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Abstract

:

It is essential to understand how significantly occupants’ actions impact the performance of a building, as a whole, in terms of energy use. Consequently, this paper reviews the available resources on energy-related occupant behaviour and its implications in energy use in a building. A chronological review on energy-related occupant behaviour and its implications in energy use has been conducted. As a main existing gap, it was identified by researchers the difference between real energy performance and the one that is predicted during the design stage of a building. The energy predicted during the design stage of a building may be over twice the energy used in the operation stage. Buildings are one of the most energy intensive features in a country. They are affected by the interaction and correlation of several different variables, such as: its physical characteristics, technical systems, equipment, occupants, etc. Therefore, buildings are considered to be complex systems that require a careful and intensive analysis. Moreover, one of the key variables impacting real building energy use is occupant behaviour. The way occupants behave and their motivations are some of the main aspects that need to be considered in a building life-cycle.
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1. Introduction


According to the International Energy Agency (IEA), the building sector is responsible for 40% of the primary energy use in the majority of the IEA member countries [1]. In Australia, buildings represent 58% and 34% of all electrical and natural gas final uses, respectively [2]. Even though the energy intensity has been improving, achieving a 1.8% decrease in 2015 due to energy efficiency measures and policies that were implemented by national governments, in order to drive the world towards decarbonised energy systems, countries need to reach a 2.6% reduction in the intensity of energy per annum [3].



One of the major contributions to high rates of energy intensity is the way that occupants deal with energy. The impact that occupants have in the energy performance of a building is extremely significant. Past studies showed that the difference between predicted energy and real energy use is mainly due to the way that occupants behave in terms of energy use [4,5]. This behaviour has several direct and indirect factors that may have influence in the way that occupants consume energy. These factors may be due to objective aspects such as climate, air velocity, temperature, noise, accessibility to control building features, time, and activity type, as well as to other subjective factors, such as the perception of comfort, expectations, gender, age [6,7], values, and social interaction. These factors may also be influenced by external features, such as politics, economics, and culture. Figure 1 intends to represent all of the correlations mentioned previously.



This paper reviews energy-related occupant behaviour, its direct or indirect impact in the way occupants use and perceive energy, and consequently, their implications in energy use. The purpose of this paper is to provide a chronological overall review the main key points in energy-related occupant behaviour research, the main conclusions, and the most relevant gaps.




2. Methodology


In order to develop this research a chronological methodology was established, according to Figure 2. The first step was to go as further as to the first energy-related occupant behaviour research, available in literature. Then, it was identified the field of research and pointed out the main conclusions. The first studies, in the early 50’s and 60’s were focused in the interactions that occupants had towards opening windows and ventilation systems [8]. Furthermore, as it is possible to see in Figure 7, it was analyzed the evolution of the research fields throughout the decades, either related with new fields of research or with additional innovative contributions to existing ones.



Only after the mid 80’s, the number of fields of studies that were related with how occupants behave in terms of energy use started to grow exponentially. These studies were mainly directed to stochastic models [9], a perspective of thermal comfort [10] and adaptive occupant behavior [11]. Moreover, after 2010 the number of new fields of research in literature started to slow down and researchers were concentrated in developing new approaches to existing fields of research, having as an example the understanding of the gap between predicted and real energy use [12].



Finally, in 2017, Hong et al. in order to answer and understand occupant behavior in terms of energy use, formulated ten questions having as baseline issues, such as: monitoring techniques for human-building interaction, behavior modeling approaches, promoting social science insights, analyzing achieved results, and enriching building performance simulation programs. With this, the author aimed to guide future researchers, designers, and policy makers and promote innovation in the area of energy efficiency [13].




3. Early Stages of Energy-Related Occupant Behaviour Research


Understanding how occupants behave has been a matter of interest of multiple different subjects in the past. Due to the obvious influence that occupants have in real building energy use, the interaction between occupants and energy use began to be a matter of interest since the early 50’s. Earlier studies started discussing occupant interactions with window-opening and its implications in heat loss through air-change rates [8], as well as with the use of energy, by creating the first energy-related behavioural study in which a strong seasonal pattern in the occupant’s opening windows habits was identified [14]. Furthermore, understanding the reasons that drive occupant to switch on and off lights and how they interact with artificial lighting [15], made it possible to find a direct relationship with minimum real and perceived illuminance, as well as with daylight levels. Moreover, ignoring occupant interaction with solar shading by analysing window blind use, would lead to an overestimation of energy savings [16].




