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Abstract

:

Thermal comfort is a complex issue in the built environment due to the physiological and psychological differences of each individual in a building. There is a growing worry over the environmental implications of energy use as a result of the warming of the global climate and the growth in the number of instances of extreme weather events. Many review articles have been written, but these reviews have focused on a specific aspect of occupant behavior and thermal comfort. To research the trends of thermal comfort and energy, this research adopted mixed reviews, i.e., quantitative and qualitative, to understand the state-of-the-art factors affecting the thermal comfort of occupants concerning energy, different occupant modeling approaches, functions, and limitations. The in-depth qualitative discussion provides deeper insights into the impacts of occupant behaviors, factors affecting thermal comfort, and occupant behavior modeling approaches. This study classified occupant behaviors into five categories: occupant characteristics, perceptions of the occupant, realistic behaviors, heat gain, and occupant interactions with the system. It also went further to classify the factors affecting the thermal comfort of users based on past works of literature. These include structural, environmental, and human factors. It was concluded that factors that have the most significant impact on energy are human, structural, and environmental factors, respectively. In addition, most of the occupant behavior modeling approaches that have been used in past studies have pros and cons and cannot accurately predict human behaviors because they are stochastic. Future research should be conducted on thermal comfort for different building functions by examining the varied activity intensity levels of users, especially in educational or commercial buildings. Additionally, a proper investigation should be carried out on how thermal insulation of structural members influences thermal comfort. These should be compared in two similar buildings to understand occupant behavioral actions and energy consumption.
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1. Introduction


The building and construction sectors account for a huge part of national and global energy consumption. Advanced countries such as the UK, USA, Japan, Germany, and Australia attribute 30–40% of energy consumption to the building sector [1]. This is due to global climate change and an increase in the frequency of extreme weather, which has environmental repercussions for energy use. Energy consumption in buildings depends largely on several factors, including physical characteristics or geometry of buildings, outdoor environment, building services systems, and different appliances used. Meanwhile, the overall performance of buildings is affected by six major parameters, which are the building envelope, interior design, operations and maintenance, climate, energy, and occupant behavior [2].



Occupant behavior plays a critical role in building energy performance, which has led to discrepancies in predicted and actual energy consumption [3]. This is the user attitude towards building energy-related operations, such as control of HVAC appliances, lighting, adjustment of clothing, windows, blinds, and so on [4]. These actions cannot be predicted for individuals or groups due to the different physiology and psychology of people. However, these differences between predicted and actual performance have been assumed to be a result of occupant behavior. The connection between occupant behavior and energy consumption is due to occupant environmental comfort. Every user desires a pleasant indoor environment for effectiveness and productivity. Occupants’ comfort in a building is attributed to four factors, which are thermal, acoustic, indoor air quality, and visual comfort [5].



Thermal comfort is a vital component of indoor environmental quality and depends on environmental and personal parameters [6]. The personal parameters for conventional thermal comfort include clothing insulation and metabolic rate, while environmental parameters are air temperature, relative humidity, air velocity, and mean radiant temperature. Other factors related to personal parameters that also influence comfort are age, size, weight, acclimatization, height, gender, and so on. Nevertheless, studies have used other personal parameters to understand the thermal comfort of occupants using modern comfort models such as machine and deep learning algorithms [7,8,9]. These factors are important and can determine the sensation and comfort of the individual in a building space [10].



Extensive studies have examined the role of an occupant in building energy performance [3,11]. The connection between occupant behavior and energy consumption stems from occupants’ desire for a comfortable indoor environment conducive to productivity and well-being. Thermal comfort, in particular, plays a significant role in determining occupants’ satisfaction with their indoor environment, alongside factors such as acoustic quality, indoor air quality, and visual comfort. Understanding the intricate interplay between personal and environmental parameters influencing thermal comfort is essential in designing buildings that promote occupants’ well-being while minimizing energy usage.



Moreover, advancements in comfort modeling, including the utilization of machine learning and deep learning algorithms, offer new avenues for exploring and understanding occupant behavior and its impact on building energy performance. By incorporating these modern techniques, researchers can go deeper into the complex relationship between occupant behavior, thermal comfort, and energy consumption, ultimately informing more effective strategies for building design, operation, and management. Occupant behavior modeling has been used to understand patterns in a building, including probabilistic or stochastic, statistical, data mining, and agent-based modeling [4]. Past review studies conducted focus on a particular facet of occupant behavior and thermal comfort. There has been less focus on the limitations of these several models used for understanding behavioral patterns. This review contributes to the body of knowledge in two ways: (1) research topics, trends, and the current state of the art in thermal comfort and energy research are evaluated and identified quantitatively, and (2) research on factors affecting thermal comfort, occupant behavior’s effect on energy use, and modeling approaches and limitations are revealed via in-depth qualitative analysis. The following questions will be answered in the study:




	
What is the state of the art on thermal comfort and energy consumption research?



	
What are the effects of occupant behavior on energy consumption for buildings?



	
What are the factors affecting the thermal comfort of users and their relation to energy consumption?



	
What is the occupant modeling approach adopted in understanding energy consumption and its limitations?








This review addresses the above through a systematic review study, as described. The remaining parts of the study present the literature review of key concepts. The methodology was assessed using key concepts and words in a search of the database. Section 2 gives an overview of energy consumption in buildings, thermal comfort, user behavior, and the nexus of occupant behavior, thermal comfort, and energy consumption in buildings. Section 3 highlights the research method used in the study while Section 4 discusses the critical review of these research questions. The penultimate part consists of the conclusion, limitations, and future directions, while the last section lists references.




2. Literature Review


2.1. Energy Consumption in Buildings


The building sector accounts for one-third of global energy consumption [12]. According to reports from the EU in 2010 and the US in 2015, 40% of global energy consumption comes from buildings. Energy use in a building includes one or more space heating and cooling, water heating, and operation of lights, cooking appliances, and other equipment. Occupants interact with the control systems and building elements to achieve their comfort in different ways, such as opening and closing windows, adjusting blinds, use of lighting, use of HVAC systems through on and off switches and adjusting thermostat temperature, and use of hot water and electrical appliances [13]. These actions affect the energy performance of buildings.



