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Abstract

:

The building industry is regarded a major contributor to climate change as energy consumption from buildings accounts for 40% of the total energy. The types of thermal comfort models used to predict the heating and cooling loads are critical to save energy in operative buildings and reduce greenhouse gas emissions (GHG). In this research, the internal air temperatures were recorded for over one year under the free floating mode with no heating or cooling, then the number of hours required for heating or cooling were calculated based on fixed sets of operative temperatures (18 °C–24 °C) and the adaptive thermal comfort model to estimate the number of hours per year required for cooling and heating to sustain the occupants’ thermal comfort for four full-scale housing test modules at the campus of the University of Newcastle, Australia. The adaptive thermal comfort model significantly reduced the time necessary for mechanical cooling and heating by more than half when compared with the constant thermostat setting used by the air-conditioning systems installed on the site. It was found that the air-conditioning system with operational temperature setups using the adaptive thermal comfort model at 80% acceptability limits required almost half the operating energy when compared with fixed sets of operating temperatures. This can be achieved by applying a broader range of acceptable temperature limits and using techniques that require minimal energy to sustain the occupants’ thermal comfort.






Keywords:


energy efficiency; adaptive thermal comfort; air-conditioning












1. Introduction


The building industry is regarded a major contributor to climate change as energy consumption from buildings accounts for the release of around 33% of global greenhouse gas (GHG) emissions [1]. The effects of climate change can be lowered by low energy building design techniques that reduce greenhouse gas emissions. Many studies have shown that low consumption, energy-efficient buildings need passive design strategies and can improve indoor comfort while lowering energy consumption, allowing occupants to extend the period of non-mechanical heating or cooling [2,3].



Low energy buildings require a suitable thermal comfort model to accurately estimate the cooling and heating energy required to sustain the thermal comfort inside the building. The accuracy of the thermal comfort model is thought to be a favorable approach because it is cost-effective and reduces energy overconsumption [4].



The largest energy consumer in the European Union (EU) is the building sector, and toward the aim of more energy efficient buildings, a new revised Energy Performance of Buildings Directive in Europe (EPBD) (EU) 2018/844 working toward more energy efficient buildings has been published in the European Union Official Journal (L156) and will take effect on 9 July 2018 to hasten the pace of new energy-efficient buildings and the cost-effective renovation of current buildings’ in European Union (EU) countries. This requires EU countries to transfer the new elements of the EPBD into national law by March 2020 [5].



The application of passive design techniques requires knowledge of the climates to design an appropriate design for each climate. For instance, there are different climate zones in Australia that are similar to the major climates around the world. The cool temperate zone is mild to warm summers and cold winters, and in the higher parts of the Snowy Mountains, snow can fall at any time of the year. Space heating and cooling from different types of fuels consuming a significant amount of energy in Australia can be reduced by appropriate climate passive design such as higher thermal mass, especially to the internal walls facing north windows to absorb the heat during the winter day and reradiate it inside the building during the night; the facilitation of cross ventilation during cool summer nights; elimination of air drafts through leaky walls and windows; light colored roofs and darker walls, especially the northern walls, to absorb winter sun; shading the east and west walls in summer (i.e., trees); and bulk insulation and double glazed windows are needed.



The precise thermal comfort design and operation of buildings and systems for heating, ventilation, and air conditioning (HVAC) must consider all of the factors involved. Building designers often overlook or incorrectly apply the standards. Design input values are often regarded as widespread values rather than suggested values to be used under precise environments. At the operational level, only a few variables are considered, with erratic impacts on the calculation of thermal comfort [6].



Thermal comfort is delineated by the psychological term “condition of mind”. The comfort level of the occupants in any environment can vary and adapt over time due to psychological factors. Individual perceptions of thermal comfort can be influenced by the recollection of past experiences. Thermal comfort is the human experience of the thermal environment, and it is based on the thermal sensation of the inhabitant [7]. Adaptation occurs when experiences in a certain environment moderate future expectations. This is an important element in understanding the variance between field results and predicted theoretical/design forecasts in free-run mode buildings [8].



Hard labor in hot humid environments is a real health and economic hazard for millions of workers and their families in tropical climates when they work beyond their thermal comfort levels [9]. Seven air-conditioned buildings in South Korea were used to assess the effects of the occupants’ control on their environment and their effects on cooling energy consumption. The findings suggest that the level of control of the occupants over their thermal environment could reduce thermal energy consumption by almost 10% without impacting occupant thermal comfort [10].



