different methods, including classification, regression, clustering
and preprocessing of data; for example, cleaning of data from faulty,
misplaced sensors or sensors that have been tampered with. To promote
the adoption of novel approaches for exploiting data processing for
occupant presence and action modeling, application guidelines need to
be developed to support occupant-centric building design, simulation
and control, from the collection of in situ occupant-centric sensing data
to the visualization of data and outcomes.

A final challenge is to apply an open science methodology to data-
driven modeling of occupant presence and behavior, as lack of open-
ness can lead to research results that are not transparent in terms of data
and resulting models. This challenge can be broken into several issues,
including the lack of availability of open data and experience using open
data; the lack of structured metadata to support releasing and using open
data; and handling of privacy issues when releasing data. Planned efforts
to address this challenge will include the development of a community
platform to share open data and code for modeling occupant behavior
and actions. This will be supported by creating metadata schemas for
annotating data and querying data for various use cases. Furthermore,
the state-of-the-art of anonymization methods for preprocessing
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Fig. 5. Overview of challenges and actions.
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released data will be advanced to improve occupant/participant pri-
vacy. Finally, to build a research community, data competitions will be
organized to involve researchers and people from practice and to create
awareness about the released data and code.

2.3. Research priorities

2.3.1. Utilization of scalable data sources

To address scalable data collection solutions, a few research studies
have been investigated that utilize data from mobile phones such as
position and social media data and WiFi signals [84,85]. The purpose is
to provide a guideline for future researchers on a scalable and large-scale
data collection solution. As a starting point, several universities within
IEA EBC Annex 79 have been collaborating on collecting those data from
different countries. As a case study, mobile position data were collected
through installed mobile phone apps in two cities, San Antonio, USA and
Beijing, China. From that, daily occupancy schedules for 453 buildings
in the San Antonio downtown area have been derived. In order to
quantify the difference between these schedules and pre-defined
schedules from design standards and guidelines (e.g., ASHRAE Stan-
dard 90.1 [86]) a new statistical measure, called discrepancy score and
absolute mean discrepancy score has been developed. The preliminary
results from the 453 buildings show that the maximum hourly difference
between those two schedules is up to 36% while the average difference is
about 8% [83]. Moving forward, the energy impacts of inaccurate
schedules will be evaluated at a large scale. In addition, the installation
of actual occupancy sensors is planned to evaluate the accuracy derived
from mobile position data.

2.3.2. Data-driven methods for modeling occupants

A current trend in scientific community is to exploit the capacity of
high-performance computing to execute simulations of extremely com-
plex physical problems and engineering systems, and reliability of data-
driven models is often evaluated by using accuracy metrics without
assessing whether the models carries any physical insight [87]. There-
fore, one of the priorities is to develop standard evaluation protocols for
accuracy assessment, to facilitate models’ comparison and enable
meta-analysis of multiple datasets across different building types, sam-
ple sizes and country of origin. On the other side, the building profes-
sional community uses simpler engineering models with trivial
assumptions on occupant behaviour, whose outcomes can be easily
understood, but lack of representativeness of complexity of human
dimension in buildings. Therefore, another research priorities is to
support the building professional community in understanding and
using data-driven models by producing guidelines and tutorials and,
hence, to create the conditions for their inclusion into existing building
performance evaluation procedures while considering systems’ physics
and benefitting from the increasing data availability.

2.3.3. Open science methodology

An open science methodology is needed to support data-driven
occupant modeling. To date, a survey has been launched to gather
research community feedback on existing practices, barriers and op-
portunities. Existing practices cover software tools and using and
sharing of open datasets. Barriers cover different challenges in either
sharing or using open data. Opportunities cover new possibilities for
using or sharing data. The survey results will help to address the highest
ranked barriers and opportunities. Another initiative is as a community
to start sharing data and software resources within the area: github.
com/EBC-Annex-79/Data-Driven-Occupant-Modeling. Some of the
released data has already been analyzed in terms of privacy protection.
The analysis demonstrates the many challenges in anonymizing data as
several variables of a released dataset could be re-identified [91].
Therefore, solutions to better anonymization of data is an ongoing focus
in future work.
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3. Occupant-centric building design

From the IEA-EBC Annex 79 perspective, occupant-centric building
design means to place occupant needs (comfort and health) as a priority
and to use explicit occupant modeling to design for. and recognize, the
bi-directional interaction between occupants and buildings.