Such operations are important activities in buildings and account for a high rate of consumption of energy. Energy can only be saved when there is proper design, construction, and operation of the building. In recent times, energy consumption has been on the high side, especially for non-residential buildings where energy consumption for heating and cooling is about 50–70% of the entire energy consumption [14]. The energy consumption rate in buildings depends on factors such as thermo-physical properties of building elements, construction technical details, quality and maintenance of HVAC systems, the climatic condition of an area, and occupant behavior. Other factors leading to higher energy demand are increases in population, more time spent indoors, high-demand functions of buildings, global climate change, and indoor environmental quality [15]. Meanwhile, the future goal of sustainable buildings is to enable both energy efficiency and the comfort of users or occupants of buildings.



There are two perspectives from which to consider occupants; the first is the occupant’s characteristics (physical) while the second is the occupant’s behavior. Occupant characteristics are made up of the number of people, age, household composition, ownership status, education level, sex, race, country of origin, occupation, and income [16,17,18,19,20]. These features determine the mindset of the user to adapt to comfort and the use of energy. Nevertheless, occupant behaviors are active and conscious behaviors which are observable actions that show patterns over a shorter time frame, i.e., hours, days, and seasons.



Occupants are major influencers of energy use regardless of building design: the interaction of occupants with buildings causes variation in energy use even within similar buildings [21]. People have different physio-psychological natures, which makes a set point of comfort for one occupant different from that of others. This makes energy demand in one building different from another depending on the individual inhabiting the building. The impact of occupant behavior has caused a wide gap between the predicted and actual energy consumption in buildings in different countries [22,23]. Although there is now more research focusing on occupant behavior and energy consumption of buildings through the development of models, these models developed are specific to each building and cannot be applied to all buildings.



Building management systems (BMS) play a crucial role in optimizing energy consumption in buildings. Their impact on energy consumption is multifaceted, enabling continuous monitoring and control of various building systems such as HVAC, lighting, and electrical equipment. By collecting real-time data on energy usage and building conditions, a BMS allows facility managers to identify inefficiencies and implement corrective actions promptly. For example, a BMS can adjust HVAC set points based on occupancy schedules or outdoor weather conditions to optimize energy usage without compromising comfort. It can optimize HVAC operation by coordinating equipment schedules, adjusting airflow rates, and implementing strategies such as demand-controlled ventilation and night setbacks [18]. These measures ensure that heating and cooling systems operate efficiently while meeting occupants’ comfort requirements. A BMS also facilitates occupancy-based lighting and equipment control to minimize unnecessary energy usage in unoccupied areas. Occupancy sensors detect the presence or absence of occupants and adjust lighting levels, HVAC settings, and equipment operation accordingly. This ensures that energy is only consumed when needed, leading to significant energy savings, especially in commercial buildings with fluctuating occupancy patterns.




2.2. Thermal Comfort


The concept of thermal comfort was introduced in the late 19th century. The American Society of Heating and Cooling Engineers defined thermal comfort as the state or condition of the mind that expresses satisfaction with the thermal environment. Comfort is an important goal in the built environment that influences occupant satisfaction, health, and productivity [24,25]. Thermal comfort is one of the aspects of indoor environmental quality (IEQ) through thermal perception, and it is strongly related to acoustic, visual, and air quality. Thermal comfort in buildings is related to architectural features, which include dimensions, presence of shading systems, building orientation, properties of the building envelope, and window–wall ratio.



Ref. [26] developed two quantitative formulas for measuring thermal comfort: Predicted mean vote (PMV) and predicted percentage dissatisfaction (PPD). PMV integrates the impact of temperature, which is the air temperature and mean radiant temperature, humidity, metabolic heat rate, air velocity, and clothing thermal properties to predict thermal comfort level. Several researchers have studied PMV and PDD models widely for different buildings in various countries [27,28,29]. These models have been adopted for different groups of people, races, and environments [30]. The PMV index was said to overestimate the perception of users while the adaptive model predicts higher comfort temperatures than actual ones. Fanger’s theory was based on experiments but there are discrepancies between the predicted thermal sensation obtained from PMV and real thermal sensation from questionnaires. These issues were attributed to the level of adaptation and adjustments in clothing or control of occupants’ environment [31,32]. Thermal comfort studies are mostly conducted through subjective evaluation of people in the buildings [33]. There are three categories of models for conventional thermal comfort in buildings, which are rational, adaptive, and rational–adaptive [10]. The two earlier models seem to have some deficiencies as they predict inaccurately the thermal sensation of people. Recently, the rational–adaptive model has been used because it is more accurate compared to the two others.



Thermal comfort models were classified into two types, i.e., conventional and personal comfort models, as shown in Figure 1. The conventional models are usually based on the predicted mean vote (PMV) and adaptive models. The PMV model uses physical and psychological phenomena and expresses human thermal sensation as an outcome of heat transfer between the human body and the surrounding environment. Few case studies of thermal comfort have been conducted in educational institutions. Ref. [34] conducted research among university students, and indicated that students preferred a warm environment. A study by [35] revealed there are discrepancies between the PMV calculated and people’s perceptions. Ref. [36] examined the thermal environment and subjective thermal comfort of students and found that students preferred slightly cooler buildings. In a field study, ref. [37] examined the thermal sensation of students in a university classroom, finding students’ subjective thermal sensation was greater than the PMV prediction. Others [38,39,40] revealed that the thermal comfort level should be kept lower. These mixed results from studies have hindered the development of standards and acceptable thermal conditions for students due to the physio-psychological differences of people who use the universities.



A personal comfort model is a new approach to the thermal comfort model, which predicts thermal comfort based on individual preference. This approach does not use the average response of a large population but leverages emerging technologies such as the Internet of Things (IoT) and machine learning to understand individual comfort requirements from data collected every day. Various new data and data techniques are used to predict individual thermal comfort using advanced analytics and cloud-based control. However, researchers adopt different approaches to analyze the personal comfort model. Some of the modeling methods adopted are random forest [41], Gaussian process [42], Bayesian networks [43,44] support vector machines [45], and neural networks [46].



There have been several studies that have examined indoor air quality and thermal comfort. CO2 has mostly been used as a yardstick or parameter to measure indoor air quality and understand whether it meets the threshold values for air quality [47,48,49,50]. A study examined the relationship between CO2 concentrations, noise, light level, and thermal comfort. Furthermore, Ref. [47] adopted text-based sources for exploring the indoor environmental quality of occupants. Ref. [48] investigated indoor air quality with thermal comfort because both are vital in health, well-being, and productivity. A study noted that CO2 is highly concentrated when windows are closed [49]; it was obvious that refurbished or renovated buildings have improved thermal comfort but increased CO2 concentration, which reduces indoor air quality. The impact of various ventilation modes on thermal comfort and CO2 was also examined [50,51]. Other studies examined the relationship between measured pollutants such as CO, NO2, and VOCs in outdoor environments.



