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The International Energy Agency

The International Energy Agency, the global enagthority, was founded in 1974 to help its member countriexdioate a
collective response to major oil supply disruptions. Its mission has evolvetestsdtoday on three main pillars: working to
ensure global energy security; expanding energy cotiperand dialogue around the warlahdpromoting an environmentally
sustainable energy future.

The IEA Energy in Buildings and Communities Programme

The IEA coordinates international energy research and development (R&D) activities through a compeepertfolio of
Technology Collaboration Programmes. Timéssion of the Energy in Buildings and Communities (EBC) Programme is to
develop and facilitate the integration of technologies and processes for energy efficiency and conservation into healthy, low
emission, and sustainable buildings and communities, through innovation and research. (Until March 2013;EBE IEA
Programme was known as the Energy in Buildings and Community Systems Programme, ECBCS.)

The R&D strategies of the IEABC Programmere derived from research drivers, national programmes within IEA countries,
and the IEA Future Buildings Forum Think Tank Workshops.sEisérategies aim to exploit technological opportunities to save
energy in the buildings sector, and to remove tecthmibstacles tthe market penetration of new energfficient technologies.

The R&D strategies apply to residential, commeraal] office buildingsas well asccommunity systems, and will impact the
building industry in five focus areas for R&D activitie

i Integratedblanning and building design

i Building energy systems

i Building envelope

i Community scalenethods

i Real building energy use

The Executive Committee

Overall control of the IEAEBC Programmeés maintained by an Executive Committee, which not only monitors existing
projects, but also identifies new strategic areas in which collaborative efforts may be berifieiakCo has 2 member
countries. All member countries have the right to propose new projects, and each country then decides whether or not to
participate on a case by case basis. Most projects are carried out on a 'task shared' basis, in which participatifmn®rganisat
arrange for their own experts to take part. Certain projecte@sesharedn which participants contribute funding to achieve
common objectivesiAs the Programme is based am lanplementing Agreemertiontract with the IEA, the projects are legally
established as Annexes to the HEBC Implementing Agreement.

At the present time, the following projects have been initiated byPthgramme(completed projectsre identified by an
asterisk}):

Annex 1: Load Energy Determination of Buildings (*)

Annex 2: Ekistics and Advanced Community Energy Systems (*)
Annex 3: Energy Conservation in Residential Buildings (*)
Annex 4.  Glasgow Commercial Building Monitoring (*)
Annex 5:  Air Infiltration and Ventilation Centre

Annex 6: Energy Systems and DesighCommunities (*)
Annex 7: Local Government Energy Planning (*)

Annex 8: Inhabitants Behavior with Regard to Ventilation (*)
Annex 9: Minimum Ventilation Rates (*)

Annex 10: Building HVAC System Simulation (*)

Annex 11: Energy Auditing (*)

Annex 12:  Windows and Fenestration (*)

Annex 13: Energy Management in Hospitals (*)

Annex 14: Condensation and Energy (*)

Annex 15: Energy Efficiency in Schools (*)

Annex 16: BEMS 1- User Interfaces and System Integration (*)
Annex 17: BEMS 2 Evaluation andEmulation Techniques (*)
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Demand Controlled Ventilation Systems (*)

Low Slope Roof Systems (*)

Air Flow Patterns within Buildings (*)

Thermal Modeling (*)

EnergyEfficient Communities (*)

Multi Zone Air Flow Modeling (COMIS) (*)

Heat, Air and Moisture Transfer in Envelopes (*)

Reattime HVAC Simulation (*)

EnergyEfficient Ventilation of Large Enclosures (*)

Evaluation and Demonstration of Domestientilation Systems (*)

Low-Energy Cooling Systems (*)

Daylight in Buildings (*)

Bringing Simulation to Application (*)

EnergyRelated Environmental Impact of Buildings (*)

Integral Building Envelop@erformance Assessment (*)

Advanced Local Energy Planning (*)

ComputerAided Evaluation of HYAC System Performance (*)

Design of Energaefficient Hybrid Ventilation HYBVENT) (*)

Retrofitting of Educational Builings (*)

Low Exergy Systems for Heating and Cooling of Buildings (LowEX) (*)
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Building Commissioning to Improve Energy Performance (*)
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New Generation Computational Tools for Building & Community Energy Syst&ms
Business and Technical Concepts for Deep Energy Retrofit of Public Build)ngs
Ventilative Cooling

Implementation of Energy Strategies in Communities

LowEx Communities Optimized Performance of Energy Supply Systems with Exergy Principles
Long-Term Performance of Supérsulating Materials in Building Components and Systems
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Energy Flexible Buildings
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Energyrelated occupant behavior in buildings is a key issue for building design optimization, energy
diagnosis, performance evaluation, and building energy simulation. Occupant actions such as adjusting
thermostat for comfort, switching lightsn/off, using appliancesppening/closing windows, pulling
window blindsup/down and moving between spaces can have a significant impact on the real energy use
andoccupant comforin buildings. Having a deeper understanding of occupant behavidmgnadving
capability to quantify its impact on the use of building technologies and building performance with
modeling and simulation toolare crucial to the design and operation of lewergy buildingswhere

humari building interactions are kegspects of concertdowever, the influence of occupant behavior is
underrecognized or ovesimplified in the design, construction, operation, and retrofit of buildings.

