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Abstract 9 

Elderly people are vulnerable to cold environments, due to aging’s impact on the density of nerve fibers. 10 

Nevertheless, automatic controls of HVAC systems do not consider the user’s real-time thermal sensation 11 

and most of algorithms were tested in manikins using climatic chambers or simulated by CFD. Indeed, a 12 

standardization of a non-invasive technique as infrared thermography (IRT) for human body responses was 13 

not detected in the literature review. This paper proposes a method to determine the indoor thermal comfort 14 

of elderly people by IRT. The campaigns took place in a nursing home of the Mediterranean Climate during 15 

Winter. A total of 15 old adults were monitored to measure the skin temperature of four face points (nose, 16 

forehead, cheekbone and chin) and clothing temperature. A thermal sensation questionnaire and indoor 17 

conditions were also collected. The results demonstrated that the IRT model could estimate the thermal 18 

exchange from three body-segments (head, back-pelvis, thorax-limbs) to the surroundings by user’s 19 

features and environmental parameters. The thermal neutrality was achieved when all facial points reached 20 

a skin temperature of 35ºC, the clothing temperature was equal to 31ºC, and the operative temperature and 21 

relative humidity were 23.5ºC and 54% respectively. Statistically, 31.70% of the variance of PMV could 22 

be attributed to increases of facial skin temperature, while changes in user’s features could have minor 23 

influence (from 0.88 to 6.40%). As regards the main contributions of heat losses, they were given by 24 

respiration (11-21%), convection (20-32%) and radiation (35-39%). Finally, an innovative HVAC control 25 

strategy was posed.  26 

 27 

Keywords: infrared thermography, indoor thermal comfort, elderly people, human response model, heat 28 

dissipation losses, living quality 29 

 30 
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1. INTRODUCTION 31 

Life expectancy has increased in the modern society, but it also represents a prominent concern in developed 32 

countries in terms of living quality [1, 2, 3]. Older people spend about 90% of their time in indoor spaces 33 

[4, 3, 5]. However, existing automatic controls of HVAC systems do not take into account the user’s real-34 

time thermal sensation [6]. Besides this, a lack of standards focus on HVAC design for elderly people is 35 

detected [1, 3]. ASHRAEE 55 [7] or ISO 7730:2005 [8] determine the human-building interaction through 36 

the Predicted Mean Vote (PMV) designed from data of young adults [9, 10, 11]. Consequently, inaccurate 37 

definitions of the indoor thermal balance of users could lead to ineffective sizes and positions of 38 

acclimatization systems [12]. From a medical point of view, the mortality rate for cardiovascular diseases 39 

or chronic respiratory illnesses in older adults is attributed to lower ambient temperatures [13, 14, 15]. In 40 

the same way, the cognitive performance is also strongly associated with the indoor environmental 41 

conditions [16]. Hence, the challenge in buildings has been the modelling the thermal response of the human 42 

body, since it is essential to design HVAC facilities and their respective control systems [17, 18, 19].  43 

 44 

The research on human thermal responses of vulnerable groups is very limited [1, 5, 11]. More than 80% 45 

of studies have been performed on adults (20 – 65 years) and the findings for older people are often 46 

inconsistent [15, 2]. Since 1970s, the studies about thermal comfort were based on different approaches: (i) 47 

field studies [20, 21, 22]; (ii) climatic chamber with manikins [23, 24, 25]; (iii) climatic chamber with 48 

young people [26, 27, 28]; (iv) experimental room with elderly people [2]; (v) experimental room with two 49 

groups of population (younger and older subjects) [15, 29]; (vi) measurement campaigns in the real built 50 

environment (i.e. nursing homes [30, 3], residential buildings [31, 16, 32] or physiotherapy centers [33]); 51 

(vi) simulation studies [34]. To develop the numerical model, most of these studies were characterized by 52 

dividing the manikin or human being into several body segments with local point temperatures. In fact, a 53 

through literature review revealed a wide range of configurations: 2 nodes [35, 36], 7 nodes [37], 11 nodes 54 

[38], 13 nodes [39], 16 nodes [40, 41], 25 nodes [42] or 36 nodes [43]. Recently, some advanced techniques 55 

were also incorporated in the modelling to control HVAC systems, such as Machine Learning [44, 22], 56 

Random forest [17, 37], Computational Fluid Dynamics (CFD) [45], and Agent-based model (ABM) [18]. 57 