Ref. [10] reviewed thermal comfort for educational buildings in various countries based on the following parameters: year, educational stage, location, climatic zone, model adopted operation mode, and time of the survey. Investigations of thermal comfort have been mostly based on field data collection, which can be objective and subjective measurements. The PMV–PPD is an objective and adaptive model that has been used to establish acceptable thermal conditions for residential buildings but does not apply to students’ thermal comfort [52]. Subjective measurement using questionnaires to measure environmental parameters has been combined with sensing data in most research. Hence, there has not been agreement on how thermal comfort can be assessed globally, leading researchers to use different models and indices, and there is a lack of standards apart from ISO 7730 [53], EN 16798-1 [54], and ASHRAE 55 [55] dealing with thermal comfort, especially in educational buildings.



ISO 7730 guides creating thermal environments that are comfortable for occupants. It specifies methods for assessing thermal comfort based on factors such as air temperature, radiant temperature, air velocity, and clothing insulation [56]. ASHRAE Standard 55 establishes thermal comfort criteria for indoor environments. It provides guidelines for designing HVAC systems and setting temperature and humidity levels to ensure occupant comfort. Standard EN 15251 [57] addresses various aspects of indoor environmental quality, including thermal comfort, indoor air quality, lighting, and acoustics. It outlines requirements and recommendations for designing and maintaining indoor environments that promote occupants’ health, comfort, and productivity [58]. LEED certification, standing for leadership in energy and environmental design, while not a standard in the traditional sense, sets criteria for sustainable building design and construction. It includes credits related to indoor environmental quality, thermal comfort, and occupant well-being, encouraging the use of strategies such as natural ventilation, natural lighting, and low-emission materials.




2.3. User Behavior


Occupant behavior in buildings is a dynamic and multifaceted aspect that significantly influences the general efficiency, performance, and sustainability of the built environment [21]. Understanding how occupants interact with and utilize building systems and components is crucial in designing spaces that not only meet their needs but also align with contemporary goals of energy conservation, alleviating environmental damage, and occupant well-being. Similarly, occupant behavior is the interaction with building systems (AC, heater, light control) and components (windows, shading, and doors) in ensuring a good indoor environment for health and productivity [59]. This indoor environment includes visual, acoustic, and indoor air quality, and thermal comfort in the building.



Visual comfort can be defined as adjusting lighting intensity to suit the user, while indoor air quality is the condition of the air in a building or structure affecting health and comfort, while acoustic comfort refers to removing noise and vibrations [56]. People respond to discomfort in buildings to restore their comfort by controlling building systems and components, as shown in Figure 2. Our physical, physiological, and psychological differences and other external drivers such as economic and regulatory issues mean individuals receive, perceive, and respond differently to situations in buildings [58]. These physical differences include age, which can influence the perception of comfort in a building. The metabolic rate of individuals occupying a building varies on the activities performed, age, gender, and weight, which all have an impact on the thermal comfort of users.



Based on these studies, there is still a persistent gap between actual and predicted energy use related to technical workmanship and installations, choice of equipment, materials used, and occupant behavior. Additionally, it is obvious that three-quarters of existing buildings are not efficient, and only a small percentage of buildings are renovated or retrofitted to be energy efficient. Although recently constructed buildings are built using energy-efficient technologies and equipment, priority must be placed on existing buildings and how they can be improved [61].



Extant works of literature have examined the impact of thermal comfort on energy efficiency [52,62]. Research has also been carried out on how occupant behavior affects energy consumption in various countries, such as Singapore and Denmark [3,63]. It was revealed that occupant behavior, such as opening windows, set points, and density of occupants have a considerable influence on and relationship to energy use. Ref. [64] developed a baseline building model for spaces and HVAC systems, in which non-model predictive control (NMPC) was used to integrate the weather forecasting model and occupant behavior patterns for solar decathlon houses. The result revealed that 30.1% of heating was saved and 17.8% was saved using a set-point control strategy.



Ref. [65] demonstrated a significant difference in the total energy consumption of two flats in the same building block. This was due to different occupant behaviors, such as varying times of presence at home, occupancy level, and variation in occupant thermal preferences. Other energy consumption differences in buildings were also reported. According to the study, carried out using energy simulation tools, there was a discrepancy between the predicted and actual energy due to user behavior and occupant preferences of five buildings used as a case study. Ref. [66] examined the quantitative sensitivity analysis for thermal occupant factors (TOF), and it was revealed that occupants’ metabolic rate and clothing were relevant factors, in addition to the infiltration rate, in achieving energy-efficient buildings.




2.4. Nexus of Occupant Behavior, Thermal Comfort, and Energy Consumption in Buildings


The link between occupant behavior, thermal comfort, and energy consumption in buildings is a critical and interconnected relationship that profoundly influences the overall performance of the built environment. Understanding and optimizing this connection is essential for designing energy-efficient, comfortable, and sustainable spaces [59]. Occupant behavior varies among different regions, climates, and backgrounds, and the preferences of occupants are diverse. These preferences are influenced by several factors such as clothing, metabolic rate, and physiological state of the users. Consequently, thermal comfort is a complex issue that cannot be easily ensured due to several influencing factors such as activity level, clothing, airflow, and humidity [67,68]. A change in metabolic rate or clothing level will lead to a response of actions such as the use of heaters, fans, and thermostat adjustments to ensure satisfaction. Users must be aware, educated, and sensitized to the implications of anomaly behaviors to ensure sustainable practices and energy conversation [69]. Occupants should learn to adjust to various thermal conditions, allowing for a flexible control approach to temperature.



Understanding occupant comfort through feedback and the use of sensing technologies can enhance proper monitoring and adjustment of the indoor environment to suit occupant comfort [70,71]. Proper comprehension of thermal comfort and preferences can ameliorate excessive mechanical cooling or heating of the building. Integration of smart building technologies can enhance the use of HVAC, lighting systems, and appliances. Sustainable materials and appropriate thermal resistance are necessary components in the design of new and retrofitting of existing buildings using windows, shading, walls, and roofs. The link between occupant behavior, thermal comfort, and energy consumption is a complex and dynamic interplay that requires a holistic and integrated approach. Successful strategies involve the active engagement of occupants, the implementation of smart technologies, and the incorporation of sustainable design principles to create environments that are both energy-efficient and conducive to occupant well-being [72].



