

  energies-16-06843




energies-16-06843







Energies 2023, 16(19), 6843; doi:10.3390/en16196843




Article



Examining Occupant-Comfort Responses to Indoor Humidity Ratio in Conventional and Vernacular Dwellings: A Rural Indian Case Study



Suchi Priyadarshani 1,*, Roshan R. Rao 1, Monto Mani 1 and Daniel Maskell 2





1



Centre for Sustainable Technologies, Indian Institute of Science, Bangalore 560012, India;






2



Department of Architecture & Civil Engineering, BRE Centre in Innovative Construction Materials (BRE CICM), University of Bath, Bath BA2 7AY, UK









*



Correspondence: suchip@iisc.ac.in







Citation: Priyadarshani, S.; Rao, R.R.; Mani, M.; Maskell, D. Examining Occupant-Comfort Responses to Indoor Humidity Ratio in Conventional and Vernacular Dwellings: A Rural Indian Case Study. Energies 2023, 16, 6843. https://doi.org/10.3390/en16196843



Academic Editors: Giovanni Pernigotto, Marco Caniato and Andrea Gasparella



Received: 9 August 2023 / Revised: 1 September 2023 / Accepted: 14 September 2023 / Published: 27 September 2023



Abstract

:

Optimum indoor humidity is often associated with comfort and overall well-being. Occupant comfort is often evaluated with a focus on “thermal comfort” using the PMV (predicted mean vote), PDD (predicted percentage of dissatisfied), and adaptive thermal comfort models. Humidity-determined comfort parameters, like skin and respiratory comfort, are well acknowledged in the scientific community, but strangely not considered for indoor comfort computations. This study proposes a new computational approach for describing and evaluating humidity-related skin comfort in buildings using skin temperature, evaporative loss, and skin wettedness as critical parameters. The Development and validation of the computational model was demonstrated through a case study in a rural Indian context. The case study involves real-time monitoring of indoor environmental parameters and humidity-determined occupant comfort votes recorded through a novel aggregated humidity comfort vote method. The simulation results were compared with the community comfort/health survey. It was observed that, even at neutral skin temperatures, an increase in skin wettedness increases the thermal sensation vote. Clothing varies according to gender, community, and personal preferences, influencing physiological parameters which determine comfort. The acceptable humidity ratio was found to be in the range of 17.4 to 22.6 g-wv/kg-da for Indian participants. Including humidity-related comfort parameters in building simulation tools would aid in selecting building materials for improved indoor comfort.
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1. Introduction


Building design (material, geometry) determines the functional performance of a building to provide occupants with structurally safe and environmentally conducive spaces, ensuring a comfortable, productive, and healthy life. Indoor air parameters like temperature, relative humidity [1], pollutants [2,3,4], etc., as well as anthropogenic activities, determine the indoor environmental quality (IEQ) [2,3,4,5,6,7,8], significantly impacting comfort, health, and productivity.



Thermal comfort is an essential criterion for the design of buildings, as it is directly associated with occupants’ comfort and energy consumption [9,10]. Humidity in the air is critical for vital physiological processes which ensure life [11,12]. Absolute humidity in the air is reported as the humidity ratio, i.e., weight of water vapor per unit weight of dry air. Very low HR can cause skin dryness, itching, and respiratory difficulties among occupants [13]. In buildings, very high HR can drive the growth of mold [14,15], resulting in sick building syndrome. Humidity is a significant contributor to latent heating/cooling loads in a building. The thermal comfort votes of occupants implicitly account for humidity-manifested temperature sensation in most thermal comfort studies. Still, humidity-specific discomforts like skin dryness and respiratory difficulties remain overlooked in design for indoor comfort [16,17,18]. This article’s focus is to account for the role of indoor humidity in determining indoor comfort.



Initial studies on thermal comfort in buildings were limited to the discussion of temperature [19]. Pettenkofer [20], in the early 19th century, proposed regular bathing and changing of clothes for regulation of body heat, also highlighting the importance of indoor air quality from a general health and hygiene perspective. However, in occupational environments, extreme heat stress was discussed quantitatively in 1905 [21] when the concept of wet-bulb temperature was introduced. The wet-bulb temperature indicates potential evaporative heat loss (water vapor loss) from the human body, accounting for the environmental water vapor saturation. Humidity is often associated with indoor air quality (IAQ), other than its manifestation in increased thermal response. Though humidity remains acknowledged in the literature as a determinant of comfort related to thermal and skin responses, not many studies have been conducted since the 1990s to evaluate its impact explicitly. The study methods adopted in previous studies involved intrusive measurements associated with skin temperature, evaporative heat loss, water consumption, rectal temperature, etc., in controlled environments. Such methods pose a limitation as the responding participant may be self-conscious and not at ease; thus, the effects of cultural, social, and personal (lifestyle) parameters would be difficult to capture. Studies have reported varying responses of occupants regarding comfort [22], resilience, and productivity [23,24,25] when living in different building typologies, with varying lifestyles and personal attributes [26,27].



A series of studies [28,29,30,31,32,33,34] focusing the human body’s heat and mass flow principles formed the fundamental grounds for the complex thermo-physiological model (presently called the Gagge model) [32] used in varied biomedical, meteorological, and space applications apart from built environment studies.