Occupant behavior is cgrtex and requiresraintedisciplinary approach to be fully understood. tBa

one hand, occupant behavisrinfluencedby external factors such as culture, econoamd climate, as

well as internal factors such as individual comfort preference, phygicdogl psychologyOn the other
hand, occupant sbdé i nt er atonglyiofluence huiding opepationd athd thug sy s
energy use/cost and indoor comfdhisin turn influences occupant behavyithus forming a closed loop.

Over 20 groupsaroundthe worldare separatelgtudying occupant behavidm this context However,
existing studies on occupant behavior, mainly from the perspective of sociology, laldptin
guantitative analysis. Furthermormodels describinghe occupant behaviadeveloped by different
researchers are often inconsistent, ilegkconsensuswith regard toa commonway of expressg
experimental desigrand modeling methodologies. Therefore, there is a strong need for researchers to
work together on a consistent andralard framework of occupant behavior definition and simulation
methodology.

The IEA EBC Anne6: Definition and simulation of occupant behavior in buildifgan international
collaborative projecinvolving more than 100 researchers from 20 ntgas working together from
November2013 toMay 2018 The main objectiveof Annex 66is to address the following fundamental
research question:

How can wedevelopand applya robust and standardized quantitative description and
computational models of energglated occupant behavior in buildings to analyze and
evaluate the impact of occupant behavior on building energy use and occupant comfort
via building performance simulatin?
Annex 66coversfour key componentshatcontribute towardansweringhe abovequestion:
1. Identify quantitative descriptions and classificatiofioccupant behavior;
2. Develop methodfor occupant behavianeasurement, modelingvaluationandapplication
3. Implement occupant behavior modgisuilding perfeamance simulation toolsind
4. Demonstrateapplication of occupant behavior models in design, evaluation and opeshtion

optimizationusingcase studies.



The major product of Annex 66 is a awtific methodological framework to guide occupant behavior

simulation research on data collection, modeling and evaluation, modeling tools development and

integration, application, and interdisciplinary issu&se main outcomes of Annex 66 include five

technical reports, three occupant behavior modeling toolsl @hjurnal articles.

The lkey research findingareas follows

1.

Occupant behavior has significant impacts on energy use and ocam comfort. Data,
methods and modelswvere developedand applied to understand and reduce the gap between
simulated and measured building energy performance by representing occupant behavior in a
standardized ontology and XML schenf@bXML) and developing an occupant behavior
software modul¢obFMU).

Data oollection is fundamental for occupant behavior modelingMethods of collecting data

are evolving with the rapid development of semsand Information and Communication
Technologies (ICT). Most data collection campaigre conducte¢h a typical workingor living
environment rather than a laboratofyechnologyevolution requires researchers to have a good
understanding of the available data collection methods and apply them to the most appropriate
situation.

Choice of occupant behaviorsimulation models depends on the building context. Studies
suggest that stochastic modele capture spatial, temporal, and individual diversitg not
necessarilyalways perform better than simplified deterministic models. The development of
thermal comfort research aitd combination with sociological studies can potentially shed some
light on the modeling of occupant behavidhe e/aluation of occupant behaviarodelsshould

have explicit metricthatcome from the application scenarios to quantify their performaiee.
approacheghatadopt statistics for the evaluation of model accueeyunder development

Occupant behavior modelsare integrating with building performance simulation programs.

obXML and obFMU modules have been integraed with building performance simulation
programsEnergyPlus, ESP and DeST. However userfriendly interfacesneed to be further
developed to enableccupant behavior simulation fpracticalapplications.

The representation of occupant behavior diversityin simulation programs is critical.
Behavior patterns differ among individuals, and this diversity is perplexing for researchers and
engineers tasked with identifying the behavior patterns and corresponding parameters in
simulatiors involving occupants. Efforts havbeen maden Annex 66to address occupant
behavior diversity with different approaches, such as case measurements and questionnaire

surveys.