Thermal comfort and energy consumption can vary significantly among different types of buildings due to factors such as building use, occupancy patterns, and HVAC system design. Hotels typically prioritize guest comfort to ensure a pleasant stay. Guest rooms are often individually climate-controlled, allowing occupants to adjust temperature settings according to their preferences. Additionally, common areas such as lobbies and restaurants are designed to maintain comfortable temperatures for guests [72]. Hotels have high energy demands due to the continuous operation of HVAC systems, lighting, and other amenities to accommodate varying occupancy levels throughout the day. Energy-efficient HVAC systems, occupancy sensors for lighting, and smart controls can help optimize energy consumption in hotels. Shopping malls aim to provide a comfortable environment for shoppers, with controlled indoor temperatures and adequate ventilation. Large open spaces and high ceilings can present challenges in maintaining uniform thermal conditions throughout the mall. Malls consume significant energy via HVAC systems to maintain comfortable temperatures, especially during peak shopping hours. Energy management strategies such as zoning, setback controls, and efficient lighting can help reduce energy consumption in malls. Hospitals require precise temperature and humidity control to ensure patient comfort and maintain sterile environments in medical areas. Patient rooms, waiting areas, and surgical suites are designed with thermal comfort in mind to promote healing and recovery. Hospitals have complex HVAC systems to meet strict indoor air quality standards and manage infection control.



Energy-efficient HVAC systems, heat recovery systems, and smart controls are essential in minimizing energy consumption while maintaining optimal indoor conditions. Office buildings aim to provide a comfortable working environment for occupants to enhance productivity and well-being [70]. Temperature, humidity, and air quality are carefully controlled to meet occupant preferences and regulatory standards. Office buildings have varying energy consumption depending on factors such as building size, occupancy density, and operational hours. Energy-efficient lighting, HVAC systems, and occupancy sensors are commonly used to optimize energy performance in office buildings. Residential buildings prioritize occupant comfort and satisfaction, with individual control over heating, cooling, and ventilation systems in each dwelling unit. Proper insulation and sealing are crucial in maintaining thermal comfort and energy efficiency in residential buildings [52,62]. Energy consumption in residential buildings depends on factors such as building design, occupancy behavior, and climate conditions. Energy-efficient appliances, insulation, and renewable energy systems can help reduce energy consumption and utility costs in residential buildings.





3. Methodology


A mixed review of extant scientific publications in the areas of thematic areas was used as the analytical component in this study, which was conducted utilizing an interpretive philosophical methodology. As indicated by [73] this approach is well adopted in construction education studies and has proven to yield critical research outputs. Furthermore, Ref. [74] adopted a similar approach to examine the role of the Internet of things (IoT) in the assessment and communication of indoor environmental quality (IEQ) in buildings. Ref. [75] combined text mining with bibliometric mapping to evaluate the machine learning techniques adopted in the energy consumption of buildings. Other similar applications in this research area include occupant behavior modeling methods [76], energy consumption [77], and impact of design features [78] among others. Figure 3 presents the scientometric and qualitative analysis approach of the study.



3.1. Scientometric/Quantitative Analysis


To track the advancement of academic research, scientometric reviews analyze and visualize the academic literature [73]. Furthermore, they give insight into the research output on thematic areas as well as that of academics, faculties, and publications. The scientometric analysis has been extensively utilized to show how construction-related research has evolved [79]. Its application has been seen in the areas of building information modeling [80], robotics [81], sustainability, and sustainable development [82], as well as energy use in buildings, and analysis of research areas [74] among others. This approach was adopted in this study to evaluate and illustrate critical findings.




3.2. Preparatory Investigation


To evaluate articles required for this study, a preparatory investigation was required to define the key questions the study would answer, define search areas and subjects, investigate the availability of required scientific papers for the study, and highlight critical keywords to ensure the selection of relevant studies. This ensured the defined criteria and keywords were well-refined to generate significant articles for the study.




3.3. Search Strategy and Database Selection


In scientometric analysis, several digital databases exist. The most popular ones for scientific research are Google Scholar, ISI Web of Science, and Scopus. However, before retrieving articles for a review, it is crucial to choose an effective search technique and the proper database(s). According to [82], there is no discernible difference between the databases Scopus and Web of Science for scientific publications. Regardless, the criteria for choosing Scopus were based on: Scopus houses the vast majority of research publications in the building industry. The largest citation database for all articles that have been peer-reviewed is Scopus; compared to other databases, Scopus performs better in terms of accuracy and consistency. A preliminary search was performed, and it was then honed based on the popular search terms from related publications. The enhancements in the investigation were made through several iterations of improvement, and the generated search string was “occupant behavior” AND “energy consumption” OR “thermal comfort”. This query produced 551 results as of November 2022, which were subsequently refined.




3.4. Inclusion and Exclusion Criteria


The requirements for this study’s inclusion were (i) research articles in the built environment, (ii) no year limitation, (iii) articles published in English, and (iv) articles with titles and keywords relating to the defined search criteria. However, excluded articles were removed that (i) had related keywords but did not focus on the built environment domain, (ii) were not in English, (iii) were not journal publications, (iv) or had no full text. Finally, the selected articles were further refined based on their abstracts to ensure their relation to the study’s objectives. This resulted in a total of 120 journal articles considered fit for qualitative and quantitative analysis.




3.5. Mapping of Selected Articles


For analyzing scientometric research, several software programs are available, including VOSviewer version 1.6.18, BibExcel, CiteSpace, CoPalRed, Sci2, and VantagePoint [82]. Particularly in graphical and metadata metric studies, construction management researchers have increased their significance and use of VOSviewer software. The flexibility to use many databases for the same study is what sets VOSviewer apart and contributes to its popularity [80]. Through the display of visually comprehensible, esthetically beautiful, and interpretable bibliometric graphs and maps, it is open source, user friendly, and capable of visualizing comparisons, links, interactions, and networks among bibliographic data. Additionally, it excels in recognizably presenting vast networks. VOSviewer was chosen for this study’s analysis because of its features, high rate of academic review uptake, and simplicity of use. To visualize networks of documents, VOSviewer provides analysis using both full counting techniques and fractional counting methodology. It was used for (i) visualizing and data mining; (ii) analysis of the co-occurrence of keywords, journals, and countries; and (iii) co-citation analysis.