4. Occupant Behaviour and Thermal Comfort


4.1. Energy-Related Occupant Behaviour Models


In the beginning of the 90’s, a series of projects and studies in the residential sector relating occupants’ energy use to pattern analysis was conducted, and as a result match correctly occupant behaviour in 40–70% of the time [17,18]. With these studies, researchers were able to conclude that energy use varies from one household to another, appearing irrational or unexpected from an energy conservation perspective but full of sense in the context of family schedules, occupancy patterns, and comfort preferences. Therefore, in order to support conclusions that are related with the interactions of occupant and window opening researchers started using stochastic model based in the Markov chains, comparing real to generated data [9]; and later on, the first behavioural computer model FENESTRA was developed. This model, instead of using occupants as merely fixed heat generators, predicted occupant mobility and their relationship concerning thermal comfort, concluding that if traditional thermal models do not account with occupant mobility, it is expected to be an overestimation of the energy consumption [19]. Additionally, using the calibration of a DOE-2 model it was identified why the actual energy use in an office building is over twice as the predicted during the design stage. Mainly, one of the major factors impacting energy use was the unexpected occupant behaviour, which alone represented 64% of the difference between real and predicted energy. Heating, ventilation, and air-conditioning (HVAC) operation over the expected schedule represented 24% of the discrepancies; and, equipment inefficiencies, conductive heat losses, and divergences in the minimum outdoor-air rates were related to the remain 12% [4].




4.2. Thermal Comfort and Control Systems


The American Society of Heating, Refrigeration, and Air-Conditioning Engineers (ASHRAE) funded a series of field studies [20], for collecting both physical and subjective thermal comfort data in office buildings. This fact triggered that after the mid 90’s the main concern of researchers was focused on thermal comfort and its implications in energy use. Similarly, occupants’ wellbeing was a matter of study, and questions, such as indoor air quality (IAQ) and how occupants perceived comfort in a building, gained additional relevance. Therefore, in order to develop procedures for assessment and guidance to assure a good IAQ, while maintaining an optimized energy use, a European project was created that comprised the IAQ audits of 56 buildings in several European countries, having as inputs occupant’s perception in relation with their thermal comfort, IAQ, and light and noise levels by means of a survey [21].



4.2.1. Aspects Affecting Occupant Perception of Comfort


Several aspects, such as occupant’s life-style, demography, economy, interaction with building features and systems, as well as with equipment will affect occupant’s perception of comfort and consequently the use of energy [10]. The cultural and economic contrast patterns among cities and countries needs to be taken into account, due to the fact that different profiles will be related to space heating, lighting, and hot water uses [22]. Consequently, there is a need of exploring more in detail adaptive behaviour, where the full comprehension of the “cognitive tolerance” concept allows for understanding on how to increase the extension of occupants’ adaptive comfort zone and tolerance [11].




4.2.2. Occupant Interaction with the Systems in a Building


Researchers concluded that occupant satisfaction increased when they had the opportunity of controlling their interactions with the systems in bindings [23]. The problem was in the fact that this would not imply a reduction in the energy use of a building; and, a sequence of experiments using intelligent lighting occupancy sensors were conducted, determining that these sensors save 5% more energy than the ordinary ones, which by themselves could save up to 30% of electricity for lighting [24]. Moreover, the activation of Venetian blinds, besides reduce solar gain and glare, leads to an increase of the electric uses that are associated with lighting [25].



Another relevant fact is that 87% of the total air change rates were caused by occupant behaviour [26], which allowed researchers to try to understand this fact in several countries (United Kingdom, Pakistan and other European countries), concluding that there was no significant difference among countries relating outdoor temperature at which occupants started opening the windows for ventilation as well as that fans started to be used at around 15 °C and moved up to 100% when the outdoor temperature was around 30 °C. Moreover, 50% of the heating uses began at 10 °C and increased up to 100% at 5 °C. Furthermore, blinds were activated in 40–45% of the time and in European offices were practically independent of the outdoor temperature. In terms of lighting there was a direct correlation among hot dry countries, the turning on the lights and high outdoor temperatures [27].






5. Behavioural Algorithms and Model Tools


5.1. Developed Algorithms


The need of more reliable models that could mimic occupant behaviour started to emerge, and, in 2002, an adaptive control algorithm (ACA) was developed. To develop this algorithm, a series of field studies in five European countries (United Kingdom, France, Portugal, Greece, and Sweden) were conducted, where indoor environment quality (IEQ) parameters (such as air temperature, air velocity, CO2 concentration, illuminance at working plane) were measured and a survey that was based on the seven-point ASHRAE scale to assess subjective thermal comfort sensations and predict the mean vote (PMV) was carried out. Researchers were able to conclude that the ACA has potential to save up to 30% of the cooling load without compromising the perceived thermal comfort [28]. Another algorithm developed was the genetic algorithm (GA), which allowed for the study an automatic shading-device controller that learned the preferences of occupants regarding blind position and took into account the complex and unpredictable occupant behaviour on a long-term basis [29].




