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Preface 

The International Energy Agency 

The International Energy Agency, the global energy authority, was founded in 1974 to help its member countries co-ordinate a 

collective response to major oil supply disruptions. Its mission has evolved and rests today on three main pillars: working to 

ensure global energy security; expanding energy cooperation and dialogue around the world; and promoting an environmentally 

sustainable energy future.  

The IEA Energy in Buildings and Communities Programme 

The IEA co-ordinates international energy research and development (R&D) activities through a comprehensive portfolio of 

Technology Collaboration Programmes. The mission 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, the IEA-EBC 

Programme was known as the Energy in Buildings and Community Systems Programme, ECBCS.) 

The R&D strategies of the IEA-EBC Programme are derived from research drivers, national programmes within IEA countries, 

and the IEA Future Buildings Forum Think Tank Workshops. These strategies aim to exploit technological opportunities to save 

energy in the buildings sector, and to remove technical obstacles to the market penetration of new energy-efficient technologies. 

The R&D strategies apply to residential, commercial, and office buildings as well as community systems, and will impact the 

building industry in five focus areas for R&D activities:  

ï Integrated planning and building design 

ï Building energy systems 

ï Building envelope 

ï Community scale methods 

ï Real building energy use 

The Executive Committee 

Overall control of the IEA-EBC Programme is maintained by an Executive Committee, which not only monitors existing 

projects, but also identifies new strategic areas in which collaborative efforts may be beneficial. The ExCo has 24 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 participating organisations 

arrange for their own experts to take part. Certain projects are 'cost shared' in which participants contribute funding to achieve 

common objectives. As the Programme is based on an Implementing Agreement contract with the IEA, the projects are legally 

established as Annexes to the IEA-EBC Implementing Agreement.  

At the present time, the following projects have been initiated by the Programme (completed projects are 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 Design of Communities (*) 

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 and Emulation Techniques (*) 
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Annex 18:  Demand Controlled Ventilation Systems (*) 

Annex 19:  Low Slope Roof Systems (*) 

Annex 20:  Air Flow Patterns within Buildings (*) 

Annex 21:  Thermal Modeling (*) 

Annex 22:  Energy-Efficient Communities (*) 

Annex 23:  Multi Zone Air Flow Modeling (COMIS) (*) 

Annex 24:  Heat, Air and Moisture Transfer in Envelopes (*) 

Annex 25:  Real-time HVAC Simulation (*) 

Annex 26:  Energy-Efficient Ventilation of Large Enclosures (*) 

Annex 27:  Evaluation and Demonstration of Domestic Ventilation Systems (*) 

Annex 28:  Low-Energy Cooling Systems (*) 

Annex 29:  Daylight in Buildings (*) 

Annex 30:  Bringing Simulation to Application (*) 

Annex 31:  Energy-Related Environmental Impact of Buildings (*) 

Annex 32:  Integral Building Envelope Performance Assessment (*) 

Annex 33:  Advanced Local Energy Planning (*) 

Annex 34:  Computer-Aided Evaluation of HVAC System Performance (*) 

Annex 35:  Design of Energy-Efficient Hybrid Ventilation (HYBVENT) (*)  

Annex 36:  Retrofitting of Educational Buildings (*) 

Annex 37:  Low Exergy Systems for Heating and Cooling of Buildings (LowEx) (*) 

Annex 38:  Solar Sustainable Housing (*) 

Annex 39:  High-Performance Insulation Systems (*) 

Annex 40:  Building Commissioning to Improve Energy Performance (*) 

Annex 41: Whole Building Heat, Air and Moisture Response (MOIST-ENG) (*) 

Annex 42: The Simulation of Building-Integrated Fuel Cell and Other Cogeneration Systems (FC+COGEN-SIM) (*)  

Annex 43: Testing and Validation of Building Energy Simulation Tools (*) 

Annex 44: Integrating Environmentally Responsive Elements in Buildings (*) 

Annex 45: Energy-Efficient Electric Lighting for Buildings (*) 

Annex 46: Holistic Assessment Toolkit on Energy-Efficient Retrofit Measures for Government Buildings (EnERGo) (*) 

Annex 47: Cost-Effective Commissioning for Existing and Low-Energy Buildings (*) 

Annex 48: Heat Pumping and Reversible Air Conditioning (*) 

Annex 49: Low-Exergy Systems for High-Performance Buildings and Communities (*) 

Annex 50: Prefabricated Systems for Low-Energy Renovation of Residential Buildings (*) 

Annex 51: Energy-Efficient Communities (*) 

Annex 52: Towards Net Zero Energy Solar Buildings (*)  

Annex 53: Total Energy Use in Buildings: Analysis & Evaluation Methods (*) 

Annex 54: Integration of Micro-Generation & Related Energy Technologies in Buildings (*)  