3.6. Qualitative/Critical Review


To achieve the goal of the qualitative evaluation of the quantitative results, the 120 journal articles used for the scientometric analysis were afterward read in full by the authors in Table 1.





4. Discussion


This aspect discusses the findings from science mapping. The following topics were covered in the scientific mapping discussion for this study: (i) publication trend; (ii) research venues; (iii) mapping of nations; and (iv) mapping of term co-occurrence.



4.1. Annual Publication Trend


Figure 4 below displays the yearly breakdown of the data that were analyzed. The first research, which was published in any of the 120 articles, was authored by [86,87,88,89]. This suggests that the topic of the effect of thermal comfort of inhabitants on energy consumption in buildings is a new area of research. Five papers were published in 2015, four papers in 2016, and four papers in 2017. On the other hand, the remaining publications were all published between the years 2018 and 2023. This suggests that there has been a strong interest in the research topic over the past four years. This finding is consistent with the findings of earlier surveys, which have ranked the subject matter in question as one of the most pressing issues in the built environment. The annual publication pattern invariably reveals any changes that have occurred in the commitment to a specific study field. The increasing interest in and attention to thermal comfort and energy consumption is a result of the clamor for more sustainable living. Furthermore, it demonstrates quite clearly that energy consumption and thermal comfort are becoming very necessary in order for the worldwide construction sector to effectively manage energy usage.




4.2. Journal Publication Analysis


As can be seen in Figure 5, there were 120 publications across 39 different peer-reviewed scientific journals, 23% of the total number in Energy and Buildings, followed by 11% in Buildings and Environment. The third and fourth-placed journals in the relevant areas were Energy and Sustainability with 7% each of the total articles. The Journal of Applied Energy and Journal of Energies made up 5% and 4% of the total publications, respectively. This demonstrates that major articles on thermal comfort and energy consumption themes are published in these journals.




4.3. Science Mapping of Countries


The proper mapping of the most productive countries in a specific research subject is frequently improved by the network collaboration of different countries. To successfully promote research funding and collaborations, one must have a crystal clear understanding of the countries that are the most prolific and influential [90]. In this science mapping of countries, the search criteria that were used included analysis type (co-authorship) and analysis unit (country). Additionally, the minimum number of papers from a country was set to 3, and the minimum number of citations from a country was set to 3. According to these search criteria, just 14 of the 46 countries met the minimum requirement. The small number of this representation is in comparison to the number of countries in the world (195). As can be seen in Table 2, this small number shows the area is still emerging.




4.4. Major Research Areas of Thermal Comfort and Energy Consumption


The most important aspects of the research were identified through the use of keyword co-occurrence.



Co-occurrence Analysis of Keywords


An academic article’s keywords will frequently explain the article’s essential ideas. These keywords are typically used as indexation within a database to facilitate efficient search [82]. As a consequence, a network of keywords carries the possibility of describing a knowledge domain [80]. To achieve this goal, scientific mapping of all the keywords contained within the publication set generates a plausible map of the many different study topics and themes present in a certain domain. In this study, the co-occurrence analysis was completed by making use of the authors’ keywords. The minimum number of occurrences was set to three occurrences of keywords to guarantee that the cluster results were both thorough and representative. Following a series of tests carried out with the VOSviewer program, this standard was established. It is important to point out that some of the terms in the study were very similar to one another, while others were extremely repetitive.



To choose the threshold, the minimum number of occurrences of a keyword was set to 2. Of the 423 keywords, 47 met the threshold. To eliminate unnecessary keywords and combine keywords with similar meanings, a thesaurus file was utilized during the analysis. Seven clusters were identified from the keywords with distinct colors and are shown in Figure 6. The clusters showing the research areas are indoor environmental quality, energy savings, building performance, occupant behavior, energy consumption, energy performance gap, and thermal comfort. The keywords under these clusters are presented in Figure 7.



Thermal comfort factors that are discussed in PMV models (such as indoor temperature, humidity, clothing type, etc.) are considered in building energy assessment tools; however, there is an individual aspect of thermal comfort that is related to personal experiences and expectations that is not reflected in the estimation of energy consumption in buildings. This is because personal experiences and expectations are influenced by a variety of factors, including climate, clothing, and activity level [22].





4.5. Effect of Occupant Behavior on Energy Consumption for Buildings


As a direct result of the increasing scientific and political pressure that is being exerted all over the world in response to climate change, the evaluation of energy demand and consumption in buildings has become an increasingly pressing issue [22]. The thermophysical properties of the building elements, construction technical details (i.e., building elements with high energy efficiency might perform poorly if not constructed well), climatic location characteristics, the quality and maintenance of the installed HVAC system, occupants’ behavior, and activities towards energy utilization are all related to building energy consumption [83]. The metabolic heat that inhabitants produce passively is one factor that is taken into account within the occupancy portion of energy simulation software; however, this factor is not the only factor that influences the total amount of energy that buildings consume [83].



To achieve some particular degree of comfort, occupants engage with control systems and parts of the building in a variety of ways. Use of building openings (such as opening and closing windows), use of lighting, and controlling solar shading (such as adjusting blinds), use of HVAC systems (such as turning the air conditioning on or off and adjusting the thermostat temperature), and use of hot water and electrical appliances are all examples of things that fall under this category [86]. The term occupant behavior refers to the contact that people have with the building systems to control the indoor environment for the sake of their health, as well as to achieve thermal, visual, and auditory comfort inside of structures [89]. How occupants deal with energy consumption is one of the primary contributors to high rates of energy intensity. This signifies the importance of identifying the effect of occupant behavior on energy consumption. The key functions or roles are identified and described in Table 3. Understanding these functions is vital for designers and building users as it enables decision-making in early design stages as well as making the right energy conservation choices.




4.6. Factors Affecting Thermal Comfort of Users and Its Relation to Energy Consumption


Thermal comfort is a crucial aspect of the indoor environment. Achieving optimal thermal comfort is not only important to human comfort but also has implications for energy consumption within the building. Every occupant controls the building systems and components to suit their thermal comfort level. However, striving for optimal thermal comfort without considering energy efficiency can lead to excessive energy consumption. Numerous parameters influence how occupants use energy in buildings, as explained by works of literature. These include the personal (physiological and psychological), climatic, social, economic, regulation and policies, architecture, and interior design of space and building types. Ref. [95] went further to classify these parameters into five groups: contextual factors, physical environmental factors, physiological factors, psychological factors, and social factors.



