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Abstract

:

The thermal environment is one of the main factors that influence thermal comfort and, consequently, the productivity of occupants inside buildings. Throughout the years, research has described the connection between thermal comfort and productivity. Mathematical models have been established in the attempt to predict changes in productivity according to thermal variations in the environment. Some of these models have failed for a number of reasons, including the understanding of the effect that several environment variables have had on performance. From this context, a systematic literature review was carried out with the aim of verifying the connection between thermal comfort and productivity and the combinations of different thermal and personal factors that can have an effect on productivity. A hundred and twenty-eight articles were found which show a connection between productivity and some thermal comfort variables. By means of specific inclusion and exclusion criteria, 60 articles were selected for a final analysis. The main conclusions found in this study were: (i) the vast majority of research uses subjective measures and/or a combination of methods to evaluate productivity; (ii) performance/productivity can be attained within an ampler temperature range; (iii) few studies present ways of calculating productivity.






Keywords:


thermal comfort; productivity; predicted mean vote; predicted percentage of dissatisfied; buildings












1. Introduction


Indoor Environmental Quality (IEQ) includes factors such as acoustic comfort, visual comfort, indoor air quality, and thermal comfort. Studying these factors is extremely relevant, since people spend a large part of their day inside buildings [1]. In addition to providing comfort to its occupants, buildings must also have low energy consumption and concern with sustainability [2]. At least a third of the day is connected to work-related activities, so one can see that productivity is related to IEQ parameters [3,4]. Studies show evidence that poor IEQ may cause diseases, negatively affecting the worker’s well-being, and reduce its productivity [5,6,7,8,9,10].



Over the years, studies have shown that when people are not satisfied with the indoor environment, effects on the comfort, health, and productivity of these occupants are noticed [11,12], since the lack of environmental comfort causes occupants to spend energy and attention trying to make up for this lack of comfort, instead of focusing on their main activity [13]. Thus, improving IEQ can increase productivity between 0.5% and 5% [14,15].



Mui et al. (2019) [16] claim that when high standards of thermal comfort are obtained, excellent IEQ conditions are verified. According to Fanger (1970) [17], the main objective in creating thermal comfort in an environment is to satisfy the wish of its occupants to feel thermally comfortable. Thermal comfort represents the state of mind expressing thermal satisfaction with the environment and this is subjectively evaluated [18]. When people feel thermally comfortable, they are able to be more productive. This definition emphasises the fact that comfort is a process which involves many cognitive elements that are influenced by physical, physiological, and other processes [18].



Air temperature is a commonly used indicator in thermal environment in IEQ and in performance research [7]. Field and laboratory studies held in the last decades have reported the connection between air temperature and the performance of its occupants [3]. The physical effects obtained in the thermal environment may vary and may affect the performance of workers, affecting their productivity. Kosonen and Tan (2004) [19] claimed that the connection between thermal environment and productivity has attracted the attention of researchers.



Studies have analyzed the close link between performance and thermal comfort of the occupants in the workplace with considerable results on the levels of productivity [20,21,22,23,24,25]. In addition, the lack of thermal comfort results in “environmental stress”, producing a negative tendency [25,26].



As the definition of productivity can vary depending on the context, it is important to differentiate the related concepts: activity, performance, and productivity. Parsons (2014) [27] suggests that activity covers overall activities and can include psychological and physiological components, but is not directed towards any specific operational objective. Performance, on the other hand, is the result of an activity aimed at a goal where the performers deliberately regulate their behaviour to attain that aim. According to Bailey (1982) [28], human performance is the conclusion of work done by a human operator or team. The work may be at different levels, from the simple to the complex, manual, or automatized. In general, human performance can be measured by speed and time, precision and error, work force or capacity on demand and preference. Measuring these categories must be adapted to the kind of work to be measured and its environment [29].



Productivity, in turn, does not present a common definition. It is related to individuals’ performance with respect to their goals and can best be characterized and quantified in offices or commercial buildings [30]. Oseland (1999) [31] states that productivity can be expressed in terms of efficiency, that is, ratio for entry towards exit. According to Ilgen and Schneider (1991) [32], the occupant’s productivity can be measured in three ways: physiologically, objectively, or subjectively. In operational and organizational terms, productivity can be described as the ratio between the company’s turnover and employee cost [33]. In the case of an office environment, performance/productivity can be measured using different criteria such as individual performance, team performance, and organizational performance [31,34,35]. Different dimensions can affect productivity such as social, environmental, organizational, and personal factors.



However, there is a limit to the studies which determine mathematical models and relations between productivity and physical factors of the indoor environment, such as thermal comfort, visual comfort, acoustic comfort and air quality, among others. For several years, the aspects of IEQ have been analyzed separately [36] and there are other factors that should be considered, such as multisensory interactions [2].



Several studies evaluated the effect of learning and the results show that the learning ratio decreases with the rise in temperature [7,37,38,39,40,41]. The change in performance in office work was also tested. The results showed that indoor air has an important effect on office worker productivity [14,42,43]. According to Tarantini et al. (2017) [44], the results indicate that comfortable indoor thermal conditions can have beneficial impact on workers’ well-being and productivity such as higher operational rates, less production losses, fewer medical leaves, and cost reduction related to health.



Therefore, the aim of this study is to verify the state of the art of productivity with regards to thermal comfort, aiming to answer three research questions (RQs) proposed in this paper, as well as to verify the main characteristics of these studies, highlighting the ways of calculating productivity and environmental factors as well as ascertaining how productivity is related to thermal comfort variables. The organization of this paper is as follows: Section 2 describes the search strategy and framework used to perform this review. Section 3 analyses the main results provided by the selected articles. In Section 4, a detailed analysis from data is performed. In Section 5, future trends and gap researches are pointed out. In Section 6, the conclusions and limitations of this paper are summarized.




2. Materials and Methods


The methodology used in this study was based on two stages: planning the research where the aims are analyzed and the research questions (RQs) are made; a method for conducting the research in order to select and form the basis for the articles.