Annex 55: Reliability of Energy-Efficient Building Retrofitting - Probability Assessment of Performance & Cost (RAP-

RETRO) (*)  

Annex 56: Cost-Effective Energy & CO2 Emissions Optimization in Building Renovation (*)  

Annex 57: Evaluation of Embodied Energy & CO2 Equivalent Emissions for Building Construction (*)  

Annex 58: Reliable Building Energy Performance Characterization Based on Full Scale Dynamic Measurements (*) 

Annex 59: High Temperature Cooling & Low Temperature Heating in Buildings (*)  

Annex 60: New Generation Computational Tools for Building & Community Energy Systems (*)  

Annex 61: Business and Technical Concepts for Deep Energy Retrofit of Public Buildings (*)  

Annex 62:  Ventilative Cooling 

Annex 63:  Implementation of Energy Strategies in Communities 

Annex 64:  LowEx Communities - Optimized Performance of Energy Supply Systems with Exergy Principles 

Annex 65:  Long-Term Performance of Super-Insulating Materials in Building Components and Systems 

Annex 66:  Definition and Simulation of Occupant Behavior in Buildings 

Annex 67:  Energy Flexible Buildings 

Annex 68: Indoor Air Quality Design and Control in Low-Energy Residential Buildings 

Annex 69: Strategy and Practice of Adaptive Thermal Comfort in Low-Energy Buildings 

Annex 70: Energy Epidemiology: Analysis of Real Building Energy Use at Scale 

Annex 71: Building Energy Performance Assessment Based on In-situ Measurements 

 

Working Group - Energy Efficiency in Educational Buildings (*) 

Working Group - Indicators of Energy Efficiency in Cold Climate Buildings (*) 

Working Group - Annex 36 Extension: The Energy Concept Adviser (*) 

Working Group - Survey on HVAC Energy Calculation Methodologies for Non-residential Buildings 
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Executive Summary 

Energy-related 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 a 

thermostat for comfort, switching lights on/off, using appliances, opening/closing windows, pulling 

window blinds up/down, and moving between spaces can have a significant impact on the real energy use 

and occupant comfort in buildings. Having a deeper understanding of occupant behavior and improving 

capability to quantify its impact on the use of building technologies and building performance with 

modeling and simulation tools are crucial to the design and operation of low-energy buildings, where 

humanïbuilding interactions are key aspects of concern. However, the influence of occupant behavior is 

under-recognized or over-simplified in the design, construction, operation, and retrofit of buildings.  

Occupant behavior is complex and requires an interdisciplinary approach to be fully understood. On the 

one hand, occupant behavior is influenced by external factors such as culture, economy, and climate, as 

well as internal factors such as individual comfort preference, physiology, and psychology. On the other 

hand, occupantsô interactions with building systems, strongly influence building operations and thus 

energy use/cost and indoor comfort; this in turn influences occupant behavior, thus forming a closed loop.  

Over 20 groups around the world are separately studying occupant behavior in this context. However, 

existing studies on occupant behavior, mainly from the perspective of sociology, lack in-depth 

quantitative analysis. Furthermore, models describing the occupant behavior developed by different 

researchers are often inconsistent, lacking consensus with regard to a common way of expressing 

experimental design, and modeling methodologies. Therefore, there is a strong need for researchers to 

work together on a consistent and standard framework of occupant behavior definition and simulation 

methodology. 

The IEA EBC Annex 66: Definition and simulation of occupant behavior in buildings is an international 

collaborative project involving more than 100 researchers from 20 countries working together from 

November 2013 to May 2018. The main objective of Annex 66 is to address the following fundamental 

research question:  

How can we develop and apply a robust and standardized quantitative description and 

computational models of energy-related occupant behavior in buildings to analyze and 

evaluate the impact of occupant behavior on building energy use and occupant comfort 

via building performance simulation? 

Annex 66 covers four key components that contribute towards answering the above question:  

1. Identify quantitative descriptions and classifications of occupant behavior; 

2. Develop methods for occupant behavior measurement, modeling, evaluation and application; 

3. Implement occupant behavior models in building performance simulation tools; and 

4. Demonstrate application of occupant behavior models in design, evaluation and operational 

optimization using case studies. 
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The major product of Annex 66 is a scientific methodological framework to guide occupant behavior 

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

integration, application, and interdisciplinary issues. The main outcomes of Annex 66 include five 

technical reports, three occupant behavior modeling tools, and 103 journal articles.  

The key research findings are as follows: 

1. Occupant behavior has significant impacts on energy use and occupant comfort. Data, 

methods, and models were developed and applied to understand and reduce the gap between 

simulated and measured building energy performance by representing occupant behavior in a 

standardized ontology and XML schema (obXML) and developing an occupant behavior 

software module (obFMU). 