The thermal comfort of the inhabitant is factored by measuring the comfort zone of a certain value for the occupant [10]. The combinations of personal factors and indoor thermal environment that form the thermal conditions suitable to the majority of the occupants are categorized and called the thermal environmental conditions for human occupancy developed by the American Society of Heating, Refrigerating (ASHRAE) and HVAC Engineers.



The ISO, CEN, and ASHRAE Standards deal with comfort matters in a similar way to providing standards (EN ISO 7730: 2005 and ASHRAE 55: 2017). These standards outline the classification of combinations of indoor thermal environments and their personal aspects, creating thermal environments suitable for the general population [11].



There are two main thermal comfort modules used by ISO, CEN, and ASHRAE:

	
The predicted mean vote (PMV) and the predicted percentage dissatisfied (PPD) models.



	
Adaptive thermal comfort models.








EN15251 specifies the “indoor environmental input parameters for the design and assessment of the energy performance of buildings addressing indoor air quality, thermal environment, lighting, and acoustics” as a European standard that comprises standards for the four indoor environmental factors of thermal comfort, air quality, lighting, and acoustics. This standard has been widely used in practice, and several scientific papers on issues related to the adequacy of the standard have been published [12,13,14].



The PMV is based on the principles of heat balance and data collected in a climate controlled environment under stable conditions. The PMV index predicts the public’s mean response, as per the ASHRAE thermal sensation scale (−1 = slightly cool, −2 = cool, −3 = cold, 0 = neutral, +1 = slightly warm, +2 = warm, +3 = hot). Note that ASHRAE (and CEN) provides a comfort zone consistent with 80% of satisfied people. This “could” be compared with a percentage of dissatisfied people equal to 20% (PMV from −0.85 to 0.85) [10]. Six variables distinguish PMV thermal comfort: air temperature, relative air velocity, mean radiant temperature, mean air humidity, clothing insulation, and metabolic rate. Many of these variables are obtained by means of sensors; but the assessment of metabolic rate and insulation of clothing depends on the individual standards: ISO 9920 (clothing), ISO 8996 (metabolic rate), and ISO 7726 (instruments and methods) [15,16,17,18].



The PMV model has strengths and limitations. For example, [19] determined the predicted mean vote (PMV/PPD) for metabolic rates and the insulation of clothing is difficult to accurately estimate. The PMV for thermal comfort also tries to find the response of environmentally friendly occupants in terms of heat transfer physiology and physics, which is a complex procedure. It does not take into account the psychological factors that play an important role in controlling thermal comfort conditions. Many field studies have found that PMV is difficult to use in the real world and can lead to inaccuracies in terms of predicting comfortable conditions as it depends on the respondents’ physiology and subjective perception [20].



A field study in an air-conditioned office building showed that the adaptive model improved the thermal acceptance of occupants when compared to the PMV/PPD model with lower energy consumption [21]. Surveys on many buildings have shown that acceptable indoor conditions are often not met, which suggests that the entire construction industry needs more precise methods for designing and studying indoor environments [22,23,24]. Many studies have focused on helping building and operators of building and HVAC systems meet different and complex standards for improving energy efficiency and indoor environmental quality [6].



The adaptive thermal comfort method was developed as a result of the above complications to help designers find the comfortable operative internal air temperature in free-run buildings. Note that the adaptive thermal comfort method only works in free-run buildings and not in air-conditioned buildings, whereas PMV/PPV only works well in air-conditioned buildings and not in free-running buildings [25].



This adaptive module has been developed by various empirical and experimental investigations; the internal air temperature can be calculated successfully by taking into account several factors such as the interaction of the inhabitants with their surroundings including when they change their clothes, opening/closing windows, the use of low-energy fans, drinking water, and drawing shades. One of the key results of adaptive theory is that people living in warmer climates can tolerate warmer temperatures indoors than those living in colder climates [26].



The comfort zone is around the neutrality/comfort line and represents the comfortable upper and lower temperature. The acceptability of 90% and 80% limits a comfort zone with an ideal comfort temperature of 2–3 °C on either side of the comfort line, which is considered an acceptable limit. If fans are available, a further 2 °C on both sides can be added to calculate the comfort zone value for very hot, dry, climate conditions. For humid climates, 1 °C can be added to determine the value of the comfort zone value on both sides [27]. The temperature range identified corresponds to 90% and 80% acceptability limits and could reach approximately 30 °C according to the ASHRAE 55-2017 Standard [28].