Climatic parameters: These include indoor and outdoor temperature, relative humidity, sunlight, wind, and rain as factors that change the interaction of humans with building systems to achieve optimal comfort. Ref. [96] conducted research using cold climatic conditions to understand occupant behavior and window opening in an office block. Other researchers analyzed the responses of occupants to hot summer and cold winter climatic conditions for residential and office buildings [97,98,99]. Most of these studies used a stochastic model to estimate the user behavior in the building.



Building function: This covers the type of activity taking place, which influences the clothing type, metabolic heat, and occupant-specific needs and expectations in interacting with the building. Research was carried out in residential buildings [100,101] offices [102,103]; and commercial buildings [104,105], although less attention was paid to educational buildings [106,107], which limited the findings. In addition, most of the activities examined in these studies were sedentary activities.



Social and personal parameters: These are psychological and psychological characteristics of an individual and play a major and substantial role in occupant comfort and energy. Social and personal factors include gender, age, level of awareness of energy issues, family size, and sociocultural background [108]. Some researchers examined the difference in the preference for thermal comfort [109]. Furthermore, Ref. [110] investigated the effect of education and awareness-raising on attitudes to energy. Human behavioral theories use social and personal factors to study electricity consumption in office buildings. Ref. [4] used the DNA framework adopting a behavioral–cognitive theory to suggest four key components governing occupants’ energy behavior, which were needs, drivers, actions, and systems. The theory of planned behavior, cognitive complex theory, and cognition as a network of tasks are considered in the changeable human recognition process connecting the human and the environment. This needs to be incorporated into building energy assessment tools to improve the accuracy of energy consumption prediction in buildings [111].



Economic parameters: These include income, socioeconomic factors, and energy prices. Studies revealed that when occupants are directly responsible for paying energy bills, they act more responsibly in the use of energy [99]. Ref. [96] examined the relationship between energy price and occupant thermal tolerance, which influenced the level of energy consumption in buildings. Ref. [112] found that the price of energy made occupants endure dissatisfaction in their buildings by not using mechanical fans. Most low-income occupants expend more electricity on buildings due to low thermal insulation [113]. The economic situation determines the quality and size of housing, which in turn affects energy consumption. A semi-structured interview was conducted with low-income earners, and it was revealed that there was a clear distinction between the energy behaviors of rental-paying occupants and those who were subsidized by the government [97].



Occupant state: This means the time of departure and arrival of occupants. Several types of research have revealed that users usually adjust the building systems more when they arrive and depart. Models have been constructed as regards arrival, presence, and departure in connection with occupants’ movements and behaviors [104]. An algorithm was proposed by supposing the present/absent status of occupants in each zone as a miscellaneous Markov chain. Other studies conducted to track indoor occupant movements and presence are vision-based methods, WLAN fingerprinting, ultrasound, and sensor-based methods [114,115].



Architecture and interior design features: These are the integration of sustainable interior design in the construction of buildings, such as the adoption of green materials and energy-efficient systems [116]. They can affect occupant behavior and include visual quality, colors, materials, and compositions of interior spaces that affect the thermal perception of users. The difference between occupant behavior in old and refurbished buildings has been studied [107,117]. Design for sustainable behavior means the designer has a function in directing sustainable user behavior during the design stage.



As discussed above, there are many parameters influencing the state of thermal comfort of users. However, the most popular and widely accepted way to understand thermal comfort is through subjective evaluation of users. Subjective evaluation is the method that is used to determine a person’s level of thermal comfort, which is described as the state of mind that conveys contentment with the surrounding temperature conditions [118]. Therefore, the ideal way to describe thermal comfort is as a state in which there are no external factors that could cause a change in the environment through behavior. A deeper understanding of the thermal comfort of temporary structures can lead to the development of solutions that improve the physical and mental health of users as well as the efficiency with which they consume energy [119]. The structural, environmental, and human elements are the primary constituents of parameters that influence the level of thermal comfort. They are highlighted and described in Table 4 below.



As stated by [119], design and construction are the primary factors that determine the thermal transfer coefficient of walls, which ultimately results in either the transfer of heat from outdoors into the room or the loss of heat from inside the room. Furthermore, indoor temperature regulation is often affected by window opening/shading to control solar radiation. Ventilation and infiltration have an immediate impact on the relative humidity and temperature found inside temporary buildings. The direction and layout of temporary buildings are varied, which may affect the amount of solar radiation that enters the building as well as the ventilation within it, which in turn may affect the thermal comfort of the building and consequently, its energy consumption.



Human factors also play a critical role in thermal comfort as a user’s sensitivity to the temperature of their surroundings can be affected by factors such as their gender and metabolic rate. Personal decisions to improve thermal comfort also led to an increase in energy consumption. According to the findings of [118], one’s level of comfort is a nuanced perceptual construct that is influenced by a variety of different elements but ultimately affects energy consumption. This would mean ensuring all influencing factors are well accounted for and resolved.




4.7. Occupant Behavior Modeling Approaches


Occupant behavior is stochastic, and it is quite difficult to estimate the randomness of people and predict their behaviors [126]. Various patterns or approaches have been used in understanding occupant behavior in past literature based on the climatic or environmental conditions that users experienced. This is usually done by gathering information about occupant and environmental data of a specific room or building and implemented using building performance simulation tools (BPS). Ref. [127] classified the human behavior model into the gray box model, which is built on statistical and stochastic approach, the white box model built on physical equations, and the black box model, which is based on machine learning algorithms. One study classified the developed model into data-driven and simulation-based approaches [128]. Another study classified the model into implicit and explicit models [129]. The implicit model relates to direct rules and regulations in building systems, which include probability calculations, statistical assessment, occupant-based control models, linear and logistical regression, and Bayesian estimates. They explicitly address the rules and logic directly associated with occupants, including the Bernoulli process, agent-based modeling, survival assessment, and Markov chains. The methodologies have several drawbacks, the most significant of which are challenges in effectively modeling and predicting human behavior, a dearth of data, an oversimplification of complicated systems, and the need for extensive computer power. There is no one method that is adequate in all circumstances; rather, a thorough understanding of how buildings consume energy may require using several different methods, as shown in Table 5.