2. Data collection is fundamental for occupant behavior modeling. Methods of collecting data 

are evolving with the rapid development of sensors and Information and Communication 

Technologies (ICT). Most data collection campaigns are conducted in a typical working or living 

environment rather than a laboratory. Technology evolution requires researchers to have a good 

understanding of the available data collection methods and apply them to the most appropriate 

situation.  

3. Choice of occupant behavior simulation models depends on the building context. Studies 

suggest that stochastic models, to capture spatial, temporal, and individual diversity, do not 

necessarily always perform better than simplified deterministic models. The development of 

thermal comfort research and its combination with sociological studies can potentially shed some 

light on the modeling of occupant behavior. The evaluation of occupant behavior models should 

have explicit metrics that come from the application scenarios to quantify their performance. New 

approaches that adopt statistics for the evaluation of model accuracy are under development. 

4. Occupant behavior models are integrating with building performance simulation programs. 

obXML and obFMU modules have been integrated with building performance simulation 

programs EnergyPlus, ESP-r and DeST. However, user-friendly interfaces need to be further 

developed to enable occupant behavior simulation for practical applications.  

5. The representation of occupant behavior diversity in 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 

simulations involving occupants. Efforts have been made in Annex 66 to address occupant 

behavior diversity with different approaches, such as case measurements and questionnaire 

surveys.  
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6. Occupant behavior models veil the technical details and provide engineers with 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 guidebook needs to be developed that details the appropriate 

situations in which each occupant behavior model could be applied would help simulation users 

and prevent the use of models in scenarios completely different from those for which they were 

developed.  

7. Policy makers could benefit from occupant behavior modeling. This can facilitate the 

development of effective policies to reduce energy consumption in buildings. The sociological 

and psychological aspects of occupants should be studied concerning the evolution of occupant 

behavior when policy levers (regulation, information or incentive) are used by policy makers.  

8. Interdisciplinary research across the building, social, behavioral, data and computer 

sciences can help to understand, represent, model and quantity  the impact of human 

behavior on building energy use, occupant comfort and health. Annex 66 established an 

interdisciplinary research framework and developed an interdisciplinary cross-country survey on 

occupant energy-related behavior in buildings, which provides valuable insights into occupant 

behavior and the basis of occupant behavior modeling and simulation. 

The beneficiaries of the results and deliverables provided in Annex 66 are building energy modelers, 

energy software developers, energy consulting companies, building designers and engineers, policy 

makers, and designers of energy saving technology. The outcomes of the Annex contribute to a deeper 

understanding and integration of the human dimension in the building lifecycle to reduce energy use and 

carbon emissions and improve occupant comfort and productivity. 
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Glossary 

Accuracy  Degree to which the result of a simulation conforms to the measurement value 

Actual Meteorological 

Year (AMY)  
 

Dataset consisting of twelve consecutive months of data that are not necessarily 

typical 

Advanced Message 

Queuing Protocol 

(AMQP) 

 Application layer protocol for message-oriented middleware 

Application program 

interface (API) 
 

Set of functions, code, and clearly defined methods that facilitate direct interfacing 

with computer software 

Autocorrelation  Correlation of a signal with a delayed copy of itself as a function of delay. 

Autoregressiveï

moving-average model 
 

Model to provide a parsimonious description of a stationary stochastic process in 

terms of two polynomials, one for the auto-regression and the second for the 

moving average. 

Bias  
Form of systematic error whereby repeated measurements do not obtain the true 

value of the measurand 

Building Automation 

and Controls network  
 

Common, open-source, manufacturer-independent building automation system 

(BAS) communication protocol that allows hardware systems to communicate 

with each other 

Building automation 

system 
 

Hardware and software systems responsible for controllingðand often collecting 

data onðspace heating, cooling, ventilation, lighting, access, and fire detection 

equipment 

Building information 

modeling (BIM) 
 

Process and system for digitally representing the functional and physical 

characteristics of a building in three or more dimensions 

Cross-validation  
Model validation technique for assessing how the results of a statistical analysis 

will generalize to an independent data set. 

Data mining  
Technique for using software to systematically explore data to seek patterns and 

other useful information 

Digital Addressable 

Lighting Interface bus 

system 

 Building automation protocol for controlling devices for lighting 

Digital Subscriber 

Line  
 

Family of technologies enabling the transmission of digital data over telephone 

lines 

Embedded database  
Database management system within an application software that requires access 

to the stored data 

Ground truth   
Data obtained by directly observing the phenomenon of interest, as opposed to 

data collected by sensors or otherwise inferred 

InnoDB  Storage engine for MySQL. See also MySQL. 

Logistic regression  Regression model where the dependent variable (DV) is categorical. 

Maximum likelihood 

estimation 
 Method of estimating the parameters of a statistical model, given observations. 

Mixed sensing  
Combination of multi-infrared, image-based, and acoustic sensors to measure 

occupant position, action, orientation, etc. 