6. Occupant behavior models veil the technical details and provide engineswith a friendly
interface. A collection of case studies (a separate technical report) were compiled to showcase
the applications of occupant behavior sensing, data collection, modeling, simulation, and analysis
in the building life cycle.A guidebookneeds to be developethat detaik the appropriate
situationsin which eachoccupant behaviamodel couldbe appliedwvould help simulation users
and preventhe use of models in scenarios completely diffefemrh thosefor which theywere
developed

7. Policy makers could benefit from occupant behavior modeling This can facilitate the
development okffective policies to reduce energy consumption in buildings. The sociological
and psychological aspects of occupants should be stadiekrning the evolution of occaipt
behavior when policy levers (regulation, information or incentive) are uspdlicy makers

8. Interdisciplinary research across the building, social, behavioral, data and computer
sciencs can help to understand, represent model and quantity the impact of human
behavior on building energy use, occupant comfort and healthAnnex 66 established an
interdisciplinary research framework and developed an interdisciplinary-avassry survey on
occupant energyelated behavior in buildings, which providealuable insightsnto occupant
behavior and the basis of occupant behavior modalmagsimulation

The beneficiaries of the results and deliveralpes/ided inAnnex 66are building energy modelers,
energy software developers, energy consulting compahigkling designers and engineeplicy
makers and designers of energy saving technology. The outofine Annex contribute ta deeper
understanding anihtegraton of the human dimensioim the building lifecycle to reduce energy wsed

carbon emissions and improve occupant comfort and productivity
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1.1. Background

The international public concern over the rapid and continual increase in building emnsxgy
growing Globally, in 2010, the buildings sector accounted for more thaffiftmef total worldwide
consumption of delivered energy, with an increasing projection rate among all $eS&ié& 2014)
Presently,73% of electricity and55% of natural gasn the Uhited Statesis consumed in buildings
(USEIA 2014) with other countriegncounteringimilar consumption challenges. FigurelBERC
2016) shows large variations in theuilding energy consumptioper capita and per floor area in
different countriesn 2012 (except for China in 2014Many of the advanced technology usirs
developed countries consunmaore energy than developing countries, which lack widespread
technology use. Having a clearer understanding of the underlying constithantirive energy
consumption will aid the development of effective efficiency strategieseahdncethe ability to
achieve prime economic and environmental targ#&m et al. 2013, Pisello et al. 201#)gure1-2
showsthe energy consumption in buildings,oken down by endse, for six different countries in
different years(Yoshino et al. 2017)In the figure, the number after countries means different
buildings in the case studVhe proportions of each ende are quite differemtecause of thdifferernt
operating modes of the systems and appliances. In fact, regedrakie indicated that building energy
consumption is influenced by engineering technology, cultmekgroundoccupant behavior, social
equity and so onwith each component contributingwards the total consumptidhlitchcock 1993,
Mahdavi et al. 2007)Evidence suggesthat occupant behavior plays a defining role in influencing

the total consumptioMahdavi et al. 2007)

Energy consumption per m? (kgce/(m?-a))

60 Russia

Australia

40 Japan us

France
Spain “ Germany Canada

ltaly UK Korea

20

Indiia China, 2014
0
0 1 2 3 4 5

Energy consumption per capita (tce/(cap-a))

Figure 1-1: Building energy consumption in equivalent carboremisgons per capita per year in
different countries (2012)
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Figure 1-2: Building energy consumption by end usén six countries from IEA EBC Annex 53

The primary drivesbehind energy el at ed occupant behavior include
comfort or satisfaction within their environmeiiteng et al., 2012, Hu et al., 201Fpr example, an
occupant may adjust the thermostat, open the window, or turn on hite tiigerhance their comfort

As a resultoccupant behavior greatly influences the operating mode of the equipmeint tand, the
energyconsumption. Previous resealtiisdemonstrated that similar spaces, with identical enclosures
and equipment stockan have vastly different energy consumption profifes. example, dta from
split-type air-conditiones in 25 nearly identical householdscatedin a middleincome apartment
building in Beijing, China, showed that the measured AC electricity consumainged from-0i 14

kWh/n?, with an average of 2.3 kWhn(Li et al. 2014) The large variance in energy consumption

was primarily due to the operating mode; occupavhe elected to run theinir-conditionersfor

longer durations, at lower setpoinend/or throughout a larger space consumed more energy than
occupantsvho behaved oppositel{Socolow 1978Li et al. 2014) Consequently, energy reduction
methods must encompass a combination of technological development, building physics, and occupant
behavior to achieve the desired performa(feisello et al. 2014

Technical solutiongeed tdbe customizedo occupant behaviorandit is notable thathesesolutions

may affect or change occupant behavior. Ultimatelydegree ofharmony between equipmt
function, occupant health/comfort, and energy performameedsto be realized Results from a
previous simulation studythat investigated the integration of different occupant lifestyles with
different levels of technological upgrades suggeat&6%reduction in energy consumptiaould be
achieved bya technology upgradenda reduction of roughl$0% could be brought about bifestyle
change4BERC 2013) Similarly, the impact of occupant behavior on equipment operation and energy
performance wasvaluated by comparing a controllable Variable Refrigerant Vol(vi/) with a
noncontrollable Fan Coil Unit + Dedicated Outdoor AHRCU+OA) system. The results suggest the
FCU+OA system, whiclhasa higher standard rated coefficient of performahesmthe VRV system,

2



consumes considerably more enerdhou et al. 2013)The flexibility of the VRV system provide
users with more authority to control and adjust the room conditions, allowing for more efficient usage.