Fanger stated that the human body strives towards thermal equilibrium, proposing the human body heat exchange theory [35,36]. As per Fanger’s model, the thermal sensation of human beings is neutral if the rate of heat production and heat loss in the body are in equilibrium. Regarding adopting existing models to estimate the sensations of occupants on-field, the responses have been found to differ from the computed values for the same given environmental conditions [26,27]. In real-time situations, however, human beings are comfortable in a much broader range of temperature conditions, particularly in developing countries [37], due to adaptation and acclimatization [38,39], as has been revealed by numerous empirical studies [40,41,42,43,44]. Such empirical studies rely on point-in-time questionnaire surveys to accurately represent comfort responses. Such surveys can be performed either in environmental chambers or in real-time conditions. Environmental chamber studies pose a limitation of not precisely replicating the actual environmental living conditions of participants. On-field surveys have been found to be reliable, but are labor-intensive and consume a significant amount of time, as responses are required at different times of the day, in different seasons, and for different age groups. Studies have reported varying responses of occupants regarding comfort [22], resilience, and productivity [23,24,25] when living in different building typologies, with varying lifestyles and personal attributes [26,27].



The objectives of the present study are:




	
To develop a non-intrusive, questionnaire-based approach to capture aggregated thermal and skin comfort responses;



	
To develop a non-intrusive approach for validating a human thermo-physiological model (2-node, 16-segment) using thermal imagery and a point-in-time indoor environmental survey;



	
Demonstration of the developed methodology using a case study in a rural Indian context.








The scope of the present study is limited to the skin and thermal comfort responses regarding environmental and personal (physiological and lifestyle) characteristics (see Figure 1). Also, the case study presented in this article was conducted in a rural Indian context, in Jamgoria village (Jharkhand State, India), situated in a composite climate zone of India [45] (humid subtropical-Cwa based on Köppen Geiger Classification), for occupants living in naturally ventilated conventional (Brick/RCC) and vernacular (Earth/Adobe) buildings.




2. Methodology


2.1. On-Field Monitoring of Indoor Environmental Parameters


The indoor air temperature (ti in °C) and relative humidity (RHi in %) were monitored for one year in naturally ventilated vernacular (Earth/Adobe) and conventional (Bring/RCC) building typologies in Jamgoria Village, in our previous studies [26,27]. This case study was selected because it had various building typologies (see Figure 2) of interest and was accessible. The vernacular building was an 80-year-old structure with 450 mm thick wall constructed of mud, and traditional clay tile roofing. The habitable height of the room was 1.9 m, with an additional 1.7 m high loft space. Also, the habitable area was approximately 8 m2. The conventional building was a newly constructed 2-year-old reinforced cement, concrete-based, framed structure, with walls 250 mm thick (225 mm fired-clay brick walls, with cement plaster on both the interior and exterior surfaces). The approximate habitable height of the room and habitable area were 3.1 m and 9 m2, respectively. Both of the rooms had similar occupancies. Ventilation has a huge impact on indoor ti and RHi. Since the purpose of the study was to examine the role of building-material-based typology on indoor ti and RHi variation, windows were kept closed all the time to ensure minimum air exchange with the outdoor environment. It was observed that the indoor thermal environments varied according to different building typologies, determining comfort. This article primarily deals with examining indoor comfort (thermal and skin). Indoor ti and RHi data for different seasons from different building typologies were used as inputs for the simulations performed in this study.




2.2. Indoor Comfort Survey


In our previous studies [22,26], we found that, irrespective of the thermal conditions, occupants tend to have varying thermal expectations as marked by different cultural events and festivals that recur every year. This led to the formulation of a new approach to examine the thermal responses of occupants, especially dealing with people of diverse ethnicities and cultural backgrounds.



The thermal expectations/preferences of the community were marked by varying community practices according to by local festivals in that community. Local festivals marked changes in food habits, clothing patterns, and cultural practices, which were found to be clear indicators of the thermal expectations of occupants. This inference was found to be very useful in the process of customizing the questionnaire for the community. Also, occupants were found to relate to the festivals, and expressed their thermal experiences and expectations based on how they changed their everyday activities. This approach also helped us to investigate the comfort expectations of occupants in a non-intrusive manner, wherein their involvement in the conversation was primary. The local festivals and associated cultural practices were examined in detail in the context of thermal comfort for incorporation into the questionnaire.



This approach is an extension of an early study by our group [22] examining humidity-related comfort. It involved designing a questionnaire (Appendix A: Indoor Comfort Survey) to capture the aggregated comfort votes of occupants based on a Likert scale. The thermal sensation votes (TSV) ranged from very cold (−3) to very hot (3), and the indoor air quality/skin sensation votes ((IaqSV) very dry (−2) to sticky (2)) were obtained based on the thermal experiences of participants in different months, seasons, and festivals.



The questionnaire survey was conducted in Jamgoria Village for 62 participants, 30 (M = 13, F = 17) residing in vernacular and 32 (M = 18, F = 14) in conventional dwellings. They were aged 22–71 years and resided in Jamgoria village in the eastern state of Jharkhand, India. The community was involved in agriculture and construction as their primary occupation. The participants were asked to be seated and relaxed while the survey was explained verbally in the local language before their responses were noted.