2.1. Analysis of the Objectives and Defining the Research Questions (RQs)


The main aim of this study is to check the state of art with regards to the existing connection between productivity and thermal comfort. To reach this goal, the three RQs are here presented:




	(a)

	
Currently, people spend up to 87% of their time in indoor environments, be it in residential or commercial buildings, and another 6% in their vehicles, and thus are continually being exposed to the indoor environment [45]. According to Wong et al. (2007) [46], the acceptance of an environment by its occupants depends on environmental parameters, namely thermal comfort, indoor air quality (IAQ), sound, and visual comfort, which are identified to determine indoor environmental quality.









RQ1. 

Which indoor environmental quality parameters are taken into account in order to evaluate productivity?





	(b)

	
Different levels of activity require specific environmental conditions for people, in order to attain thermal comfort. Throughout all these years of research, it is generally agreed upon that there must be an ideal temperature or, more precisely, an ideal temperature range for performance. Thermal comfort strongly influences the occupants’ productivity. The occupants who report complaints of thermal discomfort reported low productivity [21,47,48]. Seppänen and Fisk (2006) [37] studied the connection between temperature and productivity and showed that maximum performance was observed at 21.6 °C. On the other hand, the theory of adaptative comfort by De Dear and Brager (1998) [49] suggests that ideal productivity can be reached on a wider scale of indoor temperatures. Based on this premise, RQ2 is devised:







RQ2. 

Is there a thermal condition which is considered ideal for increasing productivity?





	(c)

	
Productivity is related to individuals’ performance with regards to their objectives. So far, there is no standard for measuring productivity and it is not easy to measure the thermal effect on human performance at the workplace because there are many variables related to specific tasks in specific contexts which cannot be adequately recorded [50]. RQ3 is devised based on this reference:







RQ3. 

Taking several studies into account on the connection between thermal comfort and productivity, how can productivity be calculated?






2.2. Systematic Literature Review: Selecting and Forming Articles Database


2.2.1. Search Strategy


To search for articles, key words were combined two by two on the basis of selected data. The combined words were “Thermal Comfort” AND “Predicted Mean Vote”, “Thermal Comfort” AND “Predicted Percentage of Dissatisfied”, “Thermal Comfort” AND “Productivity”, “Predicted Mean Vote” AND “Predicted Percentage of Dissatisfied”, “Predicted Mean Vote” AND “Productivity” and “Predicted Percentage of Dissatisfied” AND “Productivity”. When revising, the PRISMA method was used—Preferred Reporting Items for Systematic Reviews and Meta-Analyses [51]. Throughout the years, other researches were done using the PRISMA method [52,53,54], a method which combines key words and does research on scientific information databases. The method has four stages for reducing the number of articles which will be selected: identification (step 1), selection (step 2), eligibility (step 3), and inclusion (step 4) for analysis.



As a strategy for identifying articles (step 1), the search area on the database was defined, and this included electronic database: Web of Science, Scopus, and Science Direct. Preliminary research was done on research-targeted predetermined databases observing the range of key words on the titles of studies, in abstracts and key words. Defining these bases was done because they were considered relevant to the study area under discussion and because the main magazines which publish information on thermal comfort are indexed on these bases. The research was carried out on all the years, aiming at a greater range of studies and checking out for the topic in all the time periods to ensure that all classical articles on the topic were taken into account. Articles on conferences, book chapters, and posters were excluded. The final research was done on December 2020. After the identification phase, the selection phase (step 2) began where inclusion and exclusion criteria were applied.




2.2.2. Inclusion and Exclusion Criteria


Initially, the articles were analyzed to identify significant studies related to the proposed aim. The first selection phase was done on study titles. Any title that had the potential to be included was selected for the abstract; subsequently the full text was evaluated to see if the title and the abstract of the study were inconclusive of inclusion or exclusion from the current systematic revision. Next, to determine if a study must be included, the criteria for inclusion and exclusion were applied according to Table 1.



The next step consisted of a preliminary analysis of the selected articles with full and accessible texts. Eligibility (step 3) consisted of reading the abstracts to check if the selected articles could answer at least one of the RQs, this being a second refining. After the refining, the portfolio was obtained which contained the articles to be analyzed (step 4).






3. Results


3.1. General View of the Selected Studies


The logical combinations used for the research in the databases as well as the number of studies which were found are presented in Table 2.



The results of the search strategy through combinations of key words in the selected databases can be seen in Figure 1, applying the PRISMA method.



A total of 2950 articles were included in the revision of all databases. Following this, duplicated studies were removed, that is, articles which were in one or more databases and articles with incomplete information. Several articles were removed and after preliminary screening, 1431 articles were left. After reading the studies with titles, abstracts, or keywords which were not related to the theme being researched, 128 articles were left to be fully read and classified using the proposed methodology. Finally, the question or evaluation criteria were applied to these 128 studies. At the end of the exercise, 60 studies were selected and considered apt to provide answers to the research questions. After analysing the key words in the articles, Figure 2 has the number of studies published in journals, represented by vertical bars, followed by impact factor (IF), here represented by lines. The impact factor used to make Figure 2 was obtained from the site Incites Journal Citation Reports Clarivate Analytics. Besides this, the number of published articles each year is shown together with the caption, in different colors according to the year of publication.



This research did not apply any time limit for the search of articles; the time period for the selected articles was 1985–2020. It was noted that there was a large number of publications in the last five years (2016–2020), corresponding to 35 of the 60 analyzed articles. In the research, the following journals are highlighted: Building and Environment (20), Indoor Air (4), Intelligent Buildings International (3), Energy and Buildings (3).