5.2. Energy-Related Models and Tools


Using the simulation program ENERWIN in order to evaluate the reasons for its high electrical use in 30 residences in Kuwait, allowed for researchers to reach the conclusion that annual energy use in residential buildings was directly related to occupant’s location and life-style, and that data relating with the type of occupant should be as accurate as possible. Besides, just by reducing 2 °C in the air-conditioning thermostat and matching light schedules to occupancy patterns led to a decrease of 39% in electricity uses. Another aspect focused by the authors was related to the fact that occupants tend to left lights on even when there was no occupancy in the rooms and a rectification in this behaviour would led to a 29% decrease in energy use [30].



Another researcher developed a half-hourly data model to evaluate the lighting demand of 100 homes in the United Kingdom, in order to match the supply and demand for renewable energy technologies, and found that there was no simple linear relationship between demand and time of day in daily lighting profile due to the interaction of the availability of daylight and high variation in the behaviour of occupants [31]. Therefore, in order to predict the performance of the use of manually and automatically controlled electric lighting and blinds to mimic occupant behaviour the Lightswitch-2002 algorithm, while using the tool Lightswitch Wizard and the software DAYSIM, was developed, concluding that by using this tool it is possible to reach an average of 20% energy savings [32]. Meanwhile, by comparing the thermal energy uses in heating from a predicted model to a real performance based on a three-year monitoring period, it is possible to observe an increase of over 50% in thermal energy use. This was due to the fact that the real utilization settings were not considered, neither the real performance of technical systems nor the real climate conditions, in the theoretical values of the predicted model [5].




5.3. Sustainability Tools


After the mid 2000’s, sustainability tools start to emerge or to have more relevance and the first studies linking occupant behaviour or satisfaction in the context of a Green Building. The relationship between task lighting on occupant’s mood, satisfaction, and performance and its correlation to energy savings, using as reference illuminance values, as suggested by Green Star (Green Building Council of Australia—GBCA) and Illuminating Engineering Society of North America (IESNA) allowed for concluding that there was no direct association among these variables [33]. On the contrary, when comparing the actual energy intensity use to the baseline model of seven offices or libraries buildings, and four multi-family residential buildings certified by the green building certification tool LEED (Leadership in Energy and Environmental Design), it was possible to conclude that almost all of the buildings had savings of over 40%, when compared to the design model projections, but there was no clear relationship between occupant satisfaction in comfort temperature and the building energy intensity [34].




5.4. Factors Affecting Energy-Related Occupancy Behaviour


The Markov model was used to analyse air conditioning on/off state systems and to determine effective schedules for air conditioning operation from inhabitant occupancy schedules. What influences occupant behaviour in turning on and off the air conditioner is reflected by social background, such as energy cost and moral sense, and if inhabitants made decisions that were not based on social background but their own thermal sensations, the probability functions are universal and ethnic differences in thermal sensation needed additional studies [35]. When analysing the percentage time, occupants will open a window if it is possible to affirm that seasonability, outdoor temperature and occupancy patterns have significant relevance in their behaviour [36]. The use of sensors, such as air volume and demand-controlled ventilation either by a CO2 sensor and an infrared occupancy sensor, to reduce energy consumption showed that it was possible to reduce energy uses by up to 38% and 51% associated with ventilation [37].




5.5. Sub-Hourly Occupancy Control


In order to study the influence of occupant behaviour in building energy simulation, it used the simulation software ESP-r coupled with the sub-hourly occupancy control (SHOCC) simulation module, with the aim of account with all phenomena related to occupancy and allowing the possibility of accessing empirically-derived behavioural models in a dynamic mode [38]. With the intension of obtaining a more realistic estimation of lighting uses, the behavioural model SHOCC was connected to the simulation tools DAYSIM and Lightswitch [39]. Figure 3 is based in the SHOCC modularity representing the encapsulation of data approach in the model. Using the author’s example: IT equipment, lighting, and population; the encapsulation approach started with packets of information that had a small number of related data, such as power features to lighting and equipment or psycho-social qualities to individuals. Then, the packets were merged together to form a computer or an individual, and finally were grouped into clusters to enable the sharing of data and mutual functionality, such as schedule and control.