While the constant air-conditioning operational temperature (thermostat setting) in a temperate climate/Newcastle area in Australia was fixed during the whole year, the operational temperatures were between 18 °C and 24 °C. This narrow range of the thermostat setting causes the system to be active most of the time because the building’s interior air temperature is outside the operational temperatures the majority of the time, which requires a significant amount of energy.



Increasing the thermal comfort criteria by reducing the acceptability limits from 90% to 70% has a major impact on space-cooling energy consumption (saving more than 40%) in tropical regions and regions with a hot summer climate [29].



One benefit of an adaptive thermal comfort module is the inclusion of air velocity and humidity for operative temperature calculation requirements. However, research suggests that to analyze the impact of these two factors on the thermal comfort of the occupant, data from the occupants related to windows and doors opened or fans running were taken into account [30]. In 26 air-conditioned and 10 naturally ventilated classrooms, field experiments were conducted using surveys and physical measurements, and showed that humidity had a minimal impact on thermal comfort [31,32].



Naturally ventilated buildings consume less than half the energy of air-conditioned buildings as the inhabitants adapt to a much wider range of temperatures outside the comfort zone defined by the PMV model [10]. The PMV model also predicts that occupants will feel warmer than they are, thus encouraging the over-use of air conditioning [28].



The adaptive thermal comfort model (by ASHRAE Standard 55-2017 and EN 15251) is used for naturally ventilated buildings, while the PMV/PPD model can be applied in air-conditioned buildings as the thermal comfort between the two is inaccurately compared. Fanger recommended the expectation factor, “e”, to grasp the mean thermal sensation in a warm climate of the inhabitants of the actual non-air-conditioned building. The factor “e” varies between 1 and 0.5. It is 1 for air-conditioned buildings and for non-air-conditioned buildings, the expectancy factor depends on the duration of the warm weather annually, and whether these structures can be compared with air-conditioned buildings in the region; so it may be between 0.8 and 0.9 [33]. Mechanical temperature control can be lowered when people accept broader internal air temperatures, occasioning in lower energy usage and running costs; thus, it enhances the building’s economic and environmental performance [34,35].



Inhabitants with greater individual environmental control tend to accept a wider range of indoor temperatures. On average, they accept a lower operating temperature of 2.6 °C and showed a lower motivation to change their current environment when compared to those without personal control. Residents are recommended to interact with their thermal environment through openable windows and doors, low-energy fans, and to minimize the use of governable heating and cooling systems [36]. A case study in southern Spain involved a high-tech energy-efficient skyscraper which saved occupation hours, reducing the use of air-conditioning equipment by 28% and significantly reducing the energy consumption overall [37].



This research examined the effect of applying adaptive thermal comfort operative temperature on cooling and heating loads. The adaptive thermal comfort results were compared with the real data from the housing modules with installed air-conditioning systems with fixed sets of operation temperatures based on the predicted mean vote model.




2. Materials and Methods


Observations from the full-scale housing test modules were used to provide the weather data and the internal air temperatures. These data were used to estimate the time where cooling and heating are essential to maintain thermal comfort for the occupants using two types of operational temperatures: the adaptive thermal model and the sets of real temperatures used on the site for the air-conditioning systems.



2.1. Adaptive Thermal Comfort and the Indoor Operative Air Temperature


In this paper, four full-scale test modules (Insulated Cavity Brick (InsCB), Insulated Reverse Brick Veneer (InsRBV), Cavity Brick (CB), and Insulated Brick Veneer (InsBV)) were used to compare the time where cooling and heating is essential to obtain thermal comfort using the adaptive thermal comfort model and air-conditioning systems installed on the site.



The European thermal adaptive comfort standard BS EN 15251 is based on ASHRAE 55, and the comfort temperature is calculated in the same way (similar equations but with different coefficients). As there is currently no Australian standard, ASHRAE 55 was used. The adaptive thermal comfort temperature for free-running buildings (the comfort temperature Tc) can be calculated through this equation [27]:


Tc = 17.8 + 0.31 × To



(1)




where,

	
To: Outdoor Running mean temperature (°C).



	
Tc: Operative temperature (°C).








To find the adaptive thermal comfort 80% acceptability limits inside the building where at least 80% of the occupants are satisfied with these temperature ranges [27], we used Equation (2):


80% acceptability limits implies to Tc ± 3.5 °C



(2)







In the adaptive thermal approach, occupants are required to wear suitable clothing. Clothing insulation (Clo) used in these calculations was between 0.5 m2·°C/W for the hot days and 1.3 m2·°C/W for the cold days, however, these values were not corrected by the effect of air and movement [38].