The aggregated comfort votes of the participants were sought for different months of the year, corresponding to local events/festivals. Physiological parameters (height and weight), vital health parameters (heart rate, blood pressure), and thermal imagery of the participants were recorded. The physiological parameters of the participants, like weight and height, were measured using a standard commercial scale (see Figure 3). The occupants’ heart rates and blood pressure (BP) were recorded using a medical grade, commercially available BP monitor (see Figure 3) to ensure a relaxed state during the survey. Also, recent studies have reported an inverse association between BP and skin temperature [46,47]. As the skin temperature values were used for the model’s validation, it was essential to measure BP to ensure that participants would have normal BP and skin temperatures. The thermal images of the occupants were captured using a portable thermal imager (see Table 1). Simultaneously, a point-in-time thermal comfort survey was conducted while recording the in situ ambient air temperature, relative humidity, and globe temperature with a heat stress meter. It was ensured that all windows in the room were closed and that the fan was turned off during the survey to maintain minimum air exchange. The recorded air velocities were always below 0.05 m/s. The technical details of all the instruments are tabulated in Table 2.




2.3. Simulation Model


2.3.1. Energy Balance of the Human Body (Core–Skin–Indoor Air)


In this study, to determine the response of the human skin (skin temperature, evaporative losses, and skin wettedness) to indoor ambient conditions (air temperature, relative humidity, radiation, and wind), the “Gagge 2-node model” [48] was adopted. This is an energy balance model describing the human body–air interaction.



The model considers the human body to be made up of 16 cylindrical segments representing different body parts, each comprising two nodes (core and skin), as shown in Figure 4. In this study, the Gagge model was modified based on the physiological parameters of the Indian participants (data from the survey). The constants of the model representing an average human being, i.e., segment-wise neutral skin and core temperatures [48], segment mass and DuBois area proportions [49], and segment-wise heat transfer coefficients [50], were taken from the literature [49]. The mass, height, and DuBois area of the individual segments of each survey participant were calculated, maintaining the proportions of an average human being (see Table 3) for modeling purposes.



The fundamental working principle of the model is based on the argument that the neutral core body temperature remains constant. Any perturbance in the surrounding thermal environment triggers the human body’s heat exchange (loss or gain through the skin) to maintain the core temperature. To solve for the energy balance between the core and the skin, heat storage in each of them was expressed for each segment as


    S   c r     i   = M − W     C   r e s     i   +   E   r e s     i     −   Q   c r , s k     i    



(1)






    S   s k     i   =   Q   c r , s k     i   − [ C   i   + R   i   +   E   s k   ( i ) ]  



(2)







Scr and Ssk represent the heat storage in the core and skin, respectively; in W/m2. M and W correspond to metabolic heat production and heat due to external work in W/m2, respectively. Qcr,sk represents the heat flow from the core to the skin in W/m2. C and R are the convective and radiative heat transfer in W/m2, respectively. Also,     C   r e s     i   +   E   r e s     i     corresponds to the energy required for respiration in W/m2, applicable only for the chest segment, given by


    C   r e s     i   +   R   r e s     i   =     0.0014   M   34 −   t   o       +     0.0173   M   5.87 −   p   w v , a        



(3)







Here, to is the air temperature in °C (equal to the measured indoor temperature ti in °C). pwv,a is the partial pressure of water vapor in the air in kPa. The rate of change of internal energy in the core and the skin as a function of temperature change is given by


    S   C r     i   =     1 − α   i     m   i     c   p , b         d t   c r     i     d θ       A   i      



(4)






    S   s k     i   =   α ( i ) m   i     c   p , b         d t   s k     i     d θ       A   i      



(5)







Here,   α   is the dimensionless body mass fraction at the skin, m is the segmental mass in kg. cp,b is the constant pressure specific heat of tissue in KJ/kgK, and   θ   is time in s. A is the body segment surface area in m2. The convective and radiative heat losses from each of the body segments in W/m2 and the exchange from the core to the skin and vice versa are given by


  C   i   + R   i   =   [   t   s k     i   −   t   o   ]     R   t   ( i )    



(6)







tsk is the skin temperature in °C, and Rt is the total thermal resistance in m2°C/W. Convective heat transfer coefficients for each segment were obtained from [50]. Evaporative heat loss due to mass transfer between the skin and ambient air, as well as heat transfer from the core of the body to the skin, are given by


    E   s k     i   = w ( i )       p   s k , s     i   −   p   w v , a         R   e , t   ( i )    



(7)






    Q   c r , s k     i   =   K +   c   p , b l     m   b l     i     [   t   c r     i   −   t   s k     i   ]  



(8)







Here, Esk stands for evaporative heat loss from the skin in W/m2, and w is the skin wettedness ratio (dimensionless). Psk,s is the partial pressure of saturated air at tsk in kPa. Re,t is the total evaporative resistance in m2kPa/W.



Also, K is the effective conductance between the skin and the core in W/m2K. cp,bl is the constant pressure-specific heat of blood in kJ/kgK, and mbl is the blood flow from the core to the skin in kg/m2s. Also, tcr is the core body temperature in °C. The total thermal resistance (Rt) and evaporative resistance (Re,t) were calculated for different clothing patterns based on the preferences of the participants, according to their gender and building typology, using data obtained from the field survey.