Disproportionate attentionhas been diected towards system or technological -efficiency
improvements, while ignoring the human dimensi@s. a result the cognition of influenceson
occupant behavior imsufficient both in building systems design aindenergy retrofiing. This
limited undestanding of occupant behavior results in inappropriate, overly simplified assunthtibns
lead to inaccurate expectations of building energy performance and large discrepancies in building
design optimization, energy diagnosis, and building energy siimgat Figure1-3 shows how
occupant behavior influences building operation, whigh inherently affect energy use and cost.
This process triggers a shoetm effect on occupant behavior through psychological, physiological
and economic factoras wellassome longterm factors such as comfort, cultueand the econonic
situation. Therefore, occupant behavior and building performance are highly coupled, with multiple
feedback loops, making consistency challenging. Moreover, observatiaasupant behasr often

lack common principles frorthe viewpoints oBociology and psychologgnd suffer frondrawbacks
related tgprivacy limitations and other nebechnical issues

|
Enviranment
Building = Energy usage
Energy cost

Comfart
Culfure
Econamy

Physiclogy
Psychology
External impact Economy
factors
| ] Impact of occupant
— behavior on building
Principles from Hlurnan feelings in energy performance
physiology, psychology, &

ideclogy to behavior ,
economics

Figure 1-3: Schematic describing the relationship betwen occupants and buildings
The aim of Annex 66was to address these challenges by focusing on accurately capturing and
guantifying the impactthatoccupant behavior has on building energy performafyamn et al., 2017)
The broader aimvas to identify and eliminate curreiriconsistencies in building energy simulation.
Notably, the physiology, psychology, and general principles, ranging fronbogeto behavioral
aspectswas not the primary focus. The effect of these factaantributed tathe divergenceamong
occupant betvior models. Additionally, onef the priorities of Annex66 was to foster international
collaborationin establising a robust, universal, research framewdrke following four key areas
have beenaddressed: (1) experimental design and data collecf)nmodel development and
evaludion, (3) modeling tools and integration withuilding performance simulatioBPS programs
and (4) knowledge exchange and sharing. Inherently, the development and validation of a universally

consistent and common reseatahguagecanhelp provide consistency across researchdiédahnex
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66 tackled the above challengdsy supposinghatthe frameworkcould be universally adopted, ah
modelswere integrated into a coherent wholand effortswere channeled where most nesll A
robust occupant behavior research frameveankfoster innovation and drive broad, sustained growth
towardsthe achievementof energy targets.

1.2. Objectives
The objective o”Annex 66was to address the following fundamental research question:

How canwe develop and apply a robust and standardized quantitative description and
computational models of energelated occupant behavior in buildings to analyze and
evaluate the impact of occupant behavior on building energy use and occupant
comfort via buildng performance simulation?

In this view, theprimaryfocus of Annex 66was categorizedhto four key componentshatcontribute
towardsansweringheaboveresearch question:

1. Identify quantitative descriptions and classificaga@f occupant behavior;

2. Developmethods for occupant behavior measurement, modeirsduationandapplication

3. Implement occupant behavior models with buildgegfarmancesimulationtools and

4. Demonstrag application ofoccupant behavior models in design, evaluation and opesiht

optimizationusingcase studies.

1.3. General technical approach and scope of work

The scope ofAnnex 66 was to representmodel, simulate and quantifgfhe impact of occupant
behavior on building energy performance. The relationship between ochgbavior and the built
environment depends considerably on changes in the physical environment. Therefore, the general
technical approach usenvironmental descriptors as the driving parameldrsse éscriptors include
temperature, relative humidity, G@oncentrationandillumination, andwere monitored and studied

to better understand occuparehavioal responsg This approach assesdasv occupants respond

to their physical environment andllows for the ideological, physiological, psychologicand
economic aspects of occupant behavior to be treated as a secondary reference. TWassicoiped

to typical offices, apartmentand singlefamily homes, withthe assessment of the econoifaictors

excluded



1.4. Time schedule

The work described i\nnex 66lasted for fourand a halfyears from November 2013 tMay 2018
An International Forunon occupant behavior researafas held on August 23, 2013in Paristo
commencehe preparation of Annex 6@ he PreparationPhase starteth November 201%rd lasted
for one year followed by the Working Phase from November 2014 to June 2Bihally, the
ReportingPhaseranfrom July 2017 tdMay 2018



2. Fr amewor k

2.1. Overall technical framework

Annex 66 identifiedand used severaddey topics on occupantbehavior modeling andsimulation
(Figure 21) to structure the research activitigsgure 22).