5.6. Predicted vs. Real Energy Uses


After several energy measurements during a 15 years’ period, in the residential sector in the Pacific Northwest of the United States, to understand how energy is used in space heating it was concluded that it is strongly affected by occupant behaviour, which is ignored in most energy simulations [40]. Therefore, in order to analyse the difference between measured and predicted energy performance of low-energy building located in Sweden, three different software tools were used. The first was based in a Microsoft Windows simulation tool, the second one was a transient simulation program and the third one corresponded to a simulation tool for modeling building performance, such as Transient System Simulation Tool (TRNSYS). All of the programs had a maximum variation between them of around 2% and reached a variance of 50% due to the higher indoor air temperatures that were imposed by occupants in their homes [41]. Meanwhile, through the analysis of surveys from 177 buildings in the United Kingdom, it was concluded that occupants were more tolerant to green buildings and even more in small buildings than in larger ones [42]. Yet, when analysing the predicted energy use and whether occupant behaviour is accounted in energy modeling simulations, it appears expected to verify a difference of more than 150% between the established lower and higher values that were used as reference. The parameters in which occupants had more impact, according to the author, were: ventilation rates, infiltration rates, equipment load, and occupancy schedule [43]. Finally, the direct and indirect impacts that occupants had in building performance associated with their presence is represented in Figure 4 [44].





6. The Increasing Research Interest in Occupant Behaviour


6.1. Existing Occupancy Schedules


Passing 2008, the interest of researchers in relation with occupant behaviour increased significantly. The way that occupants behaved with lighting and shading control systems, in office buildings in Austria was studied empirically and it was concluded that environmental systems were over-designed because they were dimensioned for levels of occupancy that rarely occur. This fact would imply a higher use of energy and by using lighting sensors and daylight-responsive dimming, it was possible to reduce 66% to 71% of the electrical uses [45]. Tanimoto et al. [46,47] compared and validated an existent schedule data algorithm, of 15 min activities of occupants, to a stochastic model by using the Markov chain in the on/off air-conditioning state of residential buildings and evaluated the linkage of occupants’ behaviour in energy use that is related to demands of hot water, lighting, and power for electric appliances. The authors concluded that the conventional calculation procedure led to an overestimation of energy use.




6.2. Other Factors Affecting Energy Use


After selecting 27 households to study the energy uses varying the location, type of household, age, number of occupants, income, energy resources, lighting systems, and appliances; a strong correlation between average annual electricity use and floor area was found in this study. Changing household appliances for more efficient ones and peak electricity use was also accounted; and, a change in the peak load to later night, due to a different life style, was referred [48].



In the meantime, Steemers and Yun [49] tried to establish the main factors, as represented in Figure 5, affecting energy performance in households, finding a strong relationship between energy use and the number of occupant, income, and age besides climate, building, and equipment; while economic and demographic factor did not seem to affect significant energy uses.




6.3. Indicators and Occupant Classification


Using the method SHOCC, combined with a User Simulation of Space Utilization (USSU) model, which simulated the use of space and the movement among spaces, to the SHOCC mode. There were three levels of performance indicators that were related to behavioural occupancy studies defined by the authors: simplified, advanced user I, and advanced used II, which could be divided in energy, load, or comfort related [50]. Yun et al. [51] studied how user behaviour impacted the thermal performance of naturally ventilated buildings in summer. In order to do so, they developed a probabilistic occupant behaviour algorithm classifying occupants as active, medium and passive occupants in window opening, linking it with deterministic building physics models, based on the Monte Carlo method and the Markov chain. They could show that user behaviour had a significant influence in thermal performance.



Meanwhile, Dong and Andrews [52] referred the importance of a formal connection between behavioural patterns and building energy management systems. They developed and implemented algorithms for sensor-based modelling (collecting data related to lighting, acoustics, CO2, temperature, and relative humidity) and the prediction of user behaviour in smart buildings, connecting the behavioural patterns to building energy, and comfort management systems through simulation tools, such as EnergyPlus. The results indicated a 30% potential on energy savings without scarifying the IAQ.




6.4. Sustainable Programs and Design


In 2010, researchers continued developing and deepening previous studies, such as the energy use in the residential sector and its relationship to the behaviour of occupants [53,54,55]; window-opening habits relating with IAQ control parameters [56]; behavioural patterns respecting energy use by means of a survey [57,58]; and, activating shading devices and its relationship with lighting, heat gains, thermal comfort, and consequently, with energy use [59,60].