3.2. Review Papers


Of the 60 selected papers, 7 are review papers. Table 3 presents the main characteristics of these studies and also the number of citations, according to Google Scholar:



The study by Kosonen and Tan (2004) [20] shows that the performance related to the task is associated to the human perception of the thermal environment, which depends on temperatures. Various combinations of thermal factors such as air velocity, clothing thermal insulation, and metabolic rate, among others, can lead to values similar to PMV, making it beneficial to use the PMV equation to predict productivity loss due to changes in thermal conditions. Published in 2005, the work of Mohamed and Srinavin (2005) [55], besides pointing out the models’ shortcomings, presents a fourth model for predicting productivity, developed by the authors, where productivity can be predicted as a result of the PMV index. The study by Jin et al. (2012) [56] focuses on the foundations to establish the links between productivity and aspects of IEQ as well as showing an approach and relation to quantify the quality of indoor environment. Published in 2016, Roelofsen (2016) [57] besides presenting an overview of different researches, also presents an only computer model and tool of a manageable project for a variety of areas. The aim of this computer model is to evaluate employee’s performance loss due to thermal discomfort or degree of heat stress. The article by Rashied and Byrd (2017) [58] reviews and identifies the various restrictions to the suitability of measuring productivity, and also provides a view on the inadequacies and biases which are found in self-evaluation. The connection between thermal comfort and productivity in workplaces is pursued by Tarantini et al. (2017) [44]; the results indicate that comfortable indoor thermal conditions can have beneficial impacts on the well-being and on the productivity of employees, such as higher operational rates, lower production loss, fewer medical leaves, and reduction in costs related to health. Mujan et al. (2019) [59] establishes a connection between the factors that influence health and productivity on indoor environment quality, which is widely separated into up to eight main factors, the emphasis being given only to the factors that can be actively measured and controlled: thermal comfort, indoor air quality and ventilation, visual comfort, and acoustic comfort.




3.3. Ways of Assessing Productivity


There is much criticism on the need of generalization to improve real procedures when evaluating productivity in organizations [60,61]. Occupant’s productivity can be measured: physiologically, objectively, or subjectively [32]. Physiological measurements involve monitoring the indicators of the cardiovascular system, the respiratory system, the nervous system, and biochemistry. The main limitations are: (1) sensitivity of physiological indicators such as blood pressure to potential conditions for contamination such as room temperature, are very high. Therefore, to obtain reliable data, one needs an extremely stable and highly controlled experimental environment; and (2) the measurements themselves are intrusive and tend to affect the subject’s normal performance [32]. Table 4 presents the kind of research used in the studies which were analyzed for this research.



In subjective assessment, occupants’ feedback on changes in the physical environment can be gathered by means of field research (interviews and questionnaire) and objective assessments (calculations and metrics) [98]. Objective measurements are usually a measure for task performance, including the performance of the primary task (one only task is accomplished and productivity is measured as its absolute number) and comparative task performance (two or more tasks are consequently done and productivity variations between tasks are registered [98].



Commonly adopted productivity measures include performance tasks [24,31,105,106,107,108], self-perceived productivity [50,58,109], and absenteeism [80]. The validity of these measures was questioned, since mock performance tasks may not reflect realistically the real work in workplaces [50,106,107]; self-perceived productivity may not reflect real productivity [24,58,109].



Subjective measures, which aim at obtaining occupants’ perception about the level of productivity by means of interviews and questionnaires, has been gaining strength since people tend to act according to their feelings [110]. However, occupants’ self-evaluated performance may be influenced by their subjective cognition. Therefore, it is necessary to combine objective and subjective methods in order to evaluate performance at work [77].



In the articles which were analyzed, it was noted that the majority uses subjective and/or a combination of measures, as well as physiological and physical measurements to assess productivity. Roughly 70% of the studies use subjective evaluation and approximately 10% of the studies use performance self-evaluation which, according to [58], does not measure with precision occupants’ performance. It was further noted that the vast majority of studies are based on hypotheses and that research done through experiments are relatively limited by very small samples or by environmental factors or insufficient number of people.





4. Discussion


This section presents and discusses the results of this review according to the research questions.



RQ1. 

Which indoor environmental quality parameters are taken into account when evaluating productivity?





The topic related to thermal environment and occupant productivity has earned notoriety most probably after the emergence of the concept of indoor environmental quality (IEQ) [111]. IEQ involves several factors such as light, thermal comfort, vibration, and the individual’s emotional and psychological needs. A comfortable indoor environment can effectively reduce the occupants’ complaints and improve work productivity, which is of great importance in promoting economic development [80]. Among these factors, thermal comfort has the greatest influence in occupants’ comfort and productivity [112,113]. The analysis of the factors found in the 60 articles and IEQ parameters can be found in Table 4.



Considering factor analysis, Table 5 shows that out of the 60 analyzed articles, about 90% used temperature as one of the factors to evaluate the level of thermal comfort, satisfaction, and productivity. Some of these studies still use temperature and other combined factors such as: humidity, air quality, sound, light and CO2, which are IEQ parameters.



RQ2. 

Is there a thermal condition which is considered ideal for increasing productivity?





Many studies have been carried out showing that temperature has a significant effect on performance [7,19,37,48,66], among others. The results of the main studies are shown here below.



Kosonen and Tan (2004) [19] reported that maximum performance occurs when the predicted mean vote (PMV) is −0.21 at a temperature of 20 °C with a clo value (1.16 clo). Seppänen, Fisk, and Lei (2006) [37] analyzed data obtained from studies with objective measurements of productivity such as speed and precision in different tasks. The data obtained from these studies were used to evaluate the change in productivity with the change in temperature. The results show that productivity increases up to 22 °C and starts to decrease above 24–26 °C. In addition, the study reports a percentage reduction in productivity as the temperature rises. According to Tsutsumi et al. (2007) [90], the positive effects of low humidity on subjective pleasantness were found in transitory conditions of low humidity due to greater vaporisation from the human body, while no significant difference in thermal sensation and in the humidity sensation within four levels of relative humidity was obtained. The subjective performance was found to be on the same level in all conditions. A condition for satisfactory thermal comfort for office employees can be reached with temperatures from air-conditioning systems at 26–28 °C in the mornings and at 24–26 °C in the afternoon and at night. These temperature setting ranges help to maintain and improve employees’ productivity in the office in the morning periods (18%), afternoon (1% to 15%) and evening (7%) (Ngarmpornprasert and Koetsinchai, 2010) [63]. According to Kekäläinen et al. (2010) [69], the percentage of dissatisfied people and neural behavioural systems with air quality increased and self-estimation on work efficiency decreased considerably with temperatures above 25 °C.