3.1. State-of-the-art

As mentioned in the outset, in the past decades understanding and
modeling of occupant behavior has gained momentum [33]. A new
generation of data-driven models aim to capture the interactive relation
between occupant and built environment which is, in particular, ad-
vantageous for occupant-centric design. Additionally, further possibil-
ities for implementation of occupant models in building simulation tools
are emerging [44,92]. Besides, given the concerns about the reliability
of occupant behavior models in different contexts [93,94], an increasing
number of cross-validation studies have put the existing occupant
models to the test [95]. IEA-EBC Annex 66 [3] represented a major
coordinated effort to improve the status quo in this regard. However,
occupant modeling in simulation for design purposes remains in its
infancy.

Applying a new generation of occupant behavior models in the
building design process provides many opportunities to not only
improve energy prediction but also to better understand how occupants
will respond to various architectural and controls concepts. It follows
that building design can be greatly improved with regards to energy
performance and occupant comfort. In addition, the advent of advanced
occupant modeling opens many new opportunities to pursue novel
design procedures, such as robust design, design optimization, and
generative design [97,98].

More specifically, the building design process includes several
important activities that involve obtaining information and making as-
sumptions about occupant schedules and their activities in buildings.
For example, occupant-related assumptions are used for load calcula-
tions to estimate peak cooling, heating, and ventilation loads for
designing HVAC systems. Similarly, to meet the targets specified in
performance-based building energy codes, building designers rely on
building energy and occupant models to simulate and compare perfor-
mance of the proposed design with the code baseline. Currently, basic
non-customized schedules are used in most design calculations and
associated decision-making processes [21]. With the advance in dy-
namic and stochastic modeling of occupants’ presence, movement,
comfort needs, and occupants’ interaction with building systems and
devices, these models can be used to support the design of buildings that
are energy efficient, comfortable and usable, flexible to shift loads, and
resilient to extreme weather events (e.g., heatwaves, wildfires).

3.2. Existing challenges

In spite of the aforementioned advances in capturing the occupant
behavior complexity, the latest studies in the field suggest that appli-
cation of occupant models in the design process is still in its infancy [32].
Specifically, while the deeper insight to occupant behavior has resulted
into popularity of stochastic models in the research community, use and
analysis of stochastic results remain one challenge in the field. Besides,
with the expanding pool of occupant models, building performance
modelers face the additional question of choosing the right occupant
behavior model for building simulation in the design process [29]. In
fact, from the authors’ view, the increasing number of published occu-
pant behavior models has not provided widely applicable approaches to
represent occupants across different building types, climates, cultures
and settings, as they lack a cohesive meta-data companion for applica-
tion in building design and operation practice [93].
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3.3. Research priorities

There is an urgent need to develop, demonstrate, and deploy meth-
odologies, technologies, and policies to design occupant-centric build-
ings that are comfortable, usable, adaptable, and energy efficient.
Research should specifically address the sustainable implementation of
occupant behavior models in building practice by developing guidelines
(and preparing standards) for applying the models during building
design and operation. In addition, focused case studies should be used to
implement and test the new models in different design and operation
phases in order to get valuable feedback for the researchers — and ulti-
mately to normalize the practice of occupant-centric design.

As shown in Fig. 6, key completed and planned research activities
with regard to occupant-centric building design are structured as liter-
ature reviews, supporting explorations, development of methods or
recommendations and case studies.

3.3.1. Literature reviews

Two literature reviews on occupant-centric design have been per-
formed to provide the basis for development of methodologies and
recommendations for consideration of occupants and application of
occupant behavior models in building design process. Firstly, a
comprehensive international review of occupant representation in
building codes and standards investigates and analyses global experi-
ences of treating occupants in the regulations associated with
performance-based design process. Occupant-related details in 22
countries’ building energy codes have been collected and analyzed [99].
In brief, findings revealed major discrepancies between regions’
occupant-related code specifications — often spanning a factor of three,
for specifications such as lighting and equipment power density. These
discrepancies as well as those found in the performance-based re-
quirements indicate a need for significant future research, with the aim
to increase the rigor on how occupants are treated in building codes.
Furthermore, the study identified numerous innovations in select
countries that could be widely adopted by others and suggested a
number of approaches that could advance all the studied building codes.
Examples included adding prescriptive requirements based on occupant
simulation studies, updating and expanding the scope of schedules and
demanding multiple occupant scenarios.