    R   t     i   =   R   a     i   +     R   f     i   +   R   a l     i      



(9)






    R   e , t     i   =   R   e , a     i   +     R   e , f     i   +   R   e , a l     i      



(10)







The data on fabric properties were obtained from [48]. Ra and Ral correspond to the thermal resistance of the outer air layer and the intermediate air layer in m2°C/W, respectively. Re,a and Re,al are the evaporative resistance of the outer air and intermediate air layer in m2kPa/W, respectively. Rf is the thermal resistance of the fabric layer in m2°C/W, and Re,f is the evaporative resistance of the fabric layer in m2kPa /W, respectively. For the analysis presented here, to is taken to be the same as ti, as the differences between the air temperature and mean radiant temperature in these dwellings were not significant. Relative humidity (RHi), in %, was used to calculate the partial pressure of ambient air (pwv,a). M (Metabolic Rate) and W (Heat produced due to activity) were taken as 60 and 30 W/m2, respectively. Simulations have been performed to derive the tsk, Esk, and w corresponding to diurnally and seasonally varying indoor conditions in both conventional and vernacular building typologies.




2.3.2. Experimental Validation


In previous studies, the experimental validation of thermo-physiological models was carried out by examining human participants in controlled chambers for skin temperature in different environmental conditions. This, however, does not replicate real-life conditions, with the occupants being completely normal.



In this study, a new approach was followed to validate the model’s output with skin temperatures obtained from thermal imagery of the participants (see Figure 5). The skin temperatures of 34 healthy participants (Male = 13, Female = 21) were measured using a thermometer, followed by capturing thermal images. The temperatures reported in the thermal images were validated by means of the thermometer readings. The ranges of ambient air temperature, globe temperature, wet bulb temperature, and relative humidity were 28.8~31.2 °C, 29.6~34 °C, 27.4~29.7 °C, and 69.3~88%, respectively, during the collection of the thermal imagery.



Thermal imagery of the seated occupants was captured from a distance of approximately 1  ~  2 m from the imager (camera). The captured images were also shown to the participants while the nature of the image was explained. The thermal images were adjusted for the emissivity value of human skin, ~0.95 [51]. Only the values of skin temperature tsk for parts of the body not covered by clothes were used for the validation. The model was run for environmental conditions (ti, RHi), recorded on the field during the point-in-time survey. The physiological characteristics of each occupant were used for the simulation. The skin temperature [tsk] values were compared segment-wise (see Table 1); however, the average tsk for the recorded values was used to validate the model. The aggregated physiological characteristics of the survey participants are tabulated in Table 3.



The correlation coefficient (R2 = 0.73) between the tsk from the simulation and that from the experiment (thermal imagery) is shown in Figure 6. The deviation (R2 < 1) may have occurred due to variations in physiology (metabolism and activity) and health conditions or body constitution at that point in time. The observed variation could also have been due to constant values of heat transfer coefficients used in the simulations and variations in the emissivity of the skin values input into to the instrument (kept constant in the thermal image).






3. Results


3.1. Indoor Comfort Survey


3.1.1. Thermal Sensation


Jamgoria Village is situated in the composite climate zone of India, 2005 [45], and is classified as humid subtropical (Cwa) based on the Köppen Geiger Classification. The three major seasons are winter (October, November, December, January, February), summer (March, April, May), and monsoon (June, July, August, September). Figure 7 shows the environmental parameters recorded during the survey for occupants of varying ages and genders residing in different building typologies with their point-in-time thermal comfort votes. The majority of females residing in vernacular dwellings reported neutral thermal sensation votes during the survey.



The thermal sensation (TSV) of the occupants ranged from very cold (−3) to very hot (+3) from the winter to the summer months. This was well captured using the aggregate comfort survey approach. Figure 8 and Figure 9 show the aggregated comfort votes of occupants both monthly and seasonally. Amongst the participants, the occupants residing in vernacular buildings showed more acceptability for higher temperatures, reporting a mean summer TSV = (+0.2) and a mean monsoon TSV = (+1.5) (see Figure 8). The conventional group reported a mean summer TSV = (+0.7) and a mean monsoon TSV = (+1.7). The mean winter TSV was comparable for both groups, (−1.5) and (−1.6) for conventional and vernacular, respectively, as shown in Figure 9. With limited data availability for the gender groups, it was observed that women in vernacular dwellings were particularly more resilient towards higher temperatures. This could result from the low BMIs and active indoor lifestyles commonly observed in Indian households. All the interviewed participants were involved in an active lifestyle on a daily basis. However, within the group of participants, the intensity of activity varied. The vernacular group reported being more active throughout the day in comparison to the conventional group.




3.1.2. Indoor Air Quality (Skin) Sensation


The IAQ (skin) sensation votes (IaqSV) varied from very dry (−2) during the winter months to very sticky (+2) during the monsoon months. The same trend was noticed with the sensation votes averaged for months seasonally. The mean IaqSV also varied between the conventional and vernacular groups. The mean winter IaqSV = (−0.8) and IaqSV = (−0.5) were reported for the conventional and vernacular groups, respectively. It indicates that the participants feel a sensation of dry skin during the winter months. Similarly, mean monsoon IaqSV = (+1.1) and IaqSV = (+0.9) were reported for conventional and vernacular groups, respectively, indicating a sticky, clingy sensation on the skin. Overall, the months of March and October were found to be comfortable both for thermal and IAQ (skin) comfort.