Simulation modeling Validation Application

Figure 2-1: Researchtopics of Annex 66

Definition

Figure 2-2 summarizeghe six mgor research activities]2 key issuego be addresed, and six main
outcomedrom Annex 66

Research
Activities

Data collection

Integration

Application

Interdisciplinary

T !

Key Issues

Methods of occupant sensing and data acquisition

Validation of the collected data

Analysis of current modeling approaches

Suitable modeling methods for different scenarios

— g . AN g

Metrics to evaluate OB models

Methodologies for evaluation of OB models

Flexible framework to develop OB simulation module

Representation of occupant behavior diversity

Application scenarios in practice

Guideline for practitioners to use OB simulation

Drivers of intention to share controls in office spaces

Comparison of OB across different cultures

Main Qutcomes

Guidelines for monitoring and
data collection for occupant
behavior and occupancy

Surveys to understand current
occupant modeling and report
on statistical modelling of
occupant behavior

Report on occupant behavior
modeling approaches and
evaluation methods

Occupant behavior modeling
tools: obXML, obFMU and
Occupancy Simulator, and their
use with BPS programs

Occupant behavior case study
sourcebook

International large-scale
occupant behavior survey

Figure 2-2: Main research activities, key issues to addresand main outcomes



2.2. Technical subtasks

Figure 2-3 shows the five technical subtasttsat were created to provide solutions addressing the
Annex objectives. Subtasks A, Bnd C focusd on fundamental researdio represent occupant
behavior in buildings. Subtasks D and E fami®n practical applications by developing and
integratingoccupant behaviomodeling tools into current BPS programs such as EnergyPlus,, DeST
and E®-r. The efforts of subtasksiA cultivate solutions teealworld problemselated to occupant
behaviorin the building lifecycle, from planning to design, operation, controls, and rétrgfit

SubtaskA

Occupant
movement and
presence

SubtaskB

Action modelsin
residential
buildings

SubtaskC

Action modelsin
commercial
buildings

Fundamental

Research

OBmodeling tools

SubtaskD and integration
with simulation Practical
programs Applications
SubtaskiE Case studies

Figure 2-3: Subtasks of Annex 66

Subtask AT Occupant movement and presence models. Simulating occupant movement and presence
is fundamental to occupant behavior research. The main objectivis gfubtaskwasto provide a
standard definition and simulation methodology to represent an océupeggenceand movenent
between spaces.

Subtask Bi Occupant action models in residential buildings. Occupant action behavior in residential
buildings significantly affects building performance. This subtask edmo provide a standard
description for occupd actionandbehavior simulatiog) a systematic measurement approach, and
modeling and validation methodology for residential buildings.

Subtask C i1 Occupant action models in commercial buildin@&cupant behavior modeling in
commercial buildingdaces specific challengeim which occupant behavioexhibits high spatial and
functional diversity. This subtask a@uito provide a standard description for occupant action behavior
simulatiors, a systematic measurement approach, andodeling and validatiormethodology for
commercial buildings.

Subtask D1 Development of new occupant behavior definition and modeling tools, and indegrati
with current building performance simulation programs. This suldaskto enable applications by
researchers, practitiers, and policy makers and promote thpedty software development and



integration. A framework for an XML schema and a software module of occupant behavior models are
the main outcomes.

Subtask ET Applications in building design and operations. Thibtask provide case studies to
demonstrate applications of the new occupant behavior modeling tools. The occupant behavior
modeling tools came usedby building designers, energy saving evaluators, building operators, and
energy policy makers Case stude verify the applicability of the developed modeling tools by
comparing the measured and simulated results.

2.3. Organization of the final report

The next chapters deal with the participati@mapter 3) main research activities and outcomes

(chapters B), conclusiongchapter 10)publicity, meetings of Annex 6@nd referenceg-igure2-4

illustratesthe report structure.
1

1
Chapter1 ' o Technical Time !
Introduction : Sl LI SIE s Approach Schedule :

Chapter 2
Framework
Chapter 3 9 Expert 54 Interested
Participation Meetings Parties
Chapter 4 Chapter 5
Data Collection Modelling
Chapter 7
Chapter 6 Occupant Behavior Modeling
Chapter 4-9 Evaluation of Models Tools and Integration with

BPS Programs

Chapter 9
Interdisciplinary Approaches
to Studying Occupant
Behaviors

Key findings 3 Occupant Behavior Modeling Tools

Chapter 8
Applications of Occupant
Behavior Modeling

1
| 1
| 1
Chapter 10 !
Summary and | 6 Deliverables 100 Peer-Reviewed Journal Articles :
Conclusions : |
1 Future Research 1
1
Chapter 12 Publicity
Chapter 11 News!etters
. Website
List of Authors and
Contributors Conference & Workshops
Chapter 11-13 Special Issues

Publications

L
Figure 2-4: Organization of the final report



3.1. Operating agents

The operating agents ofrfiex 66 are Dr Da Yan(Tsinghua University, Chinaand Dr. Tianzhen
Hong(Lawrence Berkeley National Laboratory, USA

3.2. Subtask leaders
Table 3-1: Annex 66Subtask Leaders

Subtask Subtask Leaders

Andreas Wagner, Karlsruhe Institute of Technology, Germany;

A Bing Dong,University of Texas San Antonio, USA

Henrik Madsen, Technical University of Denmark, Denmark;
B David Shipworth, University College London, UK.
Darren Robinson dflottinghamUniversity, UK helped lead early phase of this subtask.