However, these strategies were not integrated into the real built environment to enable intelligent comfort 58 

management [46]. In other words, the efficacy of integrating personalized profiles could be reduced if the 59 

number of users grows in a multi-occupancy space [18]. Besides this, existing thermoregulation models do 60 
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not largely reflect older people’ physical and physiological features (age, weight, clothing insulation, 61 

metabolic rate etc) [47, 48, 37]. For example, clothing insulation is essential to maintain the heat balance 62 

in elderly people, but it is often neglected due to its dependency on climate conditions and user’s culture 63 

(i.e. attitude toward money, familiarity with technologies, dress code policy etc) [49, 50, 25]. In fact, this 64 

input and occupant activity level are considered difficult to measure [44, 6, 25]. 65 

 66 

Certainly, the human body has physiological changes with the age as a way of adaptation to different 67 

thermal conditions [32, 15, 2]. Elderly people are characterized by a reduced core body heat generation 68 

compared to young people [51] as well as a delayed thermal sensitivity to discriminate temperature 69 

differences in cold and warm environments [52, 39, 53]. Hence, older adults have different expectations of 70 

a thermoneutral zone in comparison with young people as well as a significant discrepancy between thermal 71 

sensation votes (TSV) obtained by personal questionnaires and predicted mean votes (PMV) by modelling 72 

[26, 11]. For both groups of population, some authors suggested that the skin temperature was a reliable 73 

index to determine the thermal sensation [54, 55]. Even, Choi et al. [56] and Chaudhuri et al. [4] combined 74 

two bio-physiological signals (skin temperature and heart rate) with demographic factors (age and gender) 75 

to predict human responses. Nevertheless, aging’s impact in thermal perception was greater in the 76 

peripheral parts of the body than the more central parts, due to the affectation of the density of nerve fibers 77 

[39, 57, 37] or diseases such as the RSDS (Reflex Sympathetic Dystrophy Syndrome) [58]. To solve this 78 

problem, Ghahramani et al. [59] recommended to choose the human face skin temperature due to the high 79 

density of vasodilation and vasoconstriction blood vessels that constitute the head. Notably, gender could 80 

affect the measurements of skin temperature, since females tend to be more sensitive than men to cold 81 

environments [60, 27, 61]. 82 

 83 

Along this line, the advancement of modern sensing technologies has been focused on investigating the 84 

relationship between bio physiological signals (i.e. human skin temperature) and thermal sensation [47, 85 

62]. Monitoring subjects by wearable sensors is an increasing trend to estimate thermal comfort and to 86 

enhance existing regulations [29, 63]. Wearable sensors can be attached to watches [17, 6], chairs [46], 87 

glasses [59, 64], or clothes [65, 44, 10]. However, some researchers agreed that measuring skin blood flow 88 

with this technology has some limitations. Firstly, the diagnosis tool is completely invasive and needs to 89 

be installed in a certain angle or position. Secondly, subject’ movements must be avoided to not obtain 90 
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large errors. And thirdly, subject’s features might affect the collected data because some of them always 91 

change (i.e. body hydration levels clothing condition, age, limb fat content, active state and environmental 92 

preferences) [66, 59, 6]. To avoid these drawbacks, some medicine studies proposed the use of infrared 93 

thermography (IRT) to measure the human skin remotely [67, 44, 46]. However, a standardization of the 94 

methodology is required to ensure the quality of thermograms and their subsequently interpretability [68, 95 

69, 67]. Fernandez-Cuevas et al. [67] and Ghahramani et al. [59] underlined three types of influential factors 96 

in studies conducted on young people by IRT: (i) environmental (i.e. room size, ambient temperature, 97 

relative humidity, atmospheric pressure and source radiation); (ii) physiological (i.e. shivering or sweating); 98 

(iii) technical (i.e. validity, reliability, protocol, camera features, ROI selection, software and statistical 99 

analysis). Despite the mentioned factors, Cosma et al. [70] assessed the use of IR cameras to model the 100 

thermal comfort of young people in offices under transient regime. They stated that the combination of 101 

visual data with a thermal model is sufficiently accurate to drive HVAC control systems, since variance of 102 

skin temperature over a small area is significantly correlated with thermal comfort.  103 

 104 

Based on the outlined background, the aim of the current research is to propose a numerical model to 105 

determine the indoor thermal comfort of elderly people using qualitative and quantitative infrared 106 

thermography. The measurement campaigns were performed in a nursing home of the Mediterranean 107 