Lan et al. (2011) [48] carried out a study on three temperature levels (17 °C, 21 °C, and 28 °C) and discovered that neurobehavioral performance decreased when the thermal environment deviated from the neutral condition, and people had more negative emotions and needed to make more effort to keep up their performance in an environment of thermal discomfort. It is recommended that the PMV (predicted mean vote) range for overall comfort be from −0.5 to 0.5 in the standard ASHRAE 55 [18]. Lan et al. (2011) [48] suggest that the comfort zone range in workplaces must be between −0.5 and 0 to avoid performance loss.



Cui et al. (2013) [7] assessed human performance in dynamic environments with air flux from neutral to slightly hot and did not report any significant change in performance in all three simulated tasks (pattern matching, memory addition and memory typing). According to Maula et al. (2016) [66], performance in memory task working at 29 °C compared to 23 °C was negatively affected, while the psychomotor capacities, work memory, attention, and long-term memory were not affected. The noted performance was also not affected by the temperature. Sarbu and Pacurar (2015) [76] noted that the maximum performance is obtained at an air temperature of 27 °C in the cooling season. The student’s performance shows an insignificant reduction of 0.6%, even with an increase of CO2. Liu et al. (2017) [75] noted that being exposed to 35 °C increased health symptoms and discomfort reduced performance.



Results from the studies of Zangh and Dear (2017) [39] confirmed that simpler cognitive tasks are less vulnerable to heat than more complex tasks. According to Geng et al. (2017) [93], ideal productivity was reached when people felt “neutral” or “slightly cold”. The increase in thermal satisfaction had a positive effect on productivity. Productivity loss appeared together with thermal discomfort caused by very high or very low air temperature. Most participants felt “neutral” and were satisfied with the office thermal environment at 24 °C.



Fahed et al. (2018) [74] noted that the results of the study with furnace workers exposed to more thermal stress than others (WBGT = 31.35, 31.32 and 31.34 °C) revealed that thermal labor conditions and air pollution have a considerable impact on workers’ health and performance. According to Hong et al. (2018) [86], when operative temperature is altered from 18.70 °C (cold) to 25 °C (neutral), the best task performance score is calculated.



In a real office environment in the tropics, increasing the temperature set point from 23 °C to 26 °C, at the same time in which we supply the occupants with shared control over ceiling ventilators, we can obtain a considerable increase in thermal comfort (that is, thermal acceptability increases 59–92%), keeping a high vigilant state, capacity for concentration and self-related productivity [83].



The influence of temperature on learning performance test varied significantly and depended mainly on the kind of task. The results indicated that thermal discomfort caused by high or low temperatures negatively influenced the performance of students during learning. A qualitative and quantitative connection was established between temperature and the students’ learning performance. In addition, the temperature for ideal performance is approximately 14 °C, with an average relative performance of 99.4% [100]. The ideal air temperature for performance is 28 °C, with 104.8% [103] being the relative learning performance. The ideal performance occurred when thermal sensation vote was neutral and total thermal discomfort was obtained with temperatures above 28 °C [43].



Low and high temperatures (18 °C and 28 °C) can cause performance loss at work. Compared to 18 °C and 28 °C, temperatures from 20 °C to 26 °C showed that more people reported work as being neutral (0); and fewer people reported low performance in these conditions (−2). Although temperature did not significantly influence performance in the three perception tests, it had a significant effect in the overall perception task performance [75]. Wang et al. [73] reported that with higher air velocity, learning performance dropped and did so at a higher rate in an environment at 26 °C than in an environment at 29 °C. According to Kaushik et al. (2000) [62], temperature has a highly positive effect on the occupants when it varies from 22°C to 24.5 °C and a positive effect when it varies from 21°C to 25 °C.



After beginning the work, many differences were noted on the effect of temperature on occupant performance/productivity. This can be related to differences in studies on the type of work. The studies present great differences as they evaluate work in manufacturing industries as well as hand labor, and therefore performance/productivity is quite distinct; professional and cognitive performance need different evaluation methods [77].



Therefore, analyzing the existence of a more productive thermal condition based on selected studies seems to confirm that performance/productivity can be obtained in a more ample temperature range and depends on other factors such as activity and personal factors.



RQ3. 

Taking several studies into account on the connection between thermal comfort and productivity, how can productivity be calculated?





Currently, there is no standard for measuring productivity and it is not easy to measure thermal effect on human performance in workplaces as there are many variables related to specific tasks in specific contexts that cannot be properly computed [50]. It is necessary to combine objective and subjective methods to evaluate performance at work [77].



Arithmetic relations have been put forward by different researchers to quantify the decrease in productivity in percentages according to the deviation of ambient temperature (or thermal sensation) from a more adequate temperature. This study analysed 60 articles, of which 20 were selected through mathematical formulas to calculate productivity. Table 6 lists key journals where it was possible to find an equation to calculate productivity.



In the analyzed studies, it was noted that several mathematical formulas are used to determine productivity. This must be due to probable differences between IEQ variables and factors used in the studies. In addition, of the 60 studies analyzed, only 20 presented mathematical formulas to evaluate productivity.




5. Future Trends and Gap Researches


From what was presented in this article, emphasis is given to the contribution of the results towards an overall view of publications related to thermal comfort, more specifically in the sense of highlighting the main researches on the link between thermal comfort and productivity.



The review carried out determined that:




	(a)

	
there are still very few studies that provide us with ways of calculating productivity,




	(b)

	
there are few articles that discuss all the IEQ and personal factors which are necessary to calculate productivity.









Due to the importance of the subject matter, it is necessary that researches of this nature be carried out in order to define standards for determining occupant productivity, with different kinds of activities that take into account all the factors involved. In the analyzed articles, it was noted that there are still thermal and personal factors which have not been satisfactorily studied.