Ardeshir MahdaviTU Wien, Austria;
William O'Brien, Carleton University, Canada

Tianzhen Hong, Lawrence Berkeley National Laboratory, USA;
Andrew Cowie, University of Strathclyde, UK

Khee Poh Lam, Carnegie Mellon University, USMJS, Singapore;
E Clinton Andrews, Rtgers University, USA;
Cary Chan, Swire Properties, Hong Kong

3.3. National participation

Seventeen nationsfficially participaedin Annex 66 Austria, Australia, Canada, China, Denmark,
Germany, Hungary, Italy, Korea, Netherlantlew Zealand, NorwayRoland, Singapore, Spain, UK
and USA (Figure3-1). The @blesin AppendixB list 123 contributors and 54 interested parties of

Annex 66.
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0 A S in ANNEX 66:
AR Australia Netherlands
w ﬁ Austria New Zealand
IEA-ERC —— Canada Norway
J S ~  China Poland
W ANNEX 66 A Denmark Singapore
A w»r Germany Spain
'I— Hungary UK
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— Italy USA

A ez Korea
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Figure 3-1: List of participating countries



3.4. Communication and meetings

Therewere nine inpersonExperts meetingsiuring the fourand a halfyeas period of Annex 66
includingtwo regularmeetings each year. Detalieein AppendixB. Figure3-2 shows the nine group
photos from theemeetings.
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Figure 3-2: Group photos of the nineExperts meetings
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4. ApproachCasl Ifeoat i ng
Occupant Dat a

An essential part of understanding and modeling occupant behavior is the collection of data. Although

this sounds selvident, existing studies and models used for simulation show that no wholly
consistent approach had previoublen followed to obtain comparaldecupant behaviodatasets.

Therefore, one of the main objectives of Subtask A was to provide substantial information on the
monitoring of occupant behavior and data collectibinis included statef-the-art and new emerging

sensing and data acquisition technologies, different experimental approachis (leasurements

and surveys in redife buildings (Feng et al., 2016)aboratory experimen®)including consistent

protocol$ and data management. This chapter summarizes the while more detailed information

is avail abExeplioritmhg Oookpa&nt Behavior in Buildin
in autumn 2017.

4.1. Experimental approach

There are various methods of legting occupantelated datdor the purpose of researchibgilding
occupants. firee major approaches to monitoring or studying occupantbevidriefly introducedin-

situ, laboratory, and survey questionnaire (or interview) studies (see Fid)reTHese approaches
havebeen usedn studies cited or directly conducted in the context of Annex 66 work on occupant
data collection for modeling. Furthermore, severiazleth methodsreaddressed

Figure 4-1: Occupant measuring methods. Togeft: in-situ; top-right: laboratory; bottom:
survey.

11



4.1.1.In-situ studies

In-situ studies involve monitoring occupants in their natural environment and typically consider long
duration data collection. Data are normally acquired passively through sensors that -dameabuiart

of the building automation system (BAS) are nevly installedfor research purposes. The sensors
detect dependent variables such as occupantsd p
variables such as indoor environmental qudlitgldi and Robinson 2010, Pigg et al. 1996, Duarte et

al. 2013) Because #isitu studies use existing environments, they are generally preferable for
replicating reality when obtaining data for occupant moddliegDear 2004)

In-situ studies, if designed and conducted well, may reduce thehblanet effec{McCambridge and

Witton 2014) t he notion that knowl edge of being studi
situ monitoring does not necessarily provide detailed contextual insights about behavior, can be
affected by privacy implicatian and requires a considerable amount of time and effort to set up and

collect data( O6 Bri en and Gunay 2014, 20HeFogarty®Bal 2006Yic Laug
Moreover, the use of existing occupied spaces limits the flexibility of experiments, while research

visits tothe spacean be invasive for oopants.