5. Conclusions, Recommendations, and Future Directions


5.1. Conclusions and Recommendations


In the modern world, buildings account for a significant portion of the total energy consumed, and there is a need for sustainable development, especially for existing buildings to ameliorate the amount of energy they use. It has been demonstrated that occupant behavior has a major role in the energy performance of buildings. The actions of building occupants need to be carefully considered for a structure to be energy efficient. This is necessary for two reasons: firstly, poor building use can result in a loss of energy, and secondly, an occupant-involved building control system is capable of greatly reducing the energy demand of the building. There is a growing worry over the environmental implications of energy use as a result of the warming of the global climate and the growth in the number of instances of extreme weather events.



To reveal the state of the art of thermal comfort and energy research, critical reviews must include the impact of occupant behavior on energy consumption and factors affecting the thermal comfort of users. To research the trends of thermal comfort and energy, this research adopted mixed reviews, i.e., quantitative and qualitative, to understand the state of the art. VOSviewer was used to understand top journals, publication year, countries, the most trending keywords, and so on. Additionally, the cluster for keywords identified in the scientometric analysis was synthesized to form a structure for the classification of major research areas, which are indoor environmental quality, energy savings, building performance, occupant behavior, building energy consumption, energy performance, and thermal comfort. Similarly, the study classified different occupant behaviors, which are occupant realistic behaviors, occupant characteristics parameters, heat gain, occupant perception of comfort, and occupant interaction with systems. The factors influencing the thermal comfort of users were grouped into three areas, which are structural, human, and environmental factors. The study went further to discuss the functions and limitations of different occupant modeling approaches that have been deployed in past studies. The review contributes to the body of knowledge in two ways: 1) by synthesizing research topics and trends in thermal comfort and energy research; and 2) by revealing research needs through critical in-depth discussion of research questions two, three, and four.




5.2. Future Directions


The physical and emotional health of building users is intimately connected to the thermal comfort of their interior environment. The mental and physical well-being of residents of homes is impacted by the level of thermal comfort they experience. Users will automatically adjust behavior (using adaptive behavior, environmental adjustment behavior, and psychological behavior) to increase their thermal comfort when experiencing cold and hot situations that are uncomfortable for them. These behavioral actions are intended to improve their thermal comfort and include the use of fans, thermostat adjustment, wear/removal of clothes, opening and closing of windows/doors, light control, and so on. This review study has some limitations: (1) the search for string was limited to the Scopus database. Future work can be carried out to obtain more comprehensive data by including multiple databases such as Google Scholar, Web of Science, and ScienceDirect. Further research can be conducted on thermal comfort for different building functions by examining the varied activity intensity levels of users, especially in educational or commercial buildings. A proper investigation can also be carried out on how thermal insulation of structural members such as windows, walls, and roofs influences thermal comfort. This can also be compared between two similar buildings in understanding occupant behavioral responses/actions and energy consumption.
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Figure 1. Classification of thermal comfort model. 
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Figure 2. Types of occupant activities affecting building energy consumption, adapted from [60]. 
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Figure 3. Research method process for the study. 
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Figure 4. Annual publication chart. 
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Figure 5. Article distribution per research journal. 
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Figure 6. Major research areas. 
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Figure 7. A framework of the major research areas. 
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Table 1. Summary of Previous Reviews.
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	Paper
	Title
	Research Methods
	Database
	Analytical Method
	No of Articles
	Findings
	Research Gaps





	[74]
	The role of the internet of things (IoT) in the assessment and communication of indoor environmental quality (IEQ) in buildings: A review
	Qualitative Review
	Scopus and WOS
	Systematic (PRISMA and content analysis)
	N = 91
	
	
The main purpose of applying IoT inside buildings is to reduce energy consumption.



	
There is an interest in developing low-cost sensing devices with a learning approach.



	
Machine learning methods are mainly used for energy-saving purposes and to learn about occupants’ behavior inside buildings, focusing on thermal comfort.



	
Sensors in the IoT era are a requirement to help improve people’s comfort and well-being





	
	
No consideration



	
Regarding the difficult task of collecting data inside the built environment



	
No consideration of bias risk assessment factors








	[75]
	Machine learning techniques in the energy consumption of buildings: A systematic literature review using text mining and bibliometric analysis
	Qualitative Review
	IEEE Xplore, Science Direct, Springer, Scopus, and Web of Science
	Mixed review (bibliometric and PRISMA-text mining)
	N = 106
	
	
Most of the previous studies used four basic intelligent computing models to predict the ECB: neural networks, regression, support vector machines, and deep learning.





	
	
Restricted by the search terms used and the publication interval (last seven years).



	
Additionally, it utilized a limited number of sources from electronic databases.








	[76]
	Occupant behavior modeling methods for resilient building design, operation and policy at urban scale: A review
	Qualitative review
	Google Scholar
	Content analysis
	N = 206
	
	
Applications for urban-scale buildings still rely on modeling occupant behavior at the level of each building, rather than at the metropolitan scale.



	
Emerging data sources and approaches in the fields of marketing/promotion, epidemiology, disaster management, and transportation may be able to satisfy the modeling needs of the applications.





	
	
This demands more investigation into neural networks and graphical network analysis to understand behavior towards and interaction with buildings.








	[77]
	The impacts of occupant behavior on building energy consumption: A review
	Qualitative Review
	Scopus
	Content analysis
	N = 295
	
	
Three main educational approaches have been identified: traditional education (e.g., motivation, social norms, and normative messages), providing feedback and installing smart technologies.





	
	
Key factors to determining considerations from building factors, to avoid unnecessary and redundant data collection is imperative.








	[83]
	Occupant behavior and building renovation of the social housing stock: Current and future challenges
	Qualitative review
	
	Desk review
	
	
	
Public bodies have to take the lead in renovating their stock of buildings and set an excellent example.



	
The main motivation for implementing energy-efficient measures is anticipated to come from the energy savings from renovating owner-occupied homes, while the focus on the social housing sector is more difficult given the challenges in addressing energy savings with this vulnerable user group.





	
	
Comprehensive understanding of ways to regenerate cities and face climate change.