From analyzing the articles, this research adds that (a) the majority of analyzed studies are subjective and/or a combination of methods to evaluate productivity; and (b) most articles deal with few factors to understand this gap. The complexity of the work must also be evaluated. Therefore, all aspects must be considered: personal, social, environmental, or organizational. In addition to IEQ factors, it was observed that in a few analyzed studies, demographic characteristics (for example, nationality, age, and gender), are important motivators of occupants’ personal characteristics in the way they perceive their environment and report their levels of satisfaction, influencing comfort, satisfaction and productivity. Andargie et al. (2019) [114] points out that demographic factors such as sex and are significant determiners of the majority of studied comfort measurements and performance. Gender is considered an important factor in productivity, for the fact that women generally prefer higher indoor temperatures than men is widely supported by research evidence.



Results show that within a temperature range from 16 to 33 degrees Celsius, women usually show better cognitive performance in the hotter extreme of temperature distribution, while men do better in colder temperatures. The increase in female cognitive performance seems to be largely driven by an increase in the number of answers sent. In the same way, the decrease in male cognitive performance is partially driven by a decrease in observable effort. It is important to emphasize that the increase in female cognitive performance is greater and more precisely estimated than the decrease in male performance [64]. The male occupants and the younger generations also considered the office environment as having a negative impact on perceived productivity in the workplace, compared to female and older occupants [115]. The fact that women generally prefer higher indoor temperatures than men is firmly sustained by research evidence [109,116]. This difference in preferences, sometimes called “the battle of the thermostat”, is often discussed in popular culture and has gained considerable attention from the media. [117,118].



The thermal sensational of the elderly is usually 0.5 scale units (in a thermal sensation scale of 7 points) lower than the thermal sensation of younger adults. During a constant temperature level and the same level of clothing, the elderly prefers higher room temperatures compared to younger people, which is in accordance with previous studies [68]. According to Wu et al. (2020) [78], many middle-aged people work in offices and whose physical and mental state is different from the younger occupants as they can have different thermal sensations while being in the same environment. One of the critical points in evaluation is exactly the lack of protocols for measuring productivity. It is practically impossible to compare results of different researches due to different indoor and outdoor conditions in which they are done. Productivity can involve many dimensions apart from performance itself, for example, social factors such as business and social ones, the relationship with colleagues; organizational factors such as organizational structure, safety at work, workload, management; and personal factors such as lesions, sleep loss, events in one’s life, health/wellness and financial stress, just to mention a few [3,107,119].



For future studies, one recommends considering all IEQ factors and map out the occupants’ profiles (details such as nationality, age and gender) to help in understanding the profile of occupants’ thermal comfort, which is still not studied enough. The analysis of personal factors presented in the study seems to affect performance/productivity, as well as cognitive abilities. There are factors, such as school level, abilities, and emotional states, among others, which must be considered.



A new feasible manner of relating thermal comfort to productivity is through APD index (Actual Percentage of Dissatisfied), which considers the actual thermally dissatisfied subjects with their environment. The original model PMV/PPD proposed by Fanger considers that when people vote 0 on a scale of 7 points (neutral), there will be a total of 5% thermally dissatisfied people with the environment. Researches, however, has shown that the PMV index underestimates or overestimates people’s thermal sensation. If, in an environment, many people vote +3 and −3 on a scale of seven points, the average will be 0, and this will not present the real aspect of this environment. Other researches already use APD instead of the traditional PPD [120,121].



Broday and Xavier (2020) [122] verified that the real dissatisfied subjects can reach up to 50% of people with sedentary activities in an office, even if the average votes are 0, which differs from 5% of the original Fanger model. By means of PROBIT statistical analysis, all those who voted differently to 0 on a scale of 7 points were considered dissatisfied with the environment. Some studies shown in Table 6 relate productivity with PMV or TSV. This revision did not find studies which show how productivity is related to real thermally dissatisfied subjects. In this way, this research is going to study the connection “Productivity = f (TSV, APD)” to verify in what way real conditions affect productivity. This analysis will enable to verify which number of dissatisfied subjects better represents an environment taking real votes into account on thermal sensation reported by users.




6. Conclusions


This article proposes three research questions. When answering RQ1, it is shown that roughly 90% of the analyzed studies use temperature as one of the factors for analyzing productivity. Some of these studies use temperature and other combined factors such as: humidity, air quality, and CO2. However, some factors are not widely pursued. The answer to RQ2, on the other hand, shows that there is not only one ideal thermal condition to increase performance/productivity, but there is a temperature range, which is more ample and also dependent on other factors such as tasks or activities or even personal factors. When answering RQ3, results showed that around 33% of studies bring mathematical formulas to calculate productivity/performance. After analysing studies of possible methods to calculate productivity, it was noted that most studies are based on hypotheses and that researches done through experiments are relatively limited due to very few samples or due to environmental factors and insufficient number of people.



Lastly, it is important to stress the importance of the relationship between productivity and thermal comfort. It was noted that up to the present day, this connection has not been widely studied and that there are still questions that can be answered through new studies. Four basic components, that is, thermal comfort, indoor air quality (IAQ), sound and visual comfort, are identified to determine indoor environmental quality (IEQ), as well as the emotional and psychological needs of the individual. Studies show evidence that inadequate Indoor Environment Quality (IEQ) can cause illnesses, and can negatively affect the employee’s well-being and productivity.



Among all the factors, thermal comfort has the greatest influence in the comfort and productivity of its occupants. Thermal comfort evaluation becomes even more relevant when the aim is to maximize performance/productivity, which occurs in industries, offices and schools. Therefore, it is necessary to ascertain how environmental variables (air temperature, average radiant temperature, air velocity and relative air humidity) and people (metabolism and clothing) influence thermal comfort and productivity. In analyzed studies, it was noted that some of these factors and/or a combination of these are rarely used and studied.



The search for papers was limited to the combination of keywords. Further limitations lay in bias risk assessment factors, which were not considered in the included articles in the literature review performed in this research.
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Figure 1. Results after applying the PRISMA method. 
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Figure 2. Co-occurrence map. 
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Table 1. Inclusion and exclusion criteria.
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	Inclusion Criteria
	Exclusion Criteria





	a. Studies published in English
	a. Studies published in other languages



	b. Relevant to terms in the research
	b. Articles with no link to research terms



	c. Relevant studies published until 2020
	c. Studies with no bibliographical information such as date/type of publication, volume and number of editions were excluded.



	d. Published studies with the potential to answer at least one research question
	d. Duplicated studies
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Table 2. Research in Databases.