In contrast to the other occupant research methods, the sample sizgwhiethods is often limited

to the number of willing participants in the subject buildings. Lack of flexibility in sensor placement to
avoid interfer i niwteswr grelrent dhe ecnegsuaemenss dbeing disturbed by the
occupants can reduce the accuracy of measurements and may introducéReirdrart and Voss

2003, Andersen et al. 2013While existing buikin sensors can provide a cadtective (but
sometimes less accurate) method for collecting data, the addition, maintenance, and removal of
additional sensors andlated infrastructuge and the labor for doing 8ocan become costly for large
sample sizes. Ethics, participant recruitment, and informed consent remain fundamental challenges for
this approaclf Gi | ani and. O6Brien 2016)

4.1.2.Laboratory studies

Laboratory studies require participants to spend time and inteithin a fabricated environment that

is specifically intended for scientific studies. In recent decades, numerous laboratory environments
have been built, mostly for studying comfort, and more recently for investigating occupant behavior.
Many look like real indor environments, but are heavily equipped with sensors and allow greater
control over layout, technologies, and indoor environmental conditions. This degree of control offers a
significant experimental advantage oversitu studies. A wide range of indo@nvironmental
scenarios cabe simulatedaccording to the experimental design. Moreover, the social impact of the
presence of ot her occupants on the participants
(Schweiker and Wagner 20163dditionally, laboratory studies offer greater flexibility terms @
recruiting participants, because subjects do not have to be occupying a specific building and can be
selected based on pdefined criteria.

A disadvantage of laboratory studies is that facilities for occupant research are typically costly to build
and operate. Likewise, the experiments themselves are significantly more expensive -fi@an in
studies, mainly due to the human resources required. Another downside is that thersharid
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potentially unnatural characteristics of some laboratory envirotsmmiay influence occupants in

complex ways. For instance, an occupant in a laboratory study may perceive their environment
differently than someone under stress from work in a real of8chweiker and Wagner (2016)
addressed this issue by having study participants perform their regular warldtagkg a onelay

test. Similarly, sensor equipment that is visible to participants reminds them that they are being
monitored, which may constrain their behavior. Another issue with laboratory studies is the presence

of unknown persons in an experimerdgak t t i ng, whi ch may influence pa
control over the indoor environmefitlawighorst et al. 2016)Compared withhe in situ studies,

laboratory studies are more subject to the Hawthorne effect.

4.1.3.Surveys

Surveys differ considerably from the two research methods described Sooveysrely on the self
reporting of personal behavi¢yine 1986) either by filling out questiontir@s or through interviews

and focus groups. This methisduseful in its ability taeveal the logic and rationale behind habits and
behaviors in ways that sendmsised methods do ndgDay et al. 2012) Often, posbccupancy
evaluation (POE) studies rely on surveys to understand how well a building is functioning, including
occupant comfort and satisfacti@@ohen et al. 1999, Wagner et al. 2012)

Surveys are a cosfffective means ofchieving a large sample size and can measure phenomena that
would be difficult or impossible to measure with sensors (e.g., thermal comfort sensation and clothing
level). Several recent studiéBecerikGerber et al. 2011, Konis 2013, Haldi and Robinson 20agg

relied on custom technological survey solutions for polling occupants more frequently than a
telephone, paper, or online survey would allow. Surveys have also been used to develogengpdels
Haldi and Robinson 2008)

While there are many benefits to using &y in occupant research, number ofestablished
psychological biases, including the Hawthorne effect and social desirability bias, suggest that self
reported behavior may not always match observed beh@taLambridge et al. 2014 addition a

lack of understanding of different building services systems or the misinterpretation of questions will
causeoccupantgo unknowingly report things incorrecthA final disadvantage of survey studies is

that, relative to irsitu and laboratory monitoring approaches, they typically do not facilitate frequent
sampling because they r eldytherefore, may dea less rsuitabi@ fomct i v
longitudinal studies. Despite these limitations, surveys are an effective tool for improving our
understanding of occupaliehavior,and can be used to narrow down predictors fesittn and

laboratory studies.

4.1.4. Mixed methods

Often, it may be appropriate or necessary to exploit the benefits of several methods to achieve the
research goals. Mixed methods studies loardesignedn a number ofways, all with the common
feature of combining multiple methods (qualitativayagtitative, or both) in a single study. If
gualitative and quantitative methods are combined, a greater weighenpdgcedn one or the other.
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Alternatively, both parts might have equal weight in the final results. Mixed metitedsommonly
classifiedas being convergent parallel, exploratory sequential, explanatory sequential, or embedded
(Creswell and Clark 2007)

I n t his c¢ ontxedxethodst hoen Itye rrime fiienmi s being coltediedor anglysie of d a
These can be either quantitative (e.g., measured physical quantities) or qualitative (e.g., answers from
interviews). However, a mixed method could als® usedas an approach stmdithg between the

laboratory and irsitu approaches. The Norwegian Living Lab facility at¥éNU in Trondheim and

the Metabolic Research Unit axtt etnhdee dUH iaveorrsaittoyr yo
which occupants inhabit the laboratomyr fa longer period (several days to weeks), and thus will
overcome the shoterm effects of laboratory experiments. However, participants are still monitored

as in a laboratorgituation,andare thus exposed these effects.