In this research, the adaptive thermal comfort model was used to establish new occupant thermal comfort limits to estimate the time (number of hours) where heating and cooling was required. The reason for using the adaptive thermal comfort model over other thermal comfort modules (i.e., the predicted mean vote (PMV) and predicted percentage dissatisfied (PPD)) was because it uses a wider range of operative temperature and minimum energy techniques to sustain the occupants’ thermal comfort instead of mechanical heating or cooling.




2.2. Full-Scale Test Modules


At the University of Newcastle, Australia, an extensive research program has been proceeding for the past decade on the thermal performance of Australian housing. This has included building and observing the performance of four housing modules under a range of different weather conditions. Four modules were built at the University of Newcastle, Callaghan Campus (longitude 151.7 and latitude −32.91). The housing test modules were chosen to represent typical forms of construction in Australia [39,40,41,42,43].



All modules had a square floor plan of 6 m × 6 m as shown in Figure 1 and were 7 m apart to minimize wind blockage and evade shading. A fan coil unit for heating or cooling was installed in each of the modules to maintain a thermal comfort level. For cooling, chilled water was pumped into the modules where the temperature rise through the heat exchanger coil and the water flow rate were measured. For heating, the energy consumed by the heater and the air circulation fan was measured together [40].



All modules shared these construction materials: clay tiles for the InsCB and CB modules, concrete tiles for the InsBV module, and coated corrugated sheets for the InsRBV with a 10 mm plasterboard ceiling with glass wool batts (R3.5 insulation) between rafters, and a 6.38 mm laminated clear glass window in a light colored aluminum frame installed in the northern wall of each module [44]. There was a heavily insulated door in the southern wall to eliminate any heat losses and provide access to the building [45].



The main difference between the modules was the walling systems, so each module was named based on their walling system. Note: the R-value is the thermal resistance for each walling system, also called R (K·m2/W) [46].



A total of 105 sensors were fitted in each module to record the internal and external conditions every 5 min for 24 h/day over the testing period using Datataker DT600 data loggers (Data Electronics (Aust.) Pty Ltd 7 Seismic Court Rowville, VIC, 3178 Australia). The external weather conditions (air temperature, wind speed and direction, relative humidity, ground temperature, incident solar radiation on each wall surface and roof) were recorded for each module [39]. The internal environment conditions (temperature and heat flux profiles through the walls, slab and ceiling, internal air temperature and relative humidity) were also recorded. The internal temperature was measured at a 1200 mm height inside the building with no ventilation inside the modules [45]. The sensors were installed in each module with a minimum of 40 sensors as required by ASHRAE 55 to measure the thermal comfort performance of a small room. The sensors were distributed on the walls and in the middle of the module away from the occupied boundary, radiation, and diffusers.



The data were recorded using Datataker DT600 data loggers every 5 min for 24 h/day over the testing period. In this research, the mean radiant temperature was calculated by finding the average temperature of all sensors located inside the room and the operative temperature was calculated by finding the average air temperature for the sensors located in the middle of the building at different heights of 0.5 m, 1 m, and 1.5 m. The accuracy of the PMV values was adequate only when the difference between the mean radiant temperature and the air temperature was less than 5 °C [47].



Several experiments were made to examine the thermal performance of the housing modules using air-conditioning systems by maintaining the internal air temperature of each module within fixed temperature ranges (between 18 °C and 24 °C). Heating was turned on when the module’s internal air temperature dropped below 18 °C and the heating system continued until 20 °C was reached, with the cooling being activated at 24 °C and continuing until 22 °C was reached [46].





3. Results and Discussion


The average internal and external air temperatures recorded over one year were used for the validation and are presented in Figure 2; the black lines indicate the air-conditioning operation temperatures. The narrow temperatures for the thermostat setting caused the internal air temperatures to fall outside the operation temperatures of the air-conditioning system most of the time and required cooling or heating. The thermostat settings were constant for winter and summer and did not interact with the external environment. The air-conditioning systems inside the modules in the Newcastle area had temperature settings between 18 °C to 24 °C.