3.1.3. Adaptation and Clothing


All the participants lived in naturally ventilated dwellings, without air-conditioning units installed in the houses. Also, 16% of the total participants (all vernacular) lived in dwellings with no fans installed. As shown in Figure 10, the adaptation strategies indicate that most participants prefer to turn on fans, open windows, and alter their clothing to feel comfortable indoors during the summer and monsoon seasons. Other strategies involved drinking more water and frequent bathing (more often during the monsoon season due to sticky skin). During the cold months, the occupants preferred to change clothing and drink hot beverages. Occupants living in vernacular dwellings, in particular, used portable coal-based stoves to cook in the living areas, helping to automatically warm up the space. Changing clothing was the most consistent adaptation strategy during all seasons.



Within the same community, the clothing patterns were different amongst the vernacular and conventional groups, as shown in Figure 11. Men in the vernacular group were mostly observed dressed in a traditional “dhoti” or “lungi”, which is a long cloth made of mostly cotton fabric covering the body below the waist with a vest. However, men in the conventional group were mostly observed dressed in full-arm shirts and full trousers throughout the day. Women in both groups dressed in traditional Indian “saree”, a long cloth draped around the body with a petticoat and blouse. However, the vernacular group used cotton fabric, and the conventional group used synthetic fabric for the sarees. The clothing patterns were mostly reported to be consistent throughout the year, with the addition of a woolen shawl during the colder months by men and women in both groups.





3.2. Simulation Results


Simulations using the validated Gagge model were performed for four groups of participants, namely, vernacular male (VM), vernacular female (VF), conventional male (CM), and conventional female (CF), accounting for their gender, physiology (height and weight as mentioned in Table 3), clothing, and the building typology in which they resided. These scenarios were simulated with on-field measured ti and RHi values as inputs for the model corresponding to building typologies (vernacular and conventional) (see Figure 12). The clothing resistances (thermal and evaporative) were computed for different scenarios based on the clothing details, as shown in Figure 11, using fabric resistance, thickness, and air layer values adopted from the literature [48,49]. The results are shown in Table 4.




3.3. Skin Temperature


Figure 13 shows the variations in mean skin temperature (tsk), total evaporative losses (Esk), and mean skin wettedness (w) of participants for a typical week during the summer, monsoon, and winter seasons. Similarly, Figure 14 shows the variations in tsk, Esk, and w of the participants for a typical day during different seasons. The human body strives to attain thermal equilibrium through heat exchanges with the environment. A higher tsk indicates that the body wants to release excess heat through heat and mass exchanges. As seen in Figure 13, the tsk was higher in summer than the neutral tsk, suggesting a need for heat loss, and lower than the neutral tsk in winter, suggesting a need for heat gain. The mean tsk values of occupants in the community were 34.04 °C, 29.53 °C, and 36.04 °C in the monsoon, winter, and summer seasons, respectively. Amongst the occupants, the tsk values of the VF and VM groups were almost identical in all seasons. The mean tsk values of VF and VM were significantly higher than for the CF and CM groups in the winter, by 1.38 °C. Clothing preferences could be a reason for this variation, as cotton fabric has a higher resistance to heat loss and acts to keep the tsk closer to neutral during the winter.



3.3.1. Evaporative Loss and Skin Wettedness


The mean Esk values were reported to be 13.23 W/m2, 9.42 W/m2, and 21.08 W/m2 in the monsoon, winter, and summer seasons, respectively. The mean w values were 0.108, 0.063, and 0.121 in the monsoon, winter, and summer seasons, respectively. Even though the tsk in the winter was lower than the neutral tsk, the Esk was greater than 0. This implies that latent heat/water vapor loss could result from the low humidity, which eventually causes heat loss and a further drop in tsk. Amongst the different scenarios, VF and VM showed lower Esk values during the monsoon season than CF and CM. This could be because of the high evaporative resistance and moisture sorption of the cotton fabric. Further, with the high evaporative resistance of the clothing in VF and VM, moisture retention by the fabric can be seen, resulting in higher w values during the winter and avoiding excessive moisture loss from the skin.




3.3.2. Effect of Clothing


Figure 15 shows the differences in tsk, Esk, and w due to clothing. The tsk difference was at its highest in CM group, approximately 1.6 °C higher compared to the unclothed scenario in the computational model. The lowest difference was seen in CM. This is a result of the low thermal resistance of poplin fabric compared to cotton. Heat retention due to the greater body surface area covered with clothing in the CM group compared to VF, VM, and CF groups is another determinant of the greater difference in tsk due to clothing. The differences in tsk for different scenarios were comparable: ~1.21 °C, ~1.22 °C, ~1.05 °C, and ~1.57 °C in VF, VM, CF, and CM, respectively, in all seasons. The differences in Esk due to clothing followed a similar trend to the difference in tsk; however, the increased Esk difference due to clothing during the afternoon in winter indicated the moisture retention of the fabric, which inhibited moisture loss. The differences in w due to clothing were not very significant.