The second review (forthcoming) collected and investigated previous
efforts in a variety of computational design support methods (including
robust design, parametric design and optimization) with a focus on the
role of occupants. The review explored occupant-related building per-
formance metrics, modeling and simulation approaches, design methods
and applications together with the supporting mechanisms associated
with occupant-centric design and identified the barriers for more
effective application of occupant-centric building design practices. The
review indicated that occupant-centric simulation-aided building design
strategies are in their infancy and only at the proof-of-concept stage;
hence the need for more research and documentation of workflows.

3.3.2. Supporting explorations

The aforementioned reviews are accompanied by two supporting
investigations in the field of big data analytics and synthetic population
modeling to further explore possibilities for application of occupant
behavior modeling in building design process.

Firstly, given the costs and uncertainties associated with measuring
the total number of occupants in buildings through traditional methods
[101,102], availability of social media data can provide alternative so-
lutions. Social media data has been researched for urban mobility and
disaster evacuation, for example, to provide new insights in areas
including travel recommendation, industrial competitive analysis and
activeness identification [103-105]. One activity aims to study the
possibilities of using social media data to derive occupancy patterns of
buildings through integrating location analysis and data mining
methods (see also Section 3.3.1) to support building design. This will
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Fig. 6. Flowchart of activities regarding occupant modeling in building design.

include data collection and cleaning of social media data, extraction and
analysis of location of people, occupant numbering extraction and
validation for a commercial building. In this context, there is a lack of
systematic methods to analyze social media data to derive schedules at
different time scales for both building design and operation purposes,
which will be addressed by this activity.

Secondly, while synthetic population models are used in other dis-
ciplines, e.g., demography, transportation, and psychology, no such
study can be found in the building energy field. Based on a literature
review on synthetic population models in other fields, this activity fo-
cuses on designing and developing a synthetic population model of
building occupants to support occupant behavior modeling and simu-
lation in buildings. The activity reviews the existing datasets that can be
used to populate the models, including the ASHRAE Global Thermal
Comfort Database II [106] and Annex 66 Occupant Behavior Survey
[107]. Gaps in the dataset will be identified and a plan to collect the
needed data will be developed, which is in line with the proposed effort
to develop a global occupant database.

3.3.3. Methods and recommendations
As shown in Fig. 6, future research aims to develop three sets of
guidelines and recommendations for occupant-centric design as follows:

1. Guidelines to choose fit-for-purpose occupant modeling approaches;

2. Recommendations for occupant-related prescriptive and perfor-
mance paths of building codes;

3. Standard ways for communicating occupant-related assumptions
between stakeholders.

Following IEA EBC Annex 66 efforts [29], Annex 79 aims to establish
reliable paths to choose the most appropriate occupant modeling
approach across scales, building types, design stages, climates, and
building modeling objectives. Additionally, while Annex 79 does not
seek to re-write building codes, it aims to provide concrete recommen-
dations on how occupant-related considerations can be advanced in
building codes to code committees around the world. This activity aims
to extract effective and applicable recommendations for building energy
codes based on the outcomes of the literature reviews explained in
Section 4.3.1. These recommended procedures and guidelines will be
applied and verified in real-world case studies as explained in the

following section.

3.3.4. Occupant-centric design case studies

Occupant-centric design methods and their practical demonstration
are greatly needed. However, it is important to demonstrate them in
practice to: 1) show that they can work on real buildings (e.g., not
merely shoebox office models), and 2) publicize the importance of
occupant-centric simulation-aided design to a variety of stakeholders,
such as building developers, architects, engineers, and energy modelers.
Accordingly, a research priority is to apply and verify the developed
methods to real building design projects with stakeholder involvement.
After having established the criteria for selection of case studies, Annex
79 researchers have selected approximately seven buildings for further
study. Fig. 7 shows the location of the planned case studies in the context
of the life cycle phase of the building that they are focused on and the
study spatial scale. While the case studies are diverse in building type,
location, and focus, they share the common attribute of applying
modeling and simulation methods to improve building design, with a
focus on occupants. The case studies and applied design methods will be
documented in detail and disseminated widely to demonstrate the
importance and value of occupant-centric building design.