Climate (Tarragona, Spain). A total of 15 European older adults were monitored and assessed under 108 

stationary regime, considering different spaces and activity states during Winter season. Skin temperatures 109 

based on the average of 4 facial points (nose, forehead, cheekbone and chin) as well as clothing 110 

temperatures were measured by an IR camera. Both a thermal sensation questionnaire and indoor 111 

environmental parameters were also collected. Finally, a personalized HVAC control strategy was drawn 112 

up. The paper is structured as follows. Section 2 describes the monitoring of elderly people and the 113 

development of the method. Section 3 discusses the results and Section 4 presents the main conclusions of 114 

the research.  115 

 116 

 117 

 118 

 119 

 120 
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2. DEVELOPMENT OF THE METHOD 121 

The method, which is represented in Figure 1, is extensively reported in Sections 2.1 (Monitoring of elderly 122 

people by IRT) and 2.2. (Development of the numerical model). According to the flowchart, the IRT test 123 

consists of monitoring a subject by an IR camera from inside the building. Hence, the monitoring stage 124 

involves: (i) the definition of the case studies in order to know the user’s features (age, weight, height, etc); 125 

(ii) the selection of the measuring equipment to record temperatures related to the human body and the 126 

environment; (iii) the data collection and data post-processing. Subsequently, the technician should 127 

determine the thermal exchange of three body-segments (head, back-pelvis, thorax-limbs) in steady-state 128 

conditions. The difference between the internal heat production and the heat loss to the surroundings allows 129 

to compute the thermal load of the body and consequently, the PMV and PPD values as comfort indicators.  130 
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 131 

Figure 1. Flowchart of the proposed method 132 
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2.1. Monitoring of elderly people by IRT  133 

2.1.1. Case studies 134 

In the European Union, elderly people represents 21.8% among the total population and 9.4 years of healthy 135 

life are expected to live at the age of 65 [71]. Between 2019 and 2050, this population sector is projected 136 

to be more than double worldwide (1.5 billion people aged 65 years or over) [72]. Based on this and the 137 

aspects highlighted in Section 1, fifteen European adults aged between 76 and 93 years were chosen as case 138 

studies. The main user’s features are reported in Table 1.  139 

 140 

Table 1. User’s features  141 

User 
Gender 

[M/F] 

Age 

[years] 

Height 

[cm] 

Weight  

[Kg] 

BSA 

[m2] 

M 

[MET]  

ICL,P 

[CLO] 

ICL,C 

[CLO] 
TSV P A Space 

1 F --- --- --- --- 1.40 0.69 0.10 0 0 1 

Occupational 

Therapy Room 

(Group activity 

physiotherapist) 

2 F 79 165.00 68.20 1.75 1.40 0.74 0.10 0 0 1 

3 M 87 164.00 65.00 1.71 1.40 0.94 0.12 0 0 1 

4 F 88 145.00 64.00 1.55 1.20 0.79 0.10 0 0 1 

5 F 83 164.00 82.00 1.89 1.20 0.61 0.12 0 0 1 

6 F 78 150.92 55.80 1.51 1.20 1.49 0.10 0 0 1 

7 F --- --- --- --- 1.20 0.80 0.12 0 0 1 

8 F --- --- --- --- 1.20 0.83 0.15 0 0 1 Gym 

(Individual 

Treatment) 

9 F 90 158.00 61.80 1.63 1.20 0.69 0.10 0 0 1 

10 F --- --- --- --- 1.20 0.41 0.12 0 0 1 

11 F 76 162.38 68.00 1.73 1.20 1.04 0.15 0 0 1 Company 

Canteen 

(Journals/TV) 

12 M 85 167.87 68.80 1.78 1.20 0.89 0.10 0 0 1 

13 F 93 143.90 55.60 1.45 1.20 0.64 0.15 0 0 1 

14 M 82 161.89 64.20 1.68 1 0.89 0.10 0 0 1 Living Room 

(Snack) 15 F 77 157.00 52.00 1.51 1 0.69 0.10 0 0 1 

Average F 83 158.19 64.13 1.65 1.21 0.81 0.11 0 0 1  

 142 

The measurement campaigns took place in a nursing home of the Mediterranean Climate (Tarragona, Spain) 143 

during winter season. The investigated subjects were monitored in different spaces: occupational therapy 144 

room, gym, company canteen and living room. In this way, it was also possible to execute measurements 145 

in various activity states in function of the degree of mobility. At the same time, a thermal sensation 146 

questionnaire was carried out to each subject, following standard recommendations [7, 8]. The goal was to 147 

know: user’s features (gender, age, height, weight, body surface area); metabolic rate (1 < M < 1.4); clothing 148 