4. Discussions


4.1. Skin Parameters (tsk, Esk, w) vs. Comfort Response


Skin temperature was found to be directly associated with thermal response, specifically during the winter months. The difference between tsk and neutral tsk determines the thermal discomfort. However, at tsk values above neutral skin temperatures, the thermal sensation was higher, even at a lower tsk, for similar values of w. It can be observed that the TSV was higher during the monsoon season when compared to summer, even though the mean tsk in the monsoon season was comparable to the neutral tsk. Therefore, skin wettedness (or sweat accumulation) could be a critical parameter indicating restricted heat loss. Many studies have reported similar observations [12,52,53]. High-humidity environments restrict the water vapor loss from the human body. Therefore, when accompanied by higher temperatures, restricted water vapor loss and excess heat storage in the body result in rising core body temperature and can be fatal.



Also, these conditions could cause discomfort due to sweat accumulation, causing a sensation of “clinginess” [18,54,55,56]. Adaptation strategies during the monsoon season include increasing the ventilation in high-humidity environments (with fan or opening windows) and frequent bathing. Participants reported that bathing frequently relieved them from the “sticky” skin and also helped them to attain a cooling sensation. Therefore, it is imperative that high moisture levels be avoided for improved thermal as well as skin-related comfort.



However, minimizing moisture levels could result in other issues associated with dryness of the skin, eyes, respiratory tract, etc., leading to health-related problems. In this study, it was also noted that during the winter, the tsk was lower, and the body needed to retain heat. Low humidity levels outdoors caused water vapor transport from the skin (saturated) to the outdoor air, indicated by a positive Esk, drying up the skin and reducing thermal comfort.




4.2. Effects of Gender, Clothing, and BMI


Humans adapt to their thermal environments through modifications in daily activities, diet, clothing, etc. Also, the physiologies of various populations are suited to the external environments in which they live. Cultural practices and occupations also have a role in determining thermal expectations and resilience. Therefore, there is a different psychological sensation of comfort from individual to individual. However, a broad level of consensus in thermal comfort could be explained through physiological heat gains/losses and factors promoting/inhibiting it. In this study, it was observed that the thermal responses of the occupants varied within a community based on their indoor living environments (house typologies), body mass and height, and clothing practices. Table 5 summarizes the physiological parameters (tsk, Esk, and w) corresponding to the TSV and IaqSV values (psychological response) within different groups of survey participants in Jamgoria Village. Vernacular dwelling conditions during the summer months were reported to be more acceptable in terms of both TSV and IaqSV.




4.3. The Case of Optimum Indoor Humidity: Literature vs. Present Study


The functional performance of a dwelling is to maintain indoor conditions conducive to occupants’ comfort, productivity, and health. The challenge is to achieve optimal humidity, because too little can cause serious diseases such as breathing problems, yet too much can cause skin discomfort, irritation, etc. [57,58,59,60,61]. Recommendations on humidity levels for optimal IAQ are inconsistent in the literature and do not consider diversity in ethnicity, physiology, etc. A graph showing the relation of growth of bacteria, viruses, dust mites, etc., with relative humidity can be found in [3,62], stating relative humidity between 40–60% to be the optimum, which has been widely cited in all relevant studies.



However, the temperature conditions associated with each of these ranges are not very clear. Also, their relationship with humidity has been shown to be linear, and has not been validated with experimentation or empirical studies.



In 2017, the ASHRAE-55 [63] recommendations for optimum humidity levels were reported in terms of a humidity ratio (HR = 0.012 kg-wv/kg-da) (earlier recommendations were made in terms of RH). As the humidity ratio considers the effect of temperature and RH simultaneously, it may be easy in terms of practical implementation and assessment. Humidity ratios, calculated corresponding to the optimum temperature/RH recommendations from [3,53,62,63,64,65], are shown in Figure 16. However, none of these studies have been conducted for Indian conditions to account for varying physiologies and relevant adaptation strategies. The optimal HR corresponding to acceptable thermal and IAQ (skin) sensation was noted in the summer conditions in vernacular participants (see Table 5). The corresponding environmental conditions, and the associated humidity ratios, are shown in Figure 17 and Figure 18. It was found that the acceptable ranges of HR varied in the range of 17.4 to 22.6 g-wv/kg-da.
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Figure 16. Computed comfort humidity ratio using comfort temperature and relative humidity values recommended in [3,54,63,64,65]. 
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It must be noted that, even with the same external environment, clothing characteristics can significantly modify the associated physiological parameters and alter comfort perception. As shown previously, the cotton fabric used by the occupants of vernacular dwellings aided in buffering heat and moisture losses in winter. Therefore, for all practical purposes, examining tsk, Esk, and w in conjunction with clothing is critical. The environmental parameters can only be indicative of broad-level comfort votes.





5. The Way Forward—Use of the Proposed Methodology and Limitations


The methodology proposed in this article constitutes a non-intrusive method by which to examine indoor environments for comfort. State-of-the-art wearables like watches can be used to obtain continuous skin temperature and evaporative heat loss data for occupants of varying ethnicities, genders, climate zones, and building typologies. These data can be used to validate the simulation model proposed in this article and can aid in personalized indoor comfort design.