Multiphase design  
Mixed methods research approach that involves a combination of sequential and 

concurrent elements, and often includes three or more phases 

MySQL  Open-source relational database management system 

NewSQL  
modern relational database management systems that seek to provide the same 

scalable performance of NoSQL systems for online transaction processing 

Non-intrusive load 

monitoring  
 Method to distinguish individual loads from an aggregated load dataset 



  

xiv 

 

NoSQL  
Database to provide a mechanism for storage and retrieval of data that is modeled 

in means other than the tabular relations used in relational databases 

Occupancy (occupant 

presence) 
 

Boolean value of the state of an occupant being in a space; it could also refer to the 

number of occupants in a space 

p-value  
Probability of obtaining a result equal to or more extreme than that which was 

actually observed when the null hypothesis is true 

Passive infrared 

motion sensor 
 

Sensor that detects infrared radiation from objects in its view field, often for the 

purpose of detecting occupants 

R
2
 value  

Proportion of the variance in the dependent variable that is predictable from the 

independent variable(s) 

Temporal attribute   
Time-related aspect (or extension) of a variableôs value, which can include time 

stamps and sampling interval entries 

Test bed  
Comprehensive array of sensors and other monitoring equipment that is deployed 

in a laboratory or real building environment 

Trueness  Closeness between measured data and true results 

Type 1 error  Error of concluding something is true when it is not 

Type 2 error  Error of concluding that something is not true when it is true 

Volatile organic 

compound 
 Organic chemicals that have a high vapor pressure at ordinary room temperature. 
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1. Introduction 

1.1. Background  

The international public concern over the rapid and continual increase in building energy use is 

growing. Globally, in 2010, the buildings sector accounted for more than one-fifth of total worldwide 

consumption of delivered energy, with an increasing projection rate among all sectors (USEIA 2014). 

Presently, 73% of electricity and 55% of natural gas in the United States is consumed in buildings 

(USEIA 2014), with other countries encountering similar consumption challenges. Figure 1-1 (BERC 

2016) shows large variations in the building energy consumption per capita and per floor area in 

different countries in 2012 (except for China in 2014). Many of the advanced technology users in 

developed countries consume more energy than developing countries, which lack widespread 

technology use. Having a clearer understanding of the underlying constituents that drive energy 

consumption will aid the development of effective efficiency strategies and enhance the ability to 

achieve prime economic and environmental targets (Jain et al. 2013, Pisello et al. 2014). Figure 1-2 

shows the energy consumption in buildings, broken down by end-use, for six different countries in 

different years (Yoshino et al. 2017). In the figure, the number after countries means different 

buildings in the case study. The proportions of each end-use are quite different because of the different 

operating modes of the systems and appliances. In fact, researchers have indicated that building energy 

consumption is influenced by engineering technology, cultural background, occupant behavior, social 

equity and so on, with each component contributing towards the total consumption (Hitchcock 1993, 

Mahdavi et al. 2007). Evidence suggests that occupant behavior plays a defining role in influencing 

the total consumption (Mahdavi et al. 2007). 

 
Figure 1-1: Building energy consumption in equivalent carbon emissions per capita per year in 

different countries (2012) 
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Figure 1-2: Building energy consumption by end use in six countries from IEA EBC Annex 53 

The primary drivers behind energy-related occupant behavior include the occupantsô desire to achieve 

comfort or satisfaction within their environment (Peng et al., 2012, Hu et al., 2017). For example, an 

occupant may adjust the thermostat, open the window, or turn on the lights to enhance their comfort. 

As a result, occupant behavior greatly influences the operating mode of the equipment and, in turn, the 

energy consumption. Previous research has demonstrated that similar spaces, with identical enclosures 

and equipment stock, can have vastly different energy consumption profiles. For example, data from 

split-type air-conditioners in 25 nearly identical households located in a middle-income apartment 

building in Beijing, China, showed that the measured AC electricity consumption ranged from ~0ï14 

kWh/m
2
, with an average of 2.3 kWh/m

2
 (Li et al. 2014). The large variance in energy consumption 

was primarily due to the operating mode; occupants who elected to run their air-conditioners for 

longer durations, at lower setpoints, and/or throughout a larger space consumed more energy than 

occupants who behaved oppositely (Socolow 1978, Li et al. 2014). Consequently, energy reduction 

methods must encompass a combination of technological development, building physics, and occupant 

behavior to achieve the desired performance (Pisello et al. 2014).  