The number of hours outside the thermal comfort zone for the Cavity Brick (CB), Insulated Reverse Brick Veneer (InsRBV), Insulated Brick Veneer (InsBV), and Insulated Cavity Brick (InsCB), modules were 5139, 4498, 4476, and 3805, respectively, for these temperature settings, as shown in Figure 3. For more than half of the year, a mechanical system was required with almost two times more time needed for cooling than heating due to the low temperature settings of maximum 24 °C (the cooling mode was activated).



The fixed set of temperatures for air-conditioning systems within 18 °C and 24 °C maintained thermal comfort. Interestingly, the cooling mode was also activated when the temperature exceeded 24 °C even in the winter season because the modules experienced the warmer internal air temperature due to solar ingress and this desired energy was removed. The temperature then dropped down to 22 °C and the system consumed extra energy for cooling in winter.



This indicates that the fixed thermostat settings affect the overall energy consumptions of the modules and in some scenarios may provide false estimations of the thermal performance of the modules. This may work against some modules (e.g., the InsBV module) since the warmer module at day time in winter activated the air-conditioning unit to cool it down, and again, the unit activated the heating mode overnight to compensate for the lost energy.



In more detail, the fixed set of temperatures for air-conditioning systems within 18 °C and 24 °C maintained thermal comfort. Interestingly, the cooling mode was also activated when the temperature exceeded 24 °C even in the winter season because the modules experienced a warmer internal air temperature due to solar ingress and this desired energy was removed. The temperature then dropped down to 22 °C and the system consumed extra energy for cooling in winter.



For example, the following results were for the winter period from early August (southern hemisphere). The internal air temperature of the modules for a three day period under controlled conditions is shown in Figure 4 for different test modules, together with the corresponding variations in external temperature. There were less heating/cooling interventions for the CB and InsCB modules as a result of the internal thermal mass dampening the internal temperature fluctuations, but overall, the energy use was of a significantly higher magnitude for InsBV and InsRBV. This indicates that the fixed thermostat settings affected the overall energy consumptions of the modules and in some scenarios may have provided false estimations of the thermal performance of the modules. This may work against some modules (e.g., the InsBV module) since the warmer module at day time in winter activated the air-conditioning unit to cool it down, and again, the unit activated the heating mode overnight to compensate for the lost energy as shown in Figure 4.



The average internal and external air temperatures were used again to estimate the occupants’ adaptive thermal comfort range. The adaptive thermal comfort settings occurred to be more flexible due to a wider range of internal air temperature limits.



The external and internal temperatures and the adaptive thermal comfort ranges of the 80% acceptability limit were calculated for all modules. The black lines show the higher and lower 80% acceptability limits for the CB module as seen in Figure 5. The thermal comfort temperature zones were expanded to 22.7 °C and 29.7 °C in summer and 19.6 °C to 26.6 °C in winter. These wider ranges saved massive amounts of operational energy. The indoor air temperature for all housing test modules fell outside the thermal comfort ranges only in June and July, remaining within that range for the rest of the year.



The total number of hours per year with the internal temperatures outside the occupants’ thermal comfort zone for the modules is shown in Figure 6. Mechanical heating or cooling was required for 2623, 2499, 2119, and 1921 h per year for the Cavity Brick (CB), Insulated Reverse Brick Veneer (InsRBV), Insulated Brick Veneer (InsBV), and Insulated Cavity Brick (InsCB), respectively. Just a quarter of the year was required for heating and cooling using the adaptive approach.



It was again confirmed that all of the modules performed poorly from April until September so heating was required, and this trend was noticed for both approaches (adaptive thermal and with the fixed air-conditioning thermostat settings).



Significant savings in cooling energy usage were observed in the summer months when compared with the air-conditioning fixed thermostat setting due to the wider range of temperatures for the adaptive thermal model (22.7 °C–29.7 °C). The percentage of time for cooling dropped by a staggering ratio of 97%, 92%, 96%, and 92% for the CB, InsBV, InsRBV, and InsCB, respectively. These could be easily achieved by small extra actions taken by the occupants to restore the acceptable thermal comfort in summer months including natural ventilation (cool air at night), suitable clothes, drinking more water, and shading to prevent the direct sun from entering the building.



The adaptive thermal comfort limits applied for the air-conditioning system reduced the total number of hours required for artificial heating and/or cooling from 5139, 4498, 4476, and 3805 to 2623, 2499, 2119, and 1921 h per year for the CB, InsBV, InsRBV, and InsCB, respectively, as shown in Figure 7 and Figure 8. This means that the total energy consumption needed for cooling and heating was also significant.