4. Occupant-centric building operation

As stated in the introduction, occupant preferences for the indoor
environment and their behavioral patterns are far more diverse than is
commonly understood by practitioners. Additionally, occupancy and
occupant behaviors might change over the life cycle of a building (e.g.,
new tenants, transformation of building use) or due to events which
have not been considered during design (e.g., heat waves, new noisy
road close to a building). To address this, occupant-centric control
(OCCQ) involves the sensing of actual indoor environmental quality, oc-
cupants’ presence, and occupants’ interactions with buildings and
feeding this information directly back into control algorithms to achieve
both high levels of energy efficiency and comfort, while maintaining
usability and perceived control. While demand response-based controls
have been slowly implemented for decades, modern OCC has the po-
tential to more rapidly increase the impact on building performance due
to recent advancements in available and affordable sensor, mobile and
wearable devices, and the data processing technologies that can harness
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large data for control. In addition, modern building management sys-
tems (BMS) increasingly have the ability to interface with a wider array
of data sources through web-based data exchange methods and efforts in
standardization in point labelling. This section builds upon techniques
discussed in previous sections with a focus on their transformations into
the building control domain to improve occupant-centric building
operation. Unlike conventional indoor climate control in which occu-
pancy and occupant preferences are assumed or taken generically from a
design code or standard, we define OCC as an approach for indoor
climate control in which occupancy and/or occupants’ comfort and
preferences are directly measured or indirectly inferred from a variety of
sensors, occupant feedback from control interfaces or mobile and
wearable devices. This information is then used to train models to adapt
to actual context-related conditions and occupants’ needs.

4.1. State-of-the-art

Section 3 outlined the emerging methods of occupancy data collec-
tion and modeling. Much of these data can be used as inputs to the OCC
process. In addition, OCC-specific methods are emerging for detecting
presence or occupant counts with various sensors transform from cubicle
or room-level to building-level. The most common sensor type used in
practice for presence detection in building controls is the passive
infrared or ultrasonic motion detector. While occupant count detection
is still an on-going research challenge, the most promising current
sensing approaches rely on people counting cameras at main entry
points and WiFi or Bluetooth-enabled device counts [108-110]. COy
concentration and electric lighting and plug-in equipment use are other
promising commonly-available data types to gain some understanding
of the occupancy levels without explicitly sensing the number of occu-
pants [111,112].

Numerous studies have localized presence detection to be directly
used for lighting automation — e.g., vacancy off lighting [113-116].
However, considering the slow thermal response of buildings, a fore-
casting stage is also needed for HVAC controls. Hence, methods to learn
from the past patterns of occupancy and to generate predictions based
upon these patterns have been an active research area. In some case
studies, the learning process was undertaken online in a controller
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whereby key occupancy metrics such as the earliest expected arrival or
the latest expected departure times were estimated in real-time [e.g.,
117]. In others, the learning process was offline; as such, the metrics
were estimated from an archived dataset and used in controls [118,119].
The case studies documented in the reviewed literature have focused on
the use of occupancy information for variable-air-volume (VAV) termi-
nal units, perimeter heaters, and fan coil unit controls.

Besides detecting occupants in buildings, OCC systems should also be
able to accurately infer what the users want so they can successfully
modulate comfort control systems to improve occupant satisfaction.
Subjective indoor comfort information can be collected either actively
through asking occupants what they want or by passively observing
behavior that indicates discomfort. Several new active methods are
emerging through the use of mobile [120] and wearable applications
[121] to crowd-source comfort feedback that can be used for control.
New passive techniques are emerging from adaptive behaviors such as
occupant interactions with the building interfaces, e.g., thermostats or
light switches. Rather than controlling indoor air temperatures at con-
stant and standard setpoints with the misconception to provide and
maintain comfort for the majority of the occupants, parameters in
addition to air temperature (e.g. mean radiant temperature) can be used
to better infer occupant comfort. OCC relies on occupants’ feedback with
the intent to provide personalized comfort conditions in each thermal or
lighting zone. The occupant feedback recorded at varying conditions is
used to learn the preferred indoor conditions [122,123]. For example,
Peng, Nagy and Schliiter [124] and Gunay, O’Brien, Beausoleil-Morrison
and Bursill [125] proposed methods to learn preferred indoor temper-
atures, which were used to adapt zone temperature setpoints. Similarly,
Park, Dougherty, Fritz and Nagy [126] and Nagy, Yong, Frei and
Schlueter [116] developed algorithms to learn preferred indoor illumi-
nance levels, which were used to adapt illuminance setpoints for
daylight-integrated lighting controls.