Technical solutions need to be customized to occupant behaviors, and it is notable that these solutions 

may affect or change occupant behavior. Ultimately, a degree of harmony between equipment 

function, occupant health/comfort, and energy performance needs to be realized. Results from a 

previous simulation study that investigated the integration of different occupant lifestyles with 

different levels of technological upgrades suggested a 36% reduction in energy consumption could be 

achieved by a technology upgrade and a reduction of roughly 80% could be brought about by lifestyle 

changes (BERC 2013). Similarly, the impact of occupant behavior on equipment operation and energy 

performance was evaluated by comparing a controllable Variable Refrigerant Volume (VRV) with a 

non-controllable Fan Coil Unit + Dedicated Outdoor Air (FCU+OA) system. The results suggest the 

FCU+OA system, which has a higher standard rated coefficient of performance than the VRV system, 
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consumes considerably more energy (Zhou et al. 2013). The flexibility of the VRV system provides 

users with more authority to control and adjust the room conditions, allowing for more efficient usage.  

Disproportionate attention has been directed towards system or technological efficiency 

improvements, while ignoring the human dimension. As a result, the cognition of influences on 

occupant behavior is insufficient both in building systems design and in energy retrofitting. This 

limited understanding of occupant behavior results in inappropriate, overly simplified assumptions that 

lead to inaccurate expectations of building energy performance and large discrepancies in building 

design optimization, energy diagnosis, and building energy simulations. Figure 1-3 shows how 

occupant behavior influences building operation, which will inherently affect energy use and cost. 

This process triggers a short-term effect on occupant behavior through psychological, physiological, 

and economic factors as well as some long-term factors such as comfort, culture, and the economic 

situation. Therefore, occupant behavior and building performance are highly coupled, with multiple 

feedback loops, making consistency challenging. Moreover, observations of occupant behavior often 

lack common principles from the viewpoints of sociology and psychology, and suffer from drawbacks 

related to privacy limitations and other non-technical issues.  

 
Figure 1-3: Schematic describing the relationship between occupants and buildings 

The aim of Annex 66 was to address these challenges by focusing on accurately capturing and 

quantifying the impacts that occupant behavior has on building energy performance. (Yan et al., 2017) 

The broader aim was to identify and eliminate current inconsistencies in building energy simulation. 

Notably, the physiology, psychology, and general principles, ranging from ideology to behavioral 

aspects, was not the primary focus. The effect of these factors contributed to the divergence among 

occupant behavior models. Additionally, one of the priorities of Annex 66 was to foster international 

collaboration in establishing a robust, universal, research framework. The following four key areas 

have been addressed: (1) experimental design and data collection, (2) model development and 

evaluation, (3) modeling tools and integration with building performance simulation (BPS) programs, 

and (4) knowledge exchange and sharing. Inherently, the development and validation of a universally 

consistent and common research language can help provide consistency across research fields. Annex 
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66 tackled the above challenges by supposing that the framework could be universally adopted, that 

models were integrated into a coherent whole, and efforts were channeled where most needed. A 

robust occupant behavior research framework can foster innovation and drive broad, sustained growth 

towards the achievement of energy targets. 

1.2. Objectives  

The objective of Annex 66 was to address the following fundamental research question:  

How can we develop and apply a robust and standardized quantitative description and 

computational models of energy-related occupant behavior in buildings to analyze and 

evaluate the impact of occupant behavior on building energy use and occupant 

comfort via building performance simulation? 

In this view, the primary focus of Annex 66 was categorized into four key components that contribute 

towards answering the above research question:  

1. Identify quantitative descriptions and classifications of occupant behavior; 

2. Develop methods for occupant behavior measurement, modeling, evaluation and application; 

3. Implement occupant behavior models with building performance simulation tools; and 

4. Demonstrate application of occupant behavior models in design, evaluation and operational 

optimization using case studies. 

1.3. General technical approach and scope of work 

The scope of Annex 66 was to represent, model, simulate and quantify the impact of occupant 

behavior on building energy performance. The relationship between occupant behavior and the built 

environment depends considerably on changes in the physical environment. Therefore, the general 

technical approach uses environmental descriptors as the driving parameters. These descriptors include 

temperature, relative humidity, CO2 concentration, and illumination, and were monitored and studied 

to better understand occupantsô behavioral responses. This approach assesses how occupants respond 

to their physical environment and allows for the ideological, physiological, psychological, and 

economic aspects of occupant behavior to be treated as a secondary reference. The scope was limited 

to typical offices, apartments, and single-family homes, with the assessment of the economic factors 

excluded.  
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1.4. Time schedule 

The work described in Annex 66 lasted for four and a half years, from November 2013 to May 2018. 

An International Forum on occupant behavior research was held on August 23, 2013, in Paris to 

commence the preparation of Annex 66. The Preparation Phase started in November 2013 and lasted 

for one year, followed by the Working Phase from November 2014 to June 2017. Finally, the 

Reporting Phase ran from July 2017 to May 2018.  
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2. Framework  

2.1. Overall technical framework  

Annex 66 identified and used several key topics on occupant behavior modeling and simulation 

(Figure 2-1) to structure the research activities (Figure 2-2).  