Presently, adaptive models for thermal comfort indicate environmental temperature as the most critical parameter determining comfort. Also, conventional indices used for indoor comfort evaluation, like PMV and PDD, capture the “qualitative psychological response”; however, they do not accurately demonstrate the underlying causal factors. The approach presented in the current study involves multiple quantifiable parameters pertaining to both the environment (input—indoor temperature, relative humidity) and occupant (input—height and weight; output—skin temperature, evaporative heat loss, and skin wettedness), which can potentially explain indoor comfort quantitatively. Additionally, incorporating skin temperature and wettedness could provide valuable insights into skin-related comfort in varying thermal environments. This methodology can be integrated with personalized heating/cooling systems through IOT interfaces with mobile apps to predict possible discomforts. Also, the results obtained in this study call for a more detailed investigation into humidity regulation in buildings. In addition to PMV and PDD, an additional plugin accounting for occupant physiology (height and weight) and clothing could be added to building simulation tools to provide more insights into the parameters determining comfort and to explicitly account for humidity-related comfort.



The case study presented in this article is limited to an Indian rural community. Given the diversity of ethnicities, living environments offered by varying building typologies, and cultural practices, there is a vast scope for experimental work in this area. Also, the simulation approach presented in this article was validated for limited participants and environmental conditions. Similar studies need to be conducted for varying climate zones and building typologies, accounting for diverse occupant physiologies. These studies are required in order to enhance the accuracy of such models for better comfort predictions.




6. Conclusions


A non-intrusive, questionnaire-based approach to capture aggregated thermal and skin comfort responses was developed. The aggregated comfort survey was conducted in a rural Indian context. Also, a thermo-physiological model of the human body was validated for the same Indian participants using a novel, non-intrusive approach. For validation, on-field experiments were carried out to obtain the physiological (height and weight) and skin temperature (through thermometer and thermal imagery) data of the participants in their everyday living environments.



The results obtained through the aggregated comfort survey were examined through the simulation results (skin temperature, evaporative heat loss, and skin wettedness), accounting for occupant physiology (height and weight), age, gender, activity level, and building typology in which they reside.



Skin temperature and skin wettedness were found to be important indicators concurrently determining thermal and IAQ-related comfort. It was found that clothing is an important adaptation strategy directly impacting physiological parameters (skin temperature and wettedness), thereby impacting comfort. Also, the acceptable range of humidity ratio in the Indian context was found to be 17.4 to 22.6 g-wv/kg-da. This study highlights the importance of examining humidity explicitly for comfortable indoor environments. Research into building design and material selection for optimum humidity could be aided by incorporating this approach into existing building simulation tools.
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Figure 1. Overview of the study. 
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Figure 2. Case study buildings in Jamgoria Village. 
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Figure 3. Field measurements and comfort survey of participants in Jamgoria village. 
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Figure 4. Segments of the human body in the 2-node, 16-segment Gagge model. 
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Figure 5. Methodology followed to validate the Gagge model and simulation. 
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Figure 6. Validation of simulated results with measurements. 
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Figure 7. Indoor environmental conditions during point-in-time survey. 
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Figure 8. Aggregated IaqSV and TSV for different months. 
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Figure 9. Aggregated IaqSV and TSV for different seasons. 
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Figure 10. Different adaptation strategies reported in the survey for comfort. 
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Figure 11. Typical clothing characteristics of survey participants. 
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Figure 13. Seasonal variations in tsk, Esk, and w in simulation scenarios for a typical week. 
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Figure 14. Seasonal variations in tsk, Esk, and w in simulation scenarios for a typical day. 
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Figure 15. Differences in tsk, Esk, and w due to clothing in the simulation scenarios. 
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Figure 12. Indoor air temperature and humidity profiles for typical monsoon, winter, and summer weeks in conventional and vernacular rooms. 






Figure 12. Indoor air temperature and humidity profiles for typical monsoon, winter, and summer weeks in conventional and vernacular rooms.



[image: Energies 16 06843 g012]







[image: Energies 16 06843 g017] 





Figure 17. Environmental parameters corresponding to satisfactory conditions for thermal and IAQ (skin) comfort in this study. 
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Figure 18. Acceptable ranges of HR for thermal and IAQ (skin) comfort reported in this study. 






Figure 18. Acceptable ranges of HR for thermal and IAQ (skin) comfort reported in this study.



[image: Energies 16 06843 g018]







 





Table 1. Thermal images of survey participants and corresponding readings.
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Conventional Building; Male

	
Vernacular Building; Female




	
T1

	
34.7 °C

	
T6

	
32.5 °C

	
T1

	
35.5 °C




	
T2

	
34.4 °C

	
T7

	
32.4 °C

	
T2

	
34.6 °C




	
T3

	
34.1 °C

	
T8

	
34.6 °C

	
T3

	
34.4 °C




	
T4

	
32.7 °C

	
T9

	
34.0 °C

	
T4

	
34.0 °C




	
T5

	
32.7 °C

	

	

	
T5

	
34.9 °C











 





Table 2. Details of instruments used in the study.
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Instrument

	
T/RH dataloggers

	
Heat Stress Meter

	
Automatic Blood Pressure monitor

	
Thermal Imager

	
Thermometer




	
Elitech RC-4HC

	
WBGT Meter

	
OMRON HEM-7120

	
FLIR® C5

	
SANITAS SFT 65




	
Measurand

	
Indoor Air Temperature and RH

	
Indoor ambient temperature, RH, globe temperature

	
Pulse (Heart rate) and BP (blood pressure) of the occupants

	
Thermal (infrared) imagery of the occupants (IR range: 8~14 μm)