The aforementioned approach to detect occupants, learn or ask for
their comfort feedback, and train models on their behavior is finding its
way into practice due to modernized BMS infrastructure and its ability to
synthesize data from many more sources. Aggregation of Internet of
Things (IoT) data from disparate systems for the purpose of control can
be enhanced through data connectivity and middle-ware platforms
[127] and meta-data label standardization [80], see also Section 3.2.

4.2. Existing challenges

Real world, true implementations of occupant-centric controls are
rare. In fact, Park, Ouf, Gunay, Peng, O’Brien, Kjergaard and Nagy
[128] conducted a literature review and identified only about 42 case
studies that would fit this label. The following is a list of findings of this
review, identifying the challenges and limitations.

o The reviewed field implementations were small scale. The experi-
ments often involved only a few occupants and lacked longevity or
large sample sizes (e.g. months and fewer than ten participants).
Given inter-occupant diversity and potential variations in behavioral
patterns between seasons, small samples and short test periods may
not be representative. Further, the experiments were conducted
mainly by a few research groups, and as such they took place only in
a few climatic conditions, and nearly 60% of them in academic
buildings with a limited number of building system configurations.
Given diversity in occupant behavior, variations across different
building archetypes, climatic conditions, large-scale field imple-
mentations extended over multiple seasons in different climatic
conditions are required for the assessment of OCC in real world
implementations.

Many of the existing implementations lack a rigorous performance
measurement and verification procedure. Given the difficulty in
conducting side-by-side experiments in identical rooms with similar
occupancy patterns at the field-scale, researchers sometimes resorted
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to changing between two or more control algorithms every week in
the same space [122,129]. Further, as they often lacked access to
lighting, heating, cooling submeters dedicated to investigated
spaces, they resorted to other indicators to quantify energy savings —
e.g., radiator operation time, volume of conditioned air delivered
[125,130,131] - or simulation [129,132]. To infer occupants’
satisfaction with the occupant-centric control algorithms, only few
studies analyzed whether any noticeable changes in occupants’
adaptive behavior patterns or complaint frequencies were followed
by their implementation [114,125,131]. In addition, there were
considerable variations in the sensor, meter, and actuator configu-
ration; and in some cases, details regarding the data infrastructure
were missing or incomplete. These findings indicate the need for
larger scale occupant-centric control implementations and guide-
lines detailing their configuration, implementation, and measure-
ment and verification.

Many of the case studies involved a learning algorithm to model
occupancy patterns and occupant comfort preferences. The tech-
niques used in occupant modeling remain fragmented in the
reviewed studies and they are generally not ready for widespread
application. For example, models to capture occupancy patterns
were developed using following techniques: logistic regression
[133]; decision trees and k-means clustering [134]; hidden Markov
models [135]; and persistence-based forecasting of the occupancy
profile [111]. Similarly, occupant comfort preference learning has
been achieved using Fisher discriminant analysis [130]; fuzzy pre-
dictive modeling [131]; logistic regression [125,129]; algebraic sum
of comfort votes [132]; and others. Further, there were subtle dif-
ferences in the assimilation of the occupant-related data in these
models. For example, Gunay et al. [125,129] updated learned user
preferences (e.g., slightly de-/increasing heating/cooling setpoints)
when there were no adaptive actions registered in an occupied space
as well as when there were adaptive actions. In contrast, Nagy, Yong
and Schlueter [114] updated learned user preferences for indoor
illuminance only when there was a light switch-on event.

Research to develop methods for incorporating learned comfort in-
formation from behavior patterns or comfort surveys to building
automation systems remains anecdotal. Recognizing the technical
limitations of many existing building automation systems, the
question is: how can OCC algorithms be formulated without
compromising the advantages of both manual control and automa-
tion [136]?