 
Figure 2-1: Research topics of Annex 66 

Figure 2-2 summarizes the six major research activities, 12 key issues to be addressed, and six main 

outcomes from Annex 66.  

 
Figure 2-2: Main research activities, key issues to address, and main outcomes 
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2.2. Technical subtasks 

Figure 2-3 shows the five technical subtasks that were created to provide solutions addressing the 

Annex objectives. Subtasks A, B, and C focused on fundamental research to represent occupant 

behavior in buildings. Subtasks D and E focused on practical applications by developing and 

integrating occupant behavior modeling tools into current BPS programs such as EnergyPlus, DeST, 

and ESP-r. The efforts of subtasks AïE cultivate solutions to real-world problems related to occupant 

behavior in the building lifecycle, from planning to design, operation, controls, and retrofitting.  

 

Figure 2-3: Subtasks of Annex 66 

Subtask A ï Occupant movement and presence models. Simulating occupant movement and presence 

is fundamental to occupant behavior research. The main objective of this subtask was to provide a 

standard definition and simulation methodology to represent an occupantôs presence and movement 

between spaces. 

Subtask B ï Occupant action models in residential buildings. Occupant action behavior in residential 

buildings significantly affects building performance. This subtask aimed to provide a standard 

description for occupant action and behavior simulations, a systematic measurement approach, and a 

modeling and validation methodology for residential buildings.  

Subtask C ï Occupant action models in commercial buildings. Occupant behavior modeling in 

commercial buildings faces specific challenges in which occupant behavior exhibits high spatial and 

functional diversity. This subtask aimed to provide a standard description for occupant action behavior 

simulations, a systematic measurement approach, and a modeling and validation methodology for 

commercial buildings. 

Subtask D ï Development of new occupant behavior definition and modeling tools, and integration 

with current building performance simulation programs. This subtask aims to enable applications by 

researchers, practitioners, and policy makers and promote third-party software development and 
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integration. A framework for an XML schema and a software module of occupant behavior models are 

the main outcomes. 

Subtask E ï Applications in building design and operations. This subtask provides case studies to 

demonstrate applications of the new occupant behavior modeling tools. The occupant behavior 

modeling tools can be used by building designers, energy saving evaluators, building operators, and 

energy policy makers. Case studies 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 participation (chapter 3), main research activities and outcomes 

(chapters 4-9), conclusions (chapter 10), publicity, meetings of Annex 66 and references. Figure 2-4 

illustrates the report structure. 

 
Figure 2-4: Organization of the final report  
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3. Participation in Annex 66 

3.1. Operating agents 

The operating agents of Annex 66 are Dr. Da Yan (Tsinghua University, China) and Dr. Tianzhen 

Hong (Lawrence Berkeley National Laboratory, USA). 

3.2. Subtask leaders 

Table 3-1: Annex 66 Subtask Leaders 
Subtask Subtask Leaders 

A 
Andreas Wagner, Karlsruhe Institute of Technology, Germany;  

Bing Dong, University of Texas San Antonio, USA 

B 

Henrik Madsen, Technical University of Denmark, Denmark;  

David Shipworth, University College London, UK.  

Darren Robinson of Nottingham University, UK helped lead early phase of this subtask. 

C 
Ardeshir Mahdavi, TU Wien, Austria;  

William O'Brien, Carleton University, Canada 

D 
Tianzhen Hong, Lawrence Berkeley National Laboratory, USA;  

Andrew Cowie, University of Strathclyde, UK 

E 

Khee Poh Lam, Carnegie Mellon University, USA; NUS, Singapore; 

Clinton Andrews, Rutgers University, USA;  

Cary Chan, Swire Properties, Hong Kong 

3.3. National participation  

Seventeen nations officially participated in Annex 66: Austria, Australia, Canada, China, Denmark, 

Germany, Hungary, Italy, Korea, Netherlands, New Zealand, Norway, Poland, Singapore, Spain, UK, 

and USA (Figure 3-1). The tables in Appendix B list 123 contributors and 54 interested parties of 

Annex 66. 

 
Figure 3-1: List of participating countries 
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3.4. Communication and meetings 

There were nine in-person Experts meetings during the four and a half years period of Annex 66, 

including two regular meetings each year. Details are in Appendix B. Figure 3-2 shows the nine group 

photos from these meetings. 

 
Figure 3-2: Group photos of the nine Experts meetings 
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4. Approaches for Collecting 
Occupant Data 

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

this sounds self-evident, existing studies and models used for simulation show that no wholly 

consistent approach had previously been followed to obtain comparable occupant behavior datasets. 