	
Skin temperature




	
Accuracy

	
±0.5 °C; ±3% (RH)

	
±0.8 °C (Ta), ±5% (RH), ±0.6 °C (Tg)

	
±3 mm Hg (BP), ±5% (Pulse)

	
±3 °C

	
±0.3 °C











 





Table 3. Average physiological characteristics of the survey participants.
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Building Typology

	
Gender

	
Mean Body Mass (kg)

	
Mean Height (m)

	
Computed DuBois Area (m2)






	
Vernacular

	
Female

	
40.87

	
1.45

	
1.28




	
Male

	
51.50

	
1.58

	
1.51




	
Conventional

	
Female

	
53.63

	
1.47

	
1.45




	
Male

	
66.56

	
1.59

	
1.69




	
All Participants

	
51.32

	
1.51

	
1.45











 





Table 4. Segment-wise thermal resistance (Rt in m2°C/W) and evaporative resistance (Re,t in m2kPa/W). Highlighted cells indicate no fabric resistance (only air layer resistance is applicable).
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Sl. No.

	
Segment

	
Vernacular

	
Conventional




	
Male

	
Female

	
Male

	
Female




	
Rt

	
Re,t

	
Rt

	
Re,t

	
Rt

	
Re,t

	
Rt

	
Re,t






	
1

	
Left foot

	
0.111

	
0.195

	
0.111

	
0.195

	
0.181

	
0.202

	
0.111

	
0.195




	
2

	
Right foot

	
0.111

	
0.195

	
0.111

	
0.195

	
0.181

	
0.202

	
0.111

	
0.195




	
3

	
Left leg

	
0.183

	
0.247

	
0.183

	
0.247

	
0.174

	
0.250

	
0.173

	
0.249




	
4

	
Right Leg

	
0.183

	
0.247

	
0.183

	
0.247

	
0.174

	
0.250

	
0.173

	
0.249




	
5

	
Left Thigh

	
0.197

	
0.248

	
0.197

	
0.248

	
0.189

	
0.250

	
0.188

	
0.249




	
6

	
Right thigh

	
0.197

	
0.248

	
0.197

	
0.248

	
0.189

	
0.250

	
0.188

	
0.249




	
7

	
Pelvis

	
0.210

	
0.298

	
0.210

	
0.298

	
0.201

	
0.300

	
0.201

	
0.299




	
8

	
Head

	
0.129

	
0.277

	
0.129

	
0.277

	
0.130

	
0.277

	
0.130

	
0.277




	
9

	
Left Hand

	
0.121

	
0.243

	
0.121

	
0.242

	
0.122

	
0.243

	
0.122

	
0.243




	
10

	
Right Hand

	
0.121

	
0.243

	
0.121

	
0.242

	
0.122

	
0.243

	
0.122

	
0.243




	
11

	
Left Arm

	
0.116

	
0.269

	
0.116

	
0.269

	
0.184

	
0.276

	
0.116

	
0.270




	
12

	
Right Arm

	
0.116

	
0.269

	
0.116

	
0.269

	
0.184

	
0.276

	
0.116

	
0.270




	
13

	
Left Shoulder

	
0.201

	
0.350

	
0.199

	
0.346

	
0.191

	
0.350

	
0.190

	
0.349




	
14

	
Right Shoulder

	
0.201

	
0.350

	
0.199

	
0.346

	
0.191

	
0.350

	
0.190

	
0.349




	
15

	
Back

	
0.216

	
0.351

	
0.215

	
0.348

	
0.206

	
0.351

	
0.206

	
0.350




	
16

	
Chest

	
0.212

	
0.339

	
0.211

	
0.337

	
0.202

	
0.339

	
0.202

	
0.338











 





Table 5. Summary of comfort votes regarding physiological parameters.
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Season

	
Building Typology

	
Gender

	
Tsk − Tsk,n (°C)

	
Esk (W/m2)

	
Mean w (Unitless)

	
IaqSV

	
TSV






	
Summer

	
Conventional

	
Female

	
1.45

	
19.06

	
0.11

	
Neutral

	
Slightly warm




	
Male

	
1.99

	
20.77

	
0.12

	

	




	
Vernacular

	
Female

	
2.33

	
22.23

	
0.124

	
Neutral

	
Neutral




	
Male

	
2.34

	
22.26

	
0.125

	

	




	
Monsoon

	
Conventional

	
Female

	
−0.15

	
13.58

	
0.1

	
Moist

	
Hot




	
Male

	
0.35

	
14.94

	
0.1

	

	




	
Vernacular

	
Female

	
−0.014

	
12.18

	
0.11

	
Moist

	
Hot




	
Male

	
−0.002

	
12.22

	
0.11

	

	




	
Winter

	
Conventional

	
Female

	
−5.42

	
8.69

	
0.06

	
Dry

	
Cold




	
Male

	
−4.86

	
9.13

	
0.06

	

	




	
Vernacular

	
Female

	
−3.77

	
9.94

	
0.06

	
Neutral

	
Cold




	
Male

	
−3.76

	
9.93

	
0.06
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