More specifically, it developed a three case scenarios model for occupant behaviour and internal heat loads, evaluating the energy use and thermal comfort in line with the European energy performance building directive (EPBD) in different building’s configuration (prestige, low-cost, and green building), slat angles (0°, 30°, 80°), and façade orientation (N, E, S, W), expressing results in terms of carbon emissions and concluding that the green building scenario had the highest comfort levels and it was the least affected by the influence of different occupant scenarios due to its effective solar protection and high thermal mass. Once again, carbon emissions associated with heating, lighting, and equipment were lower in the green building scenario and could be reduced by 50–70% when compared to a worst case scenario [61]. Then, in the context of sustainable behaviour, it was focused on the importance of social interaction, by means of a neighbourhood network as a mean of encouraging competition, comparison, and collaboration among community members in order for occupants to have better energy conservative behaviours [62].



Masoso and Grobler [63], after performing energy audits to six buildings in hot and dry climates, discussed the importance of evaluating the energy that is wasted in commercial buildings, during non-occupied hours that corresponds to 23% of all the wasted energy, due to inadequate energy behaviour by occupants, focusing on the importance of energy awareness campaigns. Another researcher concentrated their studies in the quality of energy and studied the occupant behaviour, from an energy use perspective, of heating and cooling while comparing it to the potential improvement of the building envelope. It was expected a reduction in energy use of 75% to 95% when combining occupant behavioural changes and building system improvements [64].




6.5. The Relevance of Occupants Control in Building Features


The reduced amount of studies related with office buildings when comparing to the residential sector, was emphasised by Arens [65]. Office buildings are more complex and therefore have more elements influencing energy use, such as owners, design professional, operation staff, and the occupants. He also referred the “new change of paradigm” where occupants are given the responsibility of managing certain aspects of the building. Yet, more information need to be provided related to the passive features and HVAC control systems, in order to pursue an energy efficiency approach. Moreover, there is a gap between the way that designers predict occupant behaviour and how they really operate because predictions were based in unrealistic schedules that cannot translate human behaviour in a plausible way [45].



Later in 2011, Mahdavi [66] discussed how occupants influence the performance of a building. Passively, just by their presence and depending on the type of activity occupants are performing, they could impact the hygro-thermal conditions of a building and its acoustics. In an active way, occupants had control of elements in a building, such as lighting, shades, windows, radiators, and therefore, occupants had a huge influence in energy use. Furthermore, the lack of additional consistent relationships between control actions and environmental (indoor and outdoor) conditions could provide more information on occupant behaviour to incorporate in building simulations. Therefore, he developed a model that was based on observational data divided by Events and States, regarding occupancy presence and actions in buildings. As a conclusion, the author identified three vantage points by accounting occupants as tool occupants, as modelled agents (with their presence and behaviour), and as beneficiaries of predicted building performance by deepening the knowledge of the complex processes that are affecting occupants.



A nonlinear model predictive control (NMPC) to a test bed house in a real-time framework was implemented by Dong et al. [67], where weather forecasting and occupant behaviour was integrated, allowing for savings in cooling energy of around 18% and suggesting that this method can save additional energy when combined with real-time information. Meanwhile, a stochastic model together with a survey was used to understand how occupants behave towards their environment. The majority of occupants’ answers were unconsciously based on their own habits and past influences, their surroundings, and other occupants [68]. Then, after developing a numerical model with dynamic occupancy it was possible to conclude that the more occupants had control over the energy use, the more energy would be used [69]. Finally, an investigation was conducted in order to understand how the employees of a large company perceived the use of energy and how their behaviour would influence the energy use, by means of a survey and statistical analysis of the results according to age, gender, years of employment, etc. The results showed that energy waste was related with lack of information and the misbehaviour in energy use [7].





7. Real Energy Use


7.1. Real Occupant Behaviour


Fabi et al. [70], in 2013, developed a probabilistic methodology that accounts with occupants’ realistic behaviour related with building controls, classifying occupants as: passive, medium and active heating control occupants and Hong et al. [71] classified three types of energy impact occupant behaviour: austerity, standard, and wasteful; modelling with EnergyPlus, with energy management system (EMS) in EnergyPlus and by modifying the EnergyPlus source code in three different cities in the United States; concluding that the austerity type would save 50% energy while the wasteful would spend additional 89%, when compared to the standard one.