8 
 

insulation (including subject –ICL,P- plus chair –ICL,C); thermal sensation vote (-3 ‘very cool’ < TSV < +3 149 

‘very warm’); preference (P= -1 ‘decrease TIN’, P=0 ‘neutral’, P=+1 ‘increase TIN’); acceptability (A=0 150 

‘below par’, A=1 ‘acceptable’). Regarding the body surface area (BSA), it was estimated according to 151 

Wang et al. [73], since Wang’s formula (BSA = 7.18·10-3 x H0.725 x W0.425) is commonly used in medicine 152 

[74]. However, other approaches were detected in the literature [75, 76]. In the case of those subjects who 153 

did not provide information about their physical characteristics, the average BSA of the entire sample was 154 

undertaken (1.65 m2). Regarding the intrinsic clothing insulation, the values for each garment were 155 

calculated through Table 2, considering: underwear, upper extremities, lower extremities, accessories and 156 

shoes. The values for the chair were: 0.1 CLO (normal chair), 0.12 CLO (wheelchair), 0.15 CLO (armchair). 157 

It should be noted ISO 7730 [8] was used as a reference in the development of ICL.  158 

 159 

Table 2. Intrinsic clothing insulation for elderly people  160 

Clothing description (garments) ICLP [CLO] 

Vest 

Underwear/Lingerie/Socks/Tights  

0.12 

0.03 

Short-sleeve Shirt   

Long-sleeve Shirt   

0.15 

0.25 

T-shirt 

Long-sleeve T-shirt 

0.09 

0.20 

Cardigan 

Sweater/Pullover 

Jacket/Blazer 

0.20 

0.28 

0.35 

Long trousers 

Shorts / Thin skirt 

0.25 

0.06 

Handkerchief, beret or cap 

Scarf 

Blanket 

0.05 

0.08 

0.50 

Trainers  

Semi-open shoes 

Sandal 

0.04 

0.02 

0.01 

 161 

 162 

 163 

 164 
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2.1.2. Measuring equipment  165 

The main technical specifications of the equipment used for IRT tests are reported below. Quantitative 166 

infrared data (instantaneous TSK and TCL values) were acquired with a resolution of 320 x 240 pixels by 167 

means of an IR camera (FLIR E60bx). This thermal camera was characterized by a FOV of 25x19º, a 168 

thermal sensitivity <0.045ºC at 30ºC and an accuracy of ± 2ºC or 2% reading at ambient temperature (from 169 

10 to 35ºC). The human surface emissivity (SK) and clothing surface emissivity (CL) were assumed to be 170 

0.98 and 0.77 respectively. The hygrothermal variables of the inner environment were monitored by means 171 

of a thermal microclimate station (Delta Ohm HD32.3) that was composed of: air speed probe (AP3203), 172 

a relative humidity and temperature probe (HP3217R), a globe thermometer (TP3275). Internally, HD32.3 173 

calculated the mean radiant temperature for natural convection according to ISO 7726:1998 [77]. It should 174 

be noted that these probes were characterized to present a temperature range between -40 and 80ºC, and an 175 

accuracy of ± 1.5% reading at ambient temperature and relative humidity under 90%. The outdoor 176 

environmental parameters were recorded by the Catalan Weather Forecast (METEOCAT), being TOUT 177 

=13.7ºC and RH=62%.  178 

 179 

2.1.3. Data acquisition and data processing 180 

The IR camera was positioned on a tripod perpendicular to the old adult at a distance of 0.50 m and an 181 

angle of 15º, to avoid its own reflection on the subject. This distance was enough to assess a wide area of 182 

the human body and accurately measure the skin temperature (TSK) of four face points (nose, forehead, 183 

cheekbone and chin) and the clothing temperature (TCL). Measurements were conducted and recorded over 184 

a period of 5 minutes, with a data acquisition interval of 15 seconds by the IR camera and FLIR TOOLS+ 185 

Software [78]. Therefore, each test involved the evaluation of a sequential video