4.3. Research priorities

In order to tackle the addressed challenges and open questions a
thorough review of the scientific literature on real-world implementa-
tions of occupant-centric control algorithms has been conducted. Key
research questions are listed below, while the proposed research activ-
ities to address them follow.

e What is the right balance between manual and automated controls?
Especially, the use of OCC algorithms in buildings in which occu-
pants have access to unmonitored manual control systems, such as
operable windows, will be investigated. Further, the impact of the
level of occupant control given through integrated control interfaces
(e.g., +2 °C override permission over a default temperature setpoint)
needs to be examined with regard to energy and comfort perfor-
mance of OCC.

e How does the design and configuration of control interfaces affect
the performance of OCC algorithms? Answering this question co-
incides with the activity addressed in Section 2.3.3 and will require
the investigation of both manual and automated control interfaces
through controlled experiments. Specifically, it will be investigated
what information should be displayed on interfaces and how
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occupancy and occupant preferences should be learned, updated,

stored, and used.

How can the energy and comfort impact of OCC algorithms be

measured and verified? Appropriate sample size and testing period

as well as methods to unobtrusively and reliably monitor and
quantify comfort benefits of OCC will be studied.

e Which space and buildings types are suitable for the defined OCC
categories? For example, some OCC categories may not be applicable
for certain building types, because space use, available sensing
technologies and HVAC system configurations could represent major
constraints for certain OCC algorithms.

e Which emerging products and technologies can have an impact on
the applicability of OCC in the future?

4.3.1. International survey on common sensing technologies in building
operation

This survey will reveal common occupant sensing technologies for
energy management across different building types and in different
countries and, it will determine how these technologies are used and
supplemented with operators’ expertise. A questionnaire is being
designed to determine the input data requirements for OCC algorithms
and to prioritize certain building system configurations. It is intended to
guide in-person or phone interviews with building operators, and facility
and energy managers.

4.3.2. Development of OCC simulation environment

The objective of this activity is to develop a simulation environment
for the development and assessment of OCC algorithms. This will be a
sandbox environment for rapid preliminary testing of the OCC algo-
rithms. For example, different configurational settings of OCCs (e.g.
preference learning/forgetting rate, learning algorithms, temporary
override periods, level of control offered to the occupants) can be
investigated in simulation prior to their deployment in real life case
studies. This simulation environment will be implemented in the
building performance simulation tool EnergyPlus. The capabilities of
this environment will be demonstrated through simulations with
archetypical building energy models in different climatic conditions.

4.3.3. Implementation of OCC in case studies

A pressing research need is to conduct a number of well-documented
systematic case studies to demonstrate the energy and comfort perfor-
mance benefits of occupant-centric controls. The findings of these case
studies need to be synthesized, and best practices for their imple-
mentation, measurement, and verification need to be documented for
different building archetypes and climatic conditions.

As a first step, based on the literature review findings and discussions
during the Annex 79 meetings, the seven broad OCC categories listed in
Fig. 8 were defined. The first three of these categories rely on presence
sensing technologies to modify building-level on-off or zone-level tem-
perature setback schedules for HVAC and to switch off electric lighting
in vacant lighting zones. The categories four and five modulate the
airflow rates of HVAC systems (e.g., AHUs and VAV terminal units) at
the building- and zone-level, respectively. The categories six and seven
adapt the indoor temperature and illuminance setpoints during occu-
pancy to preferred indoor climatic conditions. For each of the seven
broad control categories, several experiments in different climatic con-
ditions and building types will be carried out.

For the selection of case study buildings, a typology of descriptors
will be developed for categorization and analysis of different buildings.
Amongst others, these descriptors include space attributes, sensing,
automation, and system attributes. Further, the activity entails the
integration of occupant-centric control algorithms into the building
automation systems of the case study buildings. Additionally, emerging
indoor climate control technologies relevant to the use of OCC in
buildings (e.g., personal comfort system chairs [137]) will be reviewed.
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Scheduling system-level equipment based on first
arrival and last departure times in a building
Applying zone temperature setback based on first
and last arrival and last departure times
Switching off lights based on vacancy detection
Modulating minimum outdoor airflow setpoint
based on system-level occupancy

Modulating minimum airflow setpoint based on
zone-level occupancy

Adapting zone temperature setpoints based on
learned temperature preferences

Adapting illuminance setpoints based on learned
illuminance preferences

Fig. 8. Case study structure for occupant-centric control strategies.

Technical and non-technical obstacles emerging at this phase will be
carefully documented for future reference.