Table 2. Research in Databases.





	Title, Abstract, Keywords
	Science Direct
	Scopus
	Web of Science





	“Thermal Comfort” AND “Predicted Mean Vote”
	351
	683
	546



	“Thermal Comfort” AND “Predicted Percentage of Dissatisfied”
	67
	137
	115



	“Thermal Comfort” AND “Productivity”
	138
	316
	400



	“Predicted Mean Vote” AND “Predicted Percentage of Dissatisfied”
	47
	102
	82



	“Predicted Mean Vote” AND “Productivity”
	11
	34
	32



	“Predicted Percentage of Dissatisfied Users” AND “Productivity”
	2
	6
	5



	Total
	616
	1232
	1102
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Table 3. Review papers.






Table 3. Review papers.





	Ref.
	Year
	Title
	Journal/Impact Factor
	Number of Citations
	Main Goal





	[20]
	2004
	Assessment of productivity loss in air-conditioned buildings using PMV index
	Energy and Buildings/4.867
	235
	Reports on the assessment of productivity loss in air-conditioned office buildings using PMV index.



	[55]
	2005
	Forecasting labor productivity changes in construction using the PMV index
	International Journal of Industrial Ergonomics/1.662
	59
	Briefly describes and points out the main deficiencies of three models for predicting a productivity/established thermal environment.



	[56]
	2012
	Towards productivity indicators for performance-based façade design in commercial buildings
	Building and Environment/4.971
	35
	Presents the grounds for establishing links between occupant productivity and combined effects of four IEQ key aspects related to façade, that is, thermal comfort, auditory comfort, visual comfort and air quality, in occupant productivity.



	[57]
	2016
	A computer model for the assessment of employee performance loss as a function of thermal discomfort or degree of heat stress
	Intelligent Buildings International/1.56
	21
	Presents an overview of different researches and researchers’ attempts to derive a mathematical link between performance loss and employees’ thermal (dis)comfort shown in the sensation of average temperature.



	[58]
	2017
	Can self-evaluation measure the effect of IEQ on productivity? A review of literature
	Facilities/1.150
	10
	Examines self-evaluation reliability as a method for measuring the effect(s) IEQ on office workers’ productivity.



	[44]
	2017
	A co-citation analysis on thermal comfort and productivity aspects in production and office buildings
	Buildings
	12
	The link between thermal comfort and productivity in workplaces is reviewed and analyzed through a co-citation analysis–that is, a factorial analysis applied to mutual citations of the more relevant contributions.



	[59]
	2019
	Influence of indoor environmental quality on human health and productivity-A review
	Journal of Cleaner Production/7.246
	56
	Reviews the state of art in literature and establishes a connection between the factors which influence health and productivity in any indoor environment, be it residential or commercial.
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Table 4. Performance/productivity assessment.






Table 4. Performance/productivity assessment.





	Ref.
	Performance/Productivity Assessment





	[7,14,40,62,63,64,65,66,67,68,69,70,71,72]
	Subjective assessment.



	[38,43,73,74,75]
	Physiological/subjective assessment.



	[76,77]
	Subjective/experimental assessment.



	[39,78,79]
	Physiological/subjective/self-reported assessment.



	[41]
	Body measurements/physiological measurements/subjective assessment/objective (performance and learning tests).



	[80]
	Subjective/Absenteeism/Presenteeism Assessment.



	[81]
	Decrease in productivity/financial loss.



	[82,83]
	Subjective assessment/self-reported productivity.



	[9,76,84]
	Physiological/subjective/objective assessment (tests).



	[85,86,87,88,89,90,91,92,93,94]
	Subjective/objective assessment (tests).



	[42,95,96]
	Objective assessment (performance tests).



	[48,82,97,98]
	Physiological/objective assessment (performance tests).



	[99]
	Subjective assessment/estimated decrease in productivity.



	[100]
	Body measurements/subjective assessment.



	[101]
	Field measurements.



	[102]
	Physical measurements.



	[103,104]
	Data analysis.










[image: Table] 





Table 5. Parameters used in research.






Table 5. Parameters used in research.





	Ref.
	IEQ Factors Used in Research





	[7]
	Conditions for temperature, with constant mechanical wind (CMW) and simulated natural wind (SNW).



	[9,39,41,43,64,66,68,70,77,95,97,98,100]
	Air temperature.



	[74]
	Different levels of WBGT (wet-bulb globe temperature) using PMV productivity model.



	[78]
	Unique temperature experimental factors, relative humidity and fresh air (100% outdoor air).



	[80]
	Air temperature and relative humidity, mean radiant temperature and air velocity.



	[76]
	Measurement of weather parameters for evaluating PMV and PPD indexes.



	[81]
	Performance of two control methods–conventional setting check point and control based on predicted mean vote (PMV).



	[41]
	Velocity, thermal comfort.



	[62]
	Thermal comfort.



	[63]
	Air temperature, air velocity, relative humidity and time of day.



	[84]
	Global temperature compared to air temperature.



	[85]
	Indoor temperature, indoor air quality, both natural and artificial light.



	[86]
	Both concentrations of CO2 and IAQ are considered.



	[87]
	Thermal/ventilation sensation.



	[65]
	Indoor temperature, humidity, air quality, natural and artificial light and sound levels.



	[88]
	Customized ventilation (PVS), controlling the placement of air terminal device and rate of air flow.



	[79]
	Temperature, light and ventilation rate.



	[42]
	Air temperature, related humidity, operative temperature and air velocity (PMV scale) standard.



	[67]
	Effects of critical factors of the built environment on the occupants of commercial buildings with green certification.



	[38]
	Temperature, humidity and air velocity.



	[40]
	Predicted mean vote, CO2, personal factor.



	[89]
	Condition of air supply, supply temperature and environment temperature.



	[90]
	Relative humidity.



	[96]
	IEQ effect (thermal, light and color layout).