Convergent parallel rese&rdesigns, which conduct qualitative and quantitative aisalgsparallel

followed bya comparisoror final interpretation, allow researchers to quantify occupant actions and
obtain a better understanding of cause and effect while measuring behaitiorGunay et al. (2014)
measured the temperature in 40 apartments for four months over the heating season to understand
occupant s éelatechbhavioroThe redearchers also performed an extensive survey during
this time to better understand the occupantso6 af
upon this work,Bennetand O 6 Br i e n comibith@dl1s& I)months of apartment temperature and
relative humidity measurements with a survey at both the beginning and end of the measurement
period. This allowed participants to be surveyed with the same cométated questions in both the
summer anavinter, while enabling logistical efficiency because the equipment was set up during the
first survey and retrieved during the second survey.

Explanatory equential mixed method designs are appropriate for situations where the quantitative

data thatare collecteccannotbe fully explainedby the data alonandqualitative methods may offer

more insightMeerbeek et al. (2014poni t or ed of fi ce wsageadndkthesadkedwi nd o w
selected participants to keep a diary to help explain the rationale behind their blind movement actions.
Similarly, Day and Gunderson (2018pplied an explanatory design to study the relationship between
occupant knowledge of passive building systems and behavior, comfort, and satisfaction. In their
study, a survewas first conductechcross ten higperformance buildings (n=118), and then follow

up interviews were conducted with several of the survey participants (te=%&}ter understand the

results of the survey

Exploratory sequential designs are particularlyll veeiited to the research of building occupants
because qualitative methods (e.g., focus groups) can be used to identify the most important
phenomena to measure in follayp quantitative laboratory or 4situ studies. Given the cost of
conducting laboratgrand insitu studies, identifying the most important measurement equipment is
critical. An exploratory sequential design is not as common as the methods described above in the
occupant behavior literature; however, as observe®@byBr i e n e, tthera thas be€n2aQrdnd )

over the past decades away from qualitative and exploratory research and toward quantitative research.
Undoubtedly, the quantitative reseh has benefitted tremendously from the foundational work
conducted in the last three decades of tHec2tury.
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Finally, an example of embedded research design is th&ilafi andOd Br i e n wher2 tha 7 )
primary researcher took the opportunity to converse with occupants to better understand comfort in 25
private offices as she configured and placed the sensors. The primary goal of the study was to quantify
how behavior affectk building energy, but these informal and not explicitly planned discussions
yielded interesting and unexpected insights (e.g., a few occupants attributed their headaches to fritted
glass).

4.1.5. Ethical considerations

fiwhile researchers conduct important reskaand enjoyfreedomof inquiry and expression, they
must also hold their work to high ethical standards, including protecting the rights and benefits of
participant® (Canadian Institutes of Health Research et al. 20R4)narily, these efforts need to

consider t he protection of an individual 6s pri
participantsd t i nbewastadly a@dodyaegined stidy. THemfore) part of a
researcherdos et hical conduct is to ensure the s

should notbe considereds a burden to a researcher, but rather as an important consideration to
minimize potential han to participants, especially when considering the potentially high level of
personal interaction that accompanies occupant behavioral studies or experiments.

Ethical considerations asemilar although the management processoisntry specific. Typicay, an
institutional review board reviews and oversees all research activities involving human participants
(including human biological samples, e.g., blood or tissue). Ethics committees are in place to (a)
ensure the rights, safety, and welfare of humaearch participants and (b) enforce compliance with

all applicable federal and state laws/regulations. The level of review strongly depends on the type of
study and the research design; full board review is not common in occupant studies because many of
them use nointrusive behavioral observations with no personally identifying information. Still, some
studies in occupant research may involve abmirdmal risk and thus require full board review.
Likewise, any research involving vulnerable participant ugeo (e.g., children, prisoners,
institutionalized individuals) is subject to full board review.

In the case of research studies, Ari sko can be
psychological, social, or economic) occurring as a tesfilparticipation in a study. Both the
probability and magnitude of possi bPemslarhl898)m may

Researchers should reflect on the probability and magnitude of each potential risk identified when
designinga study With regard tooccupant behavior, research risks mainly refer to the identification of
specific participants and the leaking of their personal information, e.g., through different means of data
collection and storage. Consequenglya r t i crvacyaamd confidemtiality must be maintained and
guaranteeavith regard tacany personal data

The selection of participants should consider equity and fairness. This includes equitable selection
regarding gender, race, ethnicity, etc., without persaaal bnless the use of one particular group has
significanceto the purposes of the study; fair distribution of benefits among the population (e.g.,
findings would serve not only highcome people); and the provision of additional safeguards for
vulnerabé populationgCollaborative Institutional Training Institute (CITI) 2016jurther, informed
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