Moreover, occupants tend to switch on the lights, in office buildings, when daylight level frequencies were lower than 300 lux. It was verified that, in 83% of the monitored time, the lights were kept on. Against of what other researchers studied, the authors supported that occupants were not inclined to activate shading control when experiencing sudden solar radiation variations. However, daylight glare probability, index, and workplane illuminance, as well as transmitted solar radiation had more correlation with the activation of shading [72].



A perspective of how interactive and social-media technologies may influence the way occupants use energy, was underlined in the fact that occupant’s values affect the way individuals and communities decide and behave. Therefore, in order to communicate information that motivates a change in behaviour, their values had to be taken into account [73].



After studying 1628 households in the United States, it was found that occupants over 55 or from 19 to 35-year-old consumed less electricity and occupants who had pets tended to use more electricity. It also found no strong correlation among the use of energy and building age, income, or ownership [6]. Meanwhile, Wei et al. [74] described the creation of a research project called eViz, in the United Kingdom, which aimed to reduce energy use for heating purpose by using visualization on mobile devices to drive occupants as energy efficiently aware.




7.2. IEA Annexes 53 and 66


Understanding the relevance of knowing how the behaviour of occupants affects energy use in a building led researchers to elaborate the final report “Annex 53” for the Programme on Energy in Buildings and Communities (EBC), related with occupant behaviour and modeling, for the International Energy Agency (IEA), in November 2013. In this report, driving forces were defined as energy-related occupant behaviour.



These driving forces referred to parameters that have influence on the way occupants interact with buildings and its control systems; and, may be from an external or internal source, where the first were connected to the building and building equipment properties, time, and physical environment; and, the second one related to biological, psychological, and social aspects. Table 1 represents what driving forces influence occupant behaviour when using energy in cooling, heating, ventilation (including window operation), lighting, domestic hot water (DHW), appliances, and cooking [75].



In the same month, November 2013, the IEA approved the “Annex 66” project, “Definition and Simulation of Occupant Behaviour in Buildings”, which aimed specifically to understand, model, and quantify how occupant behave inside buildings and the impact they had in energy use, as well as in indoor environmental quality (IEQ) [76]. The Annex 66 project will be developed and reported until the end of 2017 [77], and it is divided in five energy-related research subtasks that are represented in Table 2.



The way that occupants behave influences the energy performance of a building, and consequently, energy costs and impacts to the environment. This fact is illustrated in Figure 6, according to the IEA.



With the development of the IEA EBC Annex 66, new behavioural models and software models will be created that may allow for the integration with existing energy modeling software. Nevertheless, reliable tools may be generated to aid professionals with real time solutions that will promote the increase in the quality of design, operation, and energy retrofit evaluation in buildings [78].




7.3. Energy Performance in Buildings


In 2014, de Wilde [12] developed a pilot study to identify the gap on energy performance of a building between design and operational stages. There were three different aspects that may contribute to the previous differences. The first was related to incongruences among energy modelings in the design stage and the energy measurements during the operational period; discrepancies concerning equipment learning approaches and real measurements; and finally, the third divergence was linked to the energy rating systems where the design compliance was always different from the one that is displayed in the energy certificate. As conclusion, the author focused on the fact that the differences in the energy performance of a building vary with external conditions and time steps of the energy measurements. Moreover, it was suggested a change in the way building engineering is performed nowadays in order to address the existing energy performance gap.



Another researcher focused their studies in relating the energy use in an office building from a perspective of comfort control. The test bed study was based on the installation of sensors, not only to measure comfort parameter, such as temperature, illuminance, CO2 levels, etc.; but also, to wireless sensors to detect occupant presence and movement. Results showed that it was possible to achieve savings up to 14% and 18% in heating and cooling demands, respectively, when the temperature was controlled locally in the office and compared to the energy use at the design stage. Nevertheless, if compared to the operational phase, it was expected a saving potential of around 30% in heating and up to 38% in cooling. The author defined occupant behaviour as “the presence of occupants in workplace location and the action occupants take (or not take) to influence their indoor environment” [79].





8. Recent Research


Since 2015, researchers intensified their studies regarding occupant behaviour, from which the ones that are considered as new achievements or approaches to energy-related occupant behaviour are mentioned next in this paper.



Buso et al. [80] studied the impact of occupant behaviour in different building envelope design, concluding that, with the increase of thermal mass and the reduction of envelope’s transparent area, energy performance was not so affected by the fluctuations in occupants’ behaviour. This fact was applied to locations with larger seasonal differences. Then, D’Oca et al. [81,82], proposed a data mining, Knowledge Discovery in Databases (KDD) process, learning frameworks for window opening and occupancy presence in 16 offices naturally ventilated. Moreover, their aim was to obtain a valid occupancy schedule, by applying cluster analysis that could contemplate occupant movement and presence in offices.