	[69,75]
	Indoor parameters (temperature and air quality).



	[91]
	Customized ventilation.



	[93]
	Perceptions of thermal comfort, indoor air quality, light and acoustic environment. Simulated office tasks were carried out to assess productivity.



	[71,94]
	Microclimate conditions.



	[99]
	Thermal energy use, CO2 emissions from the use of electricity and productivity loss due to thermal discomfort.



	[83]
	Thermal satisfaction/self-reported productivity.



	[14,72,82,92]
	Indoor environmental quality (IEQ).



	[48]
	Temperature, ventilation rate, sound level.



	[101]
	Thermal stress/temperature.



	[102,103]
	Temperature and relative humidity.



	[104]
	Subjective data of thermal sensation and objective measurements.
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Table 6. Performance/productivity calculation.






Table 6. Performance/productivity calculation.





	
Ref.

	
Year

	
Description

	
Productivity Calculation

	
Eq.






	
[102]

	
1985

	
Equation (1) where Pc is productivity factor for cool and cold related to productivity with air temperature (Ta) and relative humidity (Rh), to be used in cold climate and applicable from −29 to 10 °C.

	
Pc = 0.0144 · Ta − 0.00313 · Rh − 0.000107 · (Ta)2 − 0.000029 · (Rh)2 − 0.0000357 · (Ta · Rh) + 0.647.

	
(1)




	
Equation (2) Pw is productivity factor for heating or hot, Ta air temperature in degrees Fahrenheit, and Rh is relative humidity, expressed in percentages, to be used in hot climates and is applicable from 21 to 49 °C.

	
Pw = 0.0517 · Ta + 0.0173 · Rh − 0.00032 · (Ta)2 − 0.0000985 · (Rh)2 − 0.0000911 · (Rh) − 1.459.

	
(2)




	
[103]

	
1987

	
Equation (3) where PR is the relation of predicted daily performance (real/expected), Ta is air temperature at 13 h expressed in percentage. Equation (3) is limited and to deduct climate effects, one needs to acknowledge that predicted crew efficiency is inversely related to PR, as shown in Equation (4).

	
PR = 9.448 + 0.0518 · Ta − 2.819 · ln(Ta) + 3.89 × 10−37 ·    e  R h    

	
(3)




	
Predict efficiency (E) = 1/PR.

	
(4)




	
[71]

	
2003

	
Use the Toftum e Friis-Hansen (2009) model where RP = relative performance, tsv = average thermal sensation according to ASHRAE seven-point scale (ASHRAE 1997).

	
RP = 0.9945 – 0.0123 · tsv – 0.0069 · tsv2.

	




	
[99]

	
2003

	
The percentage of productivity loss D of an office employee can be expressed by the combination of productivity losses in reasoning tasks Tk and typing tasks Tp with a reasoning rate for general tasks α, where Tk and Tp measured in laboratory environments were correlated to the occupant’s preferred average thermal sensation vote γ1 varying between −0.21 and 1.28.

	
D = α · Tk + (1 − α) · Tp,

	
(5)




	
Tk = 1.5928 · γ15 − 1.5526 · γ14 − 10.401 · γ13 + 19.226 · γ12 + 13.389 · γ1 + 1.8763

	
(6)




	
Tp = −60.543 · γ16 + 198.41 · γ15 − 183.75 · γ14 − 8.1178 · γ13 + 50.24 · γ12 + 32.123 · γ1 + 4.8988

	
(7)




	
[19]

	
2004

	
Using the mathematical expression of productivity loss, y = c0 (PMV) + c1 (PMV) 2 + c2 (PMV) 3 + c3 (PMV) 4 + ⋯ + cn (PMV)n, Equations (8) and (9) are derived to typing and reasoning tasks respectively.

Kosonen and Tan (2004) published two connections for typing performance loss and thought due to the average temperature sensation based on the research by Wyon et al. (1975), where: P = performance loss (%); P ≥ 0

tsv = average thermal sensation according to seven-point scale ASHRAE (ASHRAE 1997).

	
y = − 0.543 ·    x 6    + 198.41 ·    x 5      − 183.75 ·    x 4    − 8.1178 ·    x 3    + 50.24 ·    x 2    + 32.123 ·  x  + 4.8988.

	
(8)




	
y = 1.5928 ·    x 5    − 1.5526 ·    x 4    − 10.401 ·    x 3    + 19.226 × 2   x 2    + 13.389 ·  x  + 1.8763.

Typing P = 4.8988 + 32.123 · tsv + 50.24 · tsv2 − 8.1178 · tsv3 −183.75 · tsv4 + 198.41 · tsv5 −60.543 · tsv6

Reasoning P = 1.8763 + 13.389 + 19.226 · tsv2 −10.401 · tsv3 − 1.5526 · tsv4 + 1.5928 · tsv5

	
(9)




	
[55]

	
2005

	
Three different mathematical regression models represented by Equations (10)–(12) to predict productivity for light, moderate and heavy construction tasks respectively (Srinavin, 2002). The tree equations are applicable to temperature range from 5 to 45 °C.

	
PL = 102 − 0.80 · PMV − 1.84 · (PMV)2

	
(10)




	
PM = 102 + 1.19 · PMV − 2.17 · (PMV)2.

	
(11)




	
PH = 83 + 21.64 · PMV − 9.53 · (PMV)2 + 0.91 · (PMV)3.

	
(12)




	
[81]

	
2007

	
The yearly average productivity loss of an office occu-pant is determined by Equation (13) where    P  a v g , j     is the yearly average productivity loss of a j occupant where j goes from 1 to 19, representing all the office occupants. The proportion of a mechanical task and the proportion of a purely mental task are associated to degree i, denoted by    ∝  i , t y p       and     1 −  ∝  i , t y p         respectively    P  m , t     is the PMV for the occupant in an instant of time t in one month m. The duration of time T1 and T2 represents commercial time.