Therefore, one of the main objectives of Subtask A was to provide substantial information on the 

monitoring of occupant behavior and data collection. This included state-of-the-art and new emerging 

sensing and data acquisition technologies, different experimental approaches (in-situ measurements 

and surveys in real-life buildings (Feng et al., 2016), laboratory experiments)ðincluding consistent 

protocolsðand data management. This chapter summarizes the work, while more detailed information 

is available in the book óExploring Occupant Behavior in Buildings,ô which was published by Springer 

in autumn 2017. 

4.1. Experimental approach 

There are various methods of collecting occupant-related data for the purpose of researching building 

occupants. Three major approaches to monitoring or studying occupants will be briefly introduced: in-

situ, laboratory, and survey questionnaire (or interview) studies (see Figure 4-1). These approaches 

have been used in studies cited or directly conducted in the context of Annex 66 work on occupant 

data collection for modeling. Furthermore, several mixed methods are addressed. 

  

 

 

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

survey. 
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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 are built-in as part 

of the building automation system (BAS) or are newly installed for research purposes. The sensors 

detect dependent variables such as occupantsô presence, adaptive actions, energy use, and predictive 

variables such as indoor environmental quality (Haldi and Robinson 2010, Pigg et al. 1996, Duarte et 

al. 2013). Because in-situ studies use existing environments, they are generally preferable for 

replicating reality when obtaining data for occupant modeling (de Dear 2004).  

In-situ studies, if designed and conducted well, may reduce the Hawthorne effect (McCambridge and 

Witton 2014), the notion that knowledge of being studied affects occupantsô behavior. However, in-

situ monitoring does not necessarily provide detailed contextual insights about behavior, can be 

affected by privacy implications, and requires a considerable amount of time and effort to set up and 

collect data (OôBrien and Gunay 2014, Rea 1984, McLaughlin et al. 2011, Fogarty et al. 2006). 

Moreover, the use of existing occupied spaces limits the flexibility of experiments, while research 

visits to the space can be invasive for occupants.  

In contrast to the other occupant research methods, the sample size of in-situ methods is often limited 

to the number of willing participants in the subject buildings. Lack of flexibility in sensor placement to 

avoid interfering with occupantsô activities or prevent the measurements being disturbed by the 

occupants can reduce the accuracy of measurements and may introduce errors (Reinhart and Voss 

2003, Andersen et al. 2013). While existing built-in sensors can provide a cost-effective (but 

sometimes less accurate) method for collecting data, the addition, maintenance, and removal of 

additional sensors and related infrastructureðand the labor for doing soðcan become costly for large 

sample sizes. Ethics, participant recruitment, and informed consent remain fundamental challenges for 

this approach (Gilani and OôBrien 2016).  

4.1.2. Laboratory studies 

Laboratory studies require participants to spend time and interact within 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 indoor 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 over in-situ studies. A wide range of indoor environmental 

scenarios can be simulated according to the experimental design. Moreover, the social impact of the 

presence of other occupants on the participantsô adaptive actions can be measured very efficiently 

(Schweiker and Wagner 2016). Additionally, laboratory studies offer greater flexibility in terms of 

recruiting participants, because subjects do not have to be occupying a specific building and can be 

selected based on pre-defined 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 than in-situ 

studies, mainly due to the human resources required. Another downside is that the short-term and 
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potentially unnatural characteristics of some laboratory environments may 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 office. Schweiker and Wagner (2016) 

addressed this issue by having study participants perform their regular work tasks during a one-day 

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 experimental setting, which may influence participantsô perceived sense of 

control over the indoor environment (Hawighorst et al. 2016). Compared with the 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 above. Surveys rely on the self-

reporting of personal behavior (Vine 1986), either by filling out questionnaires or through interviews 

and focus groups. This method is useful in its ability to reveal the logic and rationale behind habits and 

behaviors in ways that sensor-based methods do not (Day et al. 2012). Often, post-occupancy 

evaluation (POE) studies rely on surveys to understand how well a building is functioning, including 

occupant comfort and satisfaction (Cohen et al. 1999, Wagner et al. 2012).  

Surveys are a cost-effective means of achieving 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 studies (Becerik-Gerber et al. 2011, Konis 2013, Haldi and Robinson 2008) have 

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 develop models (e.g., 

Haldi and Robinson 2008).  

While there are many benefits to using surveys in occupant research, a number of established 

psychological biases, including the Hawthorne effect and social desirability bias, suggest that self-

reported behavior may not always match observed behavior (McCambridge et al. 2014). In addition, a 

lack of understanding of different building services systems or the misinterpretation of questions will 

cause occupants to unknowingly report things incorrectly. A final disadvantage of survey studies is 

that, relative to in-situ and laboratory monitoring approaches, they typically do not facilitate frequent 

sampling because they rely on occupantsô active input and, therefore, may be less suitable for 

longitudinal studies. Despite these limitations, surveys are an effective tool for improving our 

understanding of occupant behavior, and can be used to narrow down predictors for in-situ 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 can be designed in a number of ways, all with the common 

feature of combining multiple methods (qualitative, quantitative, or both) in a single study. If 

qualitative and quantitative methods are combined, a greater weight may be placed on one or the other. 
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Alternatively, both parts might have equal weight in the final results. Mixed methods are commonly 

classified as being convergent parallel, exploratory sequential, explanatory sequential, or embedded 

(Creswell and Clark 2007).  