During the winter months in the Southern Hemisphere (April to October), the adaptive thermal comfort limits required a slightly higher amount of time where heating was required when compared with the air-conditioning limits due to the lower adaptive thermal comfort limit of 19.6 °C when compared with 18 °C for the air-conditioning limits. While for the cooling loads, the adaptive thermal comfort limits significantly reduced the number of hours where cooling was required due to the higher upper limit which reached almost 29.7 °C in January while the air-conditioning upper limit temperature required cooling at 24 °C, which required cooling most of the summer months as shown in Figure 9 and Figure 10.



Comparing the average hours required for heating and cooling showed that the monthly average time for the adaptive thermal limits was almost half that of the average monthly time for the air-conditioning limits where it was 160 h per month for InsRBV and reached a peak of 220 h per month for the CB module while for the air-conditioning limits, it ranged from 320 h for InsRBV to up 430 h per month for the CB module. These also applied to the standard deviation which indicated that the data points were spread out over a wider range of values for the air-conditioning limits when compared with the adaptive thermal limits as shown in Figure 11.



Using the adaptive thermal comfort limits over a fixed thermostat setting used by the air-conditioning systems gives the occupants the chance to control their environment and use low energy solutions to obtain and sustain their thermal comfort. These measures will ultimately reduce the overall heating and cooling energy requirements.




4. Conclusions


The thermal comfort model has a direct impact on the prediction of the operational heating and cooling loads for the buildings. Using the adaptive thermal approach adjusts the comfortable temperature ranges for an air-conditioning system, thus saving significant amounts of energy. The occupants have more options to adjust their desired thermal comfort by using easy actions such as ventilation, suitable clothes, and opening windows instead of using energy. The adaptive thermal comfort model saves more energy in buildings that are naturally ventilated when compared to air conditioned buildings as residents adjust to wider indoor temperatures than the peripheral thermal comfort zones determined by the PMV model. The PMV model also presumes that residents will believe that it is hotter than it really is, which gives the air-conditioning units false data to reduce operative temperatures and ultimately increases energy consumption.



There are issues associated with using the fixed temperature settings for an air-conditioning system, for example, the system activated cooling mode in winter for the InsBV module when the temperature exceeded 24 °C. This accelerated the rate of valuable energy lost and the heating was required after a few hours to compensate for the heat lost during the cooling mode. This resulted in higher energy requirements for the InsBV module when compared with the other modules despite its good performance in winter days.



The fixed temperature used by air-conditioning systems to maintain thermal comfort inside the modules significantly increased the overall energy usage, especially in the summer season. This was due to the setting of a cut-off point at 22 °C on hot summer days, which required a massive amount of energy to reach that point. However, the adaptive thermal comfort approach allowed for a broader range of temperatures (23 °C–30 °C) and required a little amount of energy for the occupants’ thermal comfort.



The adaptive thermal comfort decreased the requirement for heating or cooling by almost 50% of the time when compared with the fixed settings of temperature limits for air-conditioning units. This may ultimately lead to reduced energy consumption, running costs, and a reduction of the GHG over the lifecycle of the building.
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Figure 1. (a) Full scale test modules; (b) North side for all modules; (c) South side for all modules; (d) Cavity Brick (CB) with walling layout; (e) Insulated Cavity Brick (InsCB) with walling layout; (f) Insulated Brick Veneer (InsBV) with walling layout; and (g) Insulated Reverse Brick Veneer (InsRBV) with walling layout. 
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Figure 2. Internal air temperatures and temperature ranges between 18 °C and 24 °C when using the air-conditioning systems for the CB module. 
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Figure 3. Number of hours per year required for heating and cooling and the total for heating and cooling using air-conditioning to maintain temperatures between 18 °C and 24 °C inside each module. 
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Figure 4. Internal air temperatures of all modules under controlled air conditions [46]. 
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Figure 5. Internal air temperatures and thermal comfort ranges (80% acceptability higher/lower) limits for the CB module for one year. 
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Figure 6. Number of hours for heating, cooling, and the total time (heating + cooling) for each module using the 80% acceptability limits for the adaptive thermal comfort approach. 
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Figure 7. Number of hours required for heating or cooling using air-conditioning and the adaptive thermal comfort approach. 
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Figure 8. Number of hours required for heating or cooling using air-conditioning and the adaptive thermal comfort approach for each month. 
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Figure 9. Number of hours of heating required during the winter months. 
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Figure 10. Number of hours of cooling required during the summer months. 
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Figure 11. Monthly average and standard deviations for each module. 
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