5. Conclusion

Despite the fact that occupancy and occupant behavior can greatly
influence building performance in all its facets — comfort, health, us-
ability, functionality, energy — there is an obvious lack of knowledge,
tools, guidelines, and standards for practitioners to design and operate
buildings accordingly. Although there has been significant progress in
scientific work over the past decade, for example, documented in the
outcomes of IEA EBC Annex 66, open research questions remain, new
methodological approaches and technologies appear, and, most impor-
tantly, the transition from research to practice has not been solved yet.

Consequently, work in this field is continued and a follow-up project,
IEA EBC Annex 79 on “Occupant-centric Building Design and Opera-
tion”. With this paper, the four main areas of focus were presented with
their most pressing challenges and a proposed set of activities to be
conducted, based on a condensed overview of the state-of-the-art in
literature and practice. The research needed to address the challenges is
both fundamental and applied in nature - the latter due to the lack of
occupant-centricity in current practice regarding design and operating
strategies. This also underlines a necessary paradigm shift of relieving
occupants from a purely passive role in the consideration of architects
and planners to putting their needs and preferences into the foreground,
resulting in a complex and dynamic bi-directional interaction between
occupants and buildings.

In the first of the two more fundamental fields, systematic explana-
tory theories of people’s perception and behavior in the built environ-
ments are sought. Currently, the majority of standards for the design of
indoor environments only focus on single-domain influences (thermal,
visual, olfactory, and aural comfort), resulting in isolated treatments of
indoor environments’ multiple quality criteria. However, in reality oc-
cupants face multi-domain environmental exposure and implications on
occupants’ satisfaction, behavior and the energy use in buildings are not
yet understood. Moreover, there is a need for a systematic approach to
buildings’ control interfaces in order to support and improve buildings’
energy efficiency through occupant behavior. Appropriate and user-
friendly control opportunities via adequately designed and configured
building envelope components and technical systems as well as corre-
sponding effective human-building interfaces have to be provided. To
date, insufficient attention has been paid to their availability, visibility,
intuitiveness, responsiveness, and effectiveness.

Secondly, data-driven modeling of occupant presence and behavior
appears as a promising approach as the availability of various sensing
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technologies and data sources increases rapidly. Data mining and arti-
ficial intelligence may be used for developing new models or for
generating new knowledge in the field. Further, new occupancy data
collection methods including scalable data sources, such as mobile po-
sition through WiFi signals and social media data, can be applied and
modified for occupant modeling purposes. A community platform to
share open data and code for modeling occupant behavior and actions
will help to increase transparency and reproducibility of science; this is
supported by advancing privacy protection methods such as anonym-
ization for preprocessing released data.

More applied research will address, on one hand, the sustainable
implementation of simulation-aided occupant-centric building design
approaches, including robust design and other probabilistic methods,
optimization, and generative design. This involves recommendations for
the revision of codes and standards with regard to occupants, and
guidelines for practitioners to choose the most appropriate occupant
models for building simulation in the design process. A synthetic pop-
ulation model of building occupants will be tested as an alternative
approach to occupant modeling.

On the other hand, occupant-centricity also has to be an integral part
of building operation and management. Consequently, occupant-centric
control (OCC) strategies in order to detect occupants, learn about their
comfort requirements, and train models on their behavior have to be
implemented into building management systems. Research has to be
conducted to find the right balance between manual and automated
controls and on how the design and configuration of control interfaces
affect the performance of OCC algorithms. Further, the suitability of
different OCC strategies for the respective building use has to be
investigated.

For these two major building life-cycle stages — design and operation
— focused case studies will implement and test the new models to test
novel concepts for further research and ultimately to normalize the
practice of occupant-centric design and operation.

While this introductory paper intends to give an overview of the field
with regards to recent and current research activities -mainly connected
with work in Annex 79, the interested reader can find much more details
through the literature reviews on specific topics that are part of this
special issue. While Annex 79 in its second year (at the time of publi-
cation), a large group of researchers from different fields is rapidly
addressing the gaps in knowledge. At the end of Annex 79, in 2023, we
expect to provide a suite of reports on occupant-centric building design
and operation to key stakeholders: scientists and academics, practi-
tioners, industry, and policymakers. More information on Annex 79 can
be found at http://annex79.iea-ebc.org.


http://annex79.iea-ebc.org
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