	[84]
	What drives our behaviors in buildings? A review of occupant interactions with building systems from the lens of behavioral theories
	Qualitative review
	PsycINFO, Scopus, Web of Science, and Google Scholar
	Content analysis
	N = 135
	
	
Identify the studies that have applied different behavioral theories to explain occupant interactions with different building systems.





	
	
Few empirical and naturalistic studies use behavioral theories to describe occupant interactions with certain building systems.



	
Beyond self-reported survey studies, there is a need for more research to gather data in naturalistic situations.








	[85]
	Past and future trends on the effects of occupant behavior on building energy consumption
	Qualitative review
	Science Direct
	Content analysis
	N > 44
	
	
Demonstrates that the hottest research issues in the 2000s are, in order, comfort levels, payback time, and the financial side of energy-saving measures.





	
	
Look into how occupant behavior varies in a close-to-real environment for energy consumption.



	
Improve and more precisely model the energy use of actual surroundings.















 





Table 2. Top countries in thermal comfort and energy consumption research area.
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	S/N
	Country
	Documents
	Citations
	Total Link Strength





	1
	United States
	29
	935
	10.00



	2
	China
	27
	543
	8.00



	3
	Canada
	13
	240
	5.00



	4
	Australia
	7
	66
	3.00



	5
	United Kingdom
	6
	56
	3.00



	6
	Japan
	3
	68
	2.00



	7
	South Korea
	6
	147
	2.00



	8
	Spain
	6
	32
	2.00



	9
	Germany
	6
	161
	2.00



	10
	Italy
	6
	127
	2.00



	11
	Austria
	3
	78
	1.00



	12
	Brazil
	4
	43
	1.00



	13
	France
	8
	159
	1.00



	14
	Hong Kong
	3
	54
	0.00










 





Table 3. Summary of roles of occupant behavior in energy consumption for buildings.
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	S/N
	Functions
	Description
	References





	1
	Occupants’

realistic behavior
	Passive, medium, and active energy use by occupants
	[11,22,91]



	2
	Heat gain
	Increased internal heat gain
	[22,92]



	3
	Occupant characteristic parameters
	The status of the occupants, such as their presence or absence in the space, their arrival or departure, as well as their movement and working routine within the area.
	[92,93]



	
	
	Occupants’ gender, age, employment, family size, household size, socio-cultural background, level of education, awareness of energy issues, and the disparities between male and female thermal preferences are examples of socioeconomic and personal parameters that are taken into consideration.
	[91,92,93]



	
	
	A sense of ownership, such as whether the residents are renters or owners of the space, whether they are present or absent.
	[93,94]



	4
	Occupant perception of comfort
	The occupants’ lifestyle, demographics, economy, interaction with building features and systems, and equipment will all have an effect on their impression of comfort, which will, in turn, affect the amount of energy that is used.
	[91,94]



	5
	Occupant interaction with the systems in a building
	Strong correlations exist between occupants’ control of their interactions with the systems in buildings and the amount of energy used.
	[11,91,94]










 





Table 4. Summary of factors affecting thermal comfort of users and their relation to energy consumption.
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	S/N
	Factors
	Description
	References





	1
	Structural
	Performance of the envelope structure (heat storage, water absorption, and thermal conductivity of thermal insulation materials, among others)
	[119,120,121,122]



	
	
	Window design
	[119,121,122]



	
	
	Shading
	[119,123]



	
	
	Building orientation
	[119,120,122,124]



	
	
	Ventilation
	[119,121,124]



	
	
	Permeability
	[119,120,122]



	2
	Environmental
	Temperature
	[119,121]



	
	
	Humidity
	[119,122]



	
	
	Solar radiation
	[119,121]



	3
	Human
	Gender
	[118,124,125]



	
	
	Metabolic rate
	[118,125]



	
	
	Clothing thermal resistance
	[118,125]



	
	
	User behavior
	[118,124]



	
	
	Perception of environmental issues
	[118,125]



	
	
	Spatial perception
	[118,123,124]



	
	
	Aesthetic perception
	[118,123,124,125]



	
	
	Sociodemographic attributes
	[121,123]



	
	
	Prior thermal history and activity
	[118,121,123]
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	Modeling Approach
	Purpose/Functions
	Limitations
	References





	Agent-based modeling
	
	-

	
Most popular modeling, used for single or multiple autonomous actors who interact with each other.




	-

	
Simulates individual occupants and their behavior.






	
	-

	
Lack of proper agreement or rules for building a theoretical foundation for ABM model development.




	-

	
Computational requirements and difficulties in accurately modeling human behavior.






	[97,128,130,131]



	Probabilistic or stochastic model
	
	-

	
Capture and represent the chance of a particular behavior occurring or not.




	-

	
Comprises three occupant behavior models, Markov chain, Bernoulli process, and survival analysis.






	
	-

	
Best suited to long-term schedule formation or prediction.




	-

	
Detailed behaviors or occupants’ statistics cannot be explored with these statistics.






	[132,133]



	Data mining modeling approach
	
	-

	
For discovering patterns in large datasets. This improves the weakness of statistical modeling.






	
	-

	
Limited to occupancy and appliances and usage in buildings.




	-

	
Inadequate information and limited access to behavioral and energy consumption.






	[94,134,135]



	Statistical modeling
	
	-

	
Create a numerical connection between occupant behavior and indoor/outdoor conditions, e.g., the use of regression.






	
	-

	
The system is confined to one or two fixed categories of behavior analysis.




	-

	
No matter how higher probability is forecast for occupant behavior patterns, real-life situations of occupant behavior may differ based on mindset and general circumstances limited by lack of data and generalization ability.






	[111,136]



	Mixed or hybrid modeling approaches
	
	-

	
This approach puts multiple methods together to overcome the limitations of individual approaches but can lead to increased complexity.






	
	-

	
The approach can be complex, resulting in understudying an aspect of the method.






	[64,137,138]



	Rule-based modeling approach
	
	-

	
This modeling method uses predefined rules, e.g., occupancy during office hours.






	
	-

	
A central limitation is its focus on an aspect of real life, therefore it does not factor in other real-life patterns.






	[139,140]



	Machine learning/data-driven modeling approach
	
	-

	
This system is based on algorithms to learn patterns in data, e.g., decision trees.




	-

	
This approach utilizes large amounts of data collected from sensors and other sources.






	
	-

	
This approach lacks interpretability and has the potential for overfitting.




	-

	
This approach is limited by privacy concerns and the need for data pre-processing and cleaning.






	[77,141,142,143]
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