Following the Annex 66 project and the understanding that the existence of a reliable energy-related behavioural model was inexistent, Hong et al. [83,84] suggested a DNAs (Drivers, Needs, Actions and Systems) framework, as represented in Table 3, and developed a XML (eXtensible Markup Language) schema, with the aim of normalize energy-related occupant behaviour in buildings.



With the previous framework, it was the intention of the authors to present a reliable answer that might address the most relevant gaps that are found in literature, such as: differences between predicted and real energy uses; real and modelled occupant behaviour; systems performances; etc. Moreover, the DNAs framework, with its recurrent use, would become a standardized tool for building information modelling (BIM) allowed for building designers to account with occupant behaviour from early stages of the construction process.



Then, in the context of “green buildings”, Khashe et al. [85] analysed the influence a sustainability certification program brand, such as LEED, had in the behaviour of occupants. The authors referred that just by having a “green building” brand does not mean that the building is a “green building”. The concepts of sustainable design will only have real time effects when properly used by occupants. Nevertheless, LEED branding influences the environmental awareness of occupants and how they use light, by preferring natural to artificial light, as well as promoting waste reduction. Once again, the relevance of making occupants active participants in saving energy strategies, by making them aware of their contribution and the responsibility in the way that energy is used in buildings, and promoting communication between them, was referred in the Darby et al. [86] study. The significance of “green” tools and brands was also mentioned as a positive catalyst to reduce energy use and increase occupants’ awareness.



Subsequently, and in line with the concepts mentioned in the point 3.2, the Human and Building Interaction Toolkit (HABIT) was introduced by Lagevin et al. [87] as a simulator of thermal comfort and adaptive occupant behaviour by simulating an agent-based behaviour model (ABM) in MATLAB, using Building Controls Virtual Test Bed (BCVTB), and model the whole building energy in EnergyPlus. The application of this toolkit may represent a potential of up to 28% energy savings in the HVAC system.



Nevertheless, the importance of incorporating social science with energy use and turn energy-related studies in an interdisciplinary field was focused by Sovacool et al. [88]. They underlined the recommendation of a deeper understanding and interconnection in these fields. Other authors developed studies not only to deepen the knowledge but also to develop new research studies in order to support the different subtasks that are defined by the IEA, represented in Table 2, of the predictability of presence and movement of occupant in buildings [89,90,91]; window opening behaviour in the residential sector [92,93,94] and light switching action [95]; indoor comfort and how it affects occupant behaviour and energy use [94,96,97]; energy-related occupant behaviour surveys [98,99]; etc.



Finally, Hong et al. [13] discussed the ten main questions affecting occupant behaviour. These questions involve issues such as: monitoring the interactions of occupants in buildings and their implications in use of energy; improving building performance simulation (BPS) and behavioural programs, using behaviour models applications; implementation of behavioural models in BPS; promote social methods to evaluate and improve the occupant interaction in buildings; and determine future research by analysing the results achieved. Moreover, as a result of the Annex 66 programme, it was highlighted the need of deepening the technical knowledge of the psychological and cultural aspects related with occupant behaviour, as well as the machine-learned comfort preferences of occupants that will enable an optimization of the control systems in buildings [78].




9. Discussion


This paper reviewed key driving studies, defined as milestones, from 1951 to 2016 that added new approaches to their conclusions and/or studies in the energy-related occupant behaviour discipline. Furthermore, this study identifies future fields of opportunity for research. Figure 7 depicts the chronological evolution of the main milestones reviewed in this investigation, as well as the impacted energy uses in a building.



In the last 65 years, the way that occupants behave when interacting with building systems and features, as well as their implication in the energy performance of buildings as a whole, has been as matter of increase research. The difference between real energy use and the predicted data during the design stage made the researchers aware of the urgency to understand the reason for this deviation. The relevance of occupants’ actions in buildings was being underestimated during building energy predictions. Occupants were used as mere thermal sources and the interaction that they had inside buildings was ignored.



Occupants may have influence in the heating and cooling functions by incorrect use of controls, shading and window operation, non-optimize lighting, discomfort, movement, and activity. Similarly, in terms of lighting, occupants may affect energy use by incorrect use of controls, shading and window operation, discomfort, movement, and activity. DHW and equipment energy use is affected by occupants fundamentally due to its incorrect use.