In this context, the term ñmixed methodsò only refers to the type of data being collected for analysis. 

These can be either quantitative (e.g., measured physical quantities) or qualitative (e.g., answers from 

interviews). However, a mixed method could also be used as an approach straddling between the 

laboratory and in-situ approaches. The Norwegian Living Lab facility at the NTNU in Trondheim and 

the Metabolic Research Unit at the University of Maastricht enable ñextended laboratory studiesò in 

which occupants inhabit the laboratory for a longer period (several days to weeks), and thus will 

overcome the short-term effects of laboratory experiments. However, participants are still monitored 

as in a laboratory situation, and are thus exposed to these effects.  

Convergent parallel research designs, which conduct qualitative and quantitative analysis in parallel 

followed by a comparison for final interpretation, allow researchers to quantify occupant actions and 

obtain a better understanding of cause and effect while measuring behavior in-situ. Gunay et al. (2014) 

measured the temperature in 40 apartments for four months over the heating season to understand 

occupantsô thermostat-related behavior. The researchers also performed an extensive survey during 

this time to better understand the occupantsô attitudes and behavior towards heating control. Building 

upon this work, Bennet and OôBrien (2016) combined six 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 comfort-related questions in both the 

summer and winter, while enabling logistical efficiency because the equipment was set up during the 

first survey and retrieved during the second survey.  

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

data that are collected cannot be fully explained by the data alone and qualitative methods may offer 

more insight. Meerbeek et al. (2014) monitored office workersô window blind usage, and then asked 

selected participants to keep a diary to help explain the rationale behind their blind movement actions. 

Similarly, Day and Gunderson (2015) applied an explanatory design to study the relationship between 

occupant knowledge of passive building systems and behavior, comfort, and satisfaction. In their 

study, a survey was first conducted across ten high-performance buildings (n=118), and then follow-

up interviews were conducted with several of the survey participants (n=41) to better understand the 

results of the survey.  

Exploratory sequential designs are particularly well suited 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 follow-up quantitative laboratory or in-situ studies. Given the cost of 

conducting laboratory and in-situ 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 observed by OôBrien et al. (2013), there has been a trend 

over the past decades away from qualitative and exploratory research and toward quantitative research. 

Undoubtedly, the quantitative research has benefitted tremendously from the foundational work 

conducted in the last three decades of the 20
th
 century.  
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Finally, an example of embedded research design is that of Gilani and OôBrien (2017), where the 

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 affected 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 

ñWhile researchers conduct important research and enjoy freedom of inquiry and expression, they 

must also hold their work to high ethical standards, including protecting the rights and benefits of 

participantsò (Canadian Institutes of Health Research et al. 2014). Primarily, these efforts need to 

consider the protection of an individualôs privacy and physical and mental safety. Moreover, 

participantsô time and effort should not be wasted by a poorly designed study. Therefore, part of a 

researcherôs ethical conduct is to ensure the scientific validity of the study design. Ethical conduct 

should not be considered as a burden to a researcher, but rather as an important consideration to 

minimize potential harm to participants, especially when considering the potentially high level of 

personal interaction that accompanies occupant behavioral studies or experiments.  

Ethical considerations are similar although the management process is country specific. Typically, 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 human research 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 non-intrusive behavioral observations with no personally identifying information. Still, some 

studies in occupant research may involve above-minimal risk and thus require full board review. 

Likewise, any research involving vulnerable participant groups (e.g., children, prisoners, 

institutionalized individuals) is subject to full board review. 

In the case of research studies, ñriskò can be defined as ñthe probability of harm or injury (physical, 

psychological, social, or economic) occurring as a result of participation in a study. Both the 

probability and magnitude of possible harm may vary from minimal to significantò (Penslar 1993). 

Researchers should reflect on the probability and magnitude of each potential risk identified when 

designing a study. With regard to occupant 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. Consequently, participantsô privacy and confidentiality must be maintained and 

guaranteed with regard to any personal data.  

The selection of participants should consider equity and fairness. This includes equitable selection 

regarding gender, race, ethnicity, etc., without personal bias, unless the use of one particular group has 

significance to the purposes of the study; fair distribution of benefits among the population (e.g., 

findings would serve not only high-income people); and the provision of additional safeguards for 

vulnerable populations (Collaborative Institutional Training Institute (CITI) 2016). Further, informed 


















































































































































































































































