	
    P  a v g . j        =  1  365     ∑   m = 5   10       L m   T 2 − T 1       ∫   T 1   T 2      ∝  i . t y p   P  L  t y p      P    m t     +   1 −  ∝  i . t y p       P  L  t h i n k      P  m . t     )   d t     

	
(13)




	
[70]

	
2007

	
Normal performance was calculated from Equation (14), where    x  A , i     = number of correct answers during session i for the subject; A = average number of correct answers from subject A throughout all the sessions.

	
      S  A . i   =   (  x  A . i   −   x ¯  A  )      S A    × 10 + 50     

	
(14)




	
[104]

	
2009

	
Jensen, Toftum and Friis-Hansen (2009) relation where RP = relative performance; tsv = average thermal sensation, according to the seven-point scale AHRAE (ASHRAE 1997).

	
RP = 0.9945 − 0.0123 · tsv − 0.0069 · tsv2

	




	
[98]

	
2009

	
Performance loss

Equations by work category for the situation WBGT ≥ 34. According to the research by Zhao, Zhu e Lu (2009), the concept of ‘heat tolerance time’ is important only in the case of WBGT ≥ 34 where Thht = heat tolerance time (h), Pwbgt = performance (%); t ≤ Thtt.

	
Heavy work load

Thtt = 0.0519 · WBGT3 − 5.6694 · WBGT2 + 206.04 · WBGT − 2490.3 (h)

Pwbgt = −0.5963 · t2 + 0.9115 · t − 0.0676 · WBGT + 2.44 (%).

Average work load

Thtt = 0.1508 · WBGT3 − 16.0601 · WBGT2 + 608.11 · WBGT − 7411.8 (h)

Pwbgt = −0.364 · t 2 + 0.7476 · t − 0.05301 · WBGT + 2.09 (%).

Light work load

Thtt = 0.0869 · WBGT3 − 9.3769 · WBGT2 + 336.24 · WBGT − 4004.5 (h)

Pwbgt = −0.286 · t2 + 0.6256 · t − 0.07 · WBGT + 2.94 (%).

	




	
[63]

	
2010

	
Percentage in change in productivity of a topic under implementation of each task was calculated from Equa-tion (15) where:  C h a n g  e  i j k     productivity change of a task j done by subject   i   ( % ) ,     x ¯   i j    : amount of work done by subject i for task j   x  i j    : subject’s i average performance for task j.

	
  C h a n g  e  i j k      = (  x  i j k   −   x ¯   i j      ) /     x ¯   i j     × 100

i: subject 1. subject 2. subject 3 and subject 4

j: typing task. calculation task. review task. simple reaction task and reaction to color stimuli

k: experiment number

	
(15)




	
[76]

	
2015

	
Correlation between school performance ηt, K and indoor air temperature Equation (16). Using the average of results obtained by all students in each of the 12 tests P, Gaussiana correlation between performance ηt, P and air temperature ti, Equation (17). was deducted. The correlation to estimate partial performance ηRH depending on relative humidity RHi was obtained in a similar way Equation (18).

	
ηt. K = 88.1·exp (−          t   i − 25.685    2    516.554     )  

	
(16)




	
ηt. P = 93.5·exp (−          t   i − 27.902    2    743.591     )  

	
(17)




	
ηRH = 90.33·exp (−          R H i − 60.79    2    7504.75     )  

	
(18)




	
[74]

	
2018

	
Productivity loss was estimated using the Kjellstrom et al. (2009) method. To determine the conditions for thermal comfort, Equation (19) represents the percentage of productivity from heavy work load where PH means the value of productivity for heavy work load.

	
PH = 83 + 21.64 · PMV − 9.53 · (PMV)2 + 0.91 · (PMV)3

	
(19)




	
[86]

	
2018

	
The performance of tasks by the occupants of the build-ing was divided into six tasks. In this case, standardi-zation of values corresponding to each attribute was carried out using Equation (20), where SA is the stand-ardized value for    Z A    and    Z A    is each attribute.

	
SA = (   Z A  −  Z  A m i n    )/ (   Z  A m a x     −    Z  A m i n    )

	
(20)




	
[84]

	
2019

	
Mathematical model using the linear model (GLM) to examine the behavior of (tg − ta) and trm in cognitive performance (Dt index–overall performance as a function of time) of students Equation (21), where: 1. Probability distribution of Y (Dt), Y ∼ N (σ2); 2. The function which connects the expected value Y (Dt) with a linear combination of the explanatory variant.

	
E (Dt) = β0 + β1 · Ttrm + β2 · tg – ta

	
(21)




	
[64]

	
2019

	
Ordinary least square regression (OLS) to map the link between temperature and performance, Equation (22): where i refers to an individual, j refers to an experimental session, Tempj is the room temperature during session j and X ij is a vector of observable characteristics of the individual and the session which can influence performance. The dependent variable Yij is a measure of the individual’s performance i in the mathematical task, verbal task, CRT, and a measure of total amount of attempted answers.

	
    Y  i j   = α + β   ·   T e m  p  j     +  X  i j Y   +  ∈  i j     

	
(22)




	
[40]

	
2019

	
The relation between productivity, CO2 concentration and personal factors, combined, where Z represents productivity, x represents PMV and y represents CO2 concentration; coefficients a, b, c, d, e, f, g, h, i, j and k are obtained by means of a software.

	
Productivity = f (PMV. CO2)

	
(23)




	
Z = a + b · x + c ·    x 2    + d ·    x 3   + e ·    x 4    + f ·    x 5    + g · y + h ·    y 2    + i ·    y 3    + j ·    y 4    + k ·    y 5   

	
(24)




	
[101]

	
2020

	
Equation for estimating performance decline at work can be written as Equation (25):

	
P (%) = 2 × (Thermal stress. °C) − 50

	
(25)




	
[78]

	
2020

	
Absolute performance can be calculated based on precision (% of correct answers) and speed (time taken to answer) the tasks in Equation (26). The performance index of all individuals in each condition was calculated (PIi). Relative performance of each condition was obtained according to Equation (27), where: RP–relative performance; PIi–Absolute performance in each condition; PImax–Performance maximum in all conditions.

	
PI = (precision of 0.5 speed 0.5) 2 = speed precision

	
(26)




	
RP = PIi/PImax × 100

	
(27)
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