Further studies point to the need of understanding the relationship between occupant energy-related behaviour and its implications to the energy management system in a building more in depth. Moreover, during the design phase, it is fundamental to account with better occupant behaviour data in order to improve operational efficiency and comfort levels. Nevertheless, surpassing the energy performance gap is essential either in the design stage as well as during the operational one.



Another aspect that needs further development is the quality of the measurements and data [100], as well as the need of additional reliable models to simulate occupant behaviour and actions, and a standard framework to be able to integrate building simulation programs [101]. There is also the need of supplementary methods to relate socio-economic trends and new technology developments.



Moreover, this paper suggests additional and more detailed studies of energy-related occupant behaviour in office and commercial buildings, as well as in the industrial sector, due to the complexity of its systems.




10. Conclusions


The purpose of this paper was to chronologically provide an overall review of the main key points in energy-related occupant behaviour research, the main conclusions, and the most relevant gaps. Due to the complexity and the variety of the different aspects affecting energy-related occupant behaviour, a more detailed and specific review would be recommended to each one of the different aspects affecting occupants’ behaviour when related with energy. One of the most relevant gaps that was identified by researchers was the difference between real energy performance in a building and the one predicted at the design stage. This gap is due to the fact that real occupant behaviour is not being taken into account at the design stage and the schedules that are used in energy simulation programs are based on theoretical values that do not reflect the real ones. Furthermore, energy rating systems use theoretical schedules as a form of normalizing results, which leads to differences in real building energy use. Alternative methods need to be developed to address this issue. The best way to account and minimize occupant energy-related behaviour is to act instantaneously and make them aware of the implications of their actions in a real-time performance of a building. Moreover, occupants should be well informed of the best practices when dealing with building systems, such as lighting, HVAC, equipment, DHW, etc. Each building should be provided with a technical manual where occupants would be able to know and understand its main components, their interactions and a user guide towards a better building performance. The key element to excellence in building performance either energetically or environmentally is the one that has been neglected in each one of the existing rating systems, which is: Occupant Behaviour.
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Figure 1. Influential factors on occupant behaviour. 
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Figure 2. Methodology used in this research. 
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Figure 3. Sub-hourly occupancy control (SHOCC) data encapsulation [38]. 
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Figure 4. Direct and indirect impact in building resources by the presence of occupants [44]. 
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Figure 5. Key-direct and -indirect physical factor that influence occupant behaviour in domestic energy use [49]. 
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Figure 6. Occupant’s relationship with buildings. 
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Figure 7. Chronological milestones in energy-related occupant behaviour since 1951. 
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Table 1. Energy-related occupant behaviour, according to International Energy Agency (IEA) [75].
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Internal Driving Forces

	




	
Occupant related

	
Psychological

	
Expectations and needs of comfort lifestyle and habits environmental awareness, …




	
Social

	
Interaction with other individuals family composition




	
Biological

	
Clothing age, gender and health activity, …




	

	
External Driving Forces

	




	
Location related

	
Physical environment

	
Light and solar radiation temperature and humidity air rates and wind speed, …




	
Building

	
Type of control availability and accessibility




	

	
Time

	
Duration temperature and humidity air rates, …
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Table 2. Energy-related sub-tasks according to IEA [77].
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Energy-Related Sub-Tasks on Occupant Behaviour

	
Occupant Models

	
Description

	






	
A

	
Movement and presence

	
Standardize occupant movement and presence by means of a simulation methodology and definition

	
Fundamental research




	
B

	
Action in residential buildings

	
Standardize occupant action behaviour simulation, systematic measurement approach, and modeling and validation methodology in residential buildings




	
C

	
Action in commercial buildings

	
Standardize occupant action behaviour simulation, systematic measurement approach, and modeling and validation methodology in commercial buildings




	
D

	
Integration of occupant behaviour definition and models with current building energy modeling programs

	
Deliver software modules and XML framework schemes related with occupant behaviour

	
Practical application




	
E

	
Building design and operations applications

	
Provide case studies that enable the verification of the new occupant behaviour definition and models
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Table 3. DNA framework [83,84].
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Drivers

	
Needs

	
Actions

	
Systems






	
Occupant

	
Physical

	
Movement

	
HVAC




	
Building

	
Non Physical

	
Activating or deactivating Systems

	
Light




	
Environment

	
Comfort

	
Equipment




	
Time

	
Biological

	
Inaction

	
Shades and blinds




	
Systems

	

	
Discomfort

	
Windows




	

	

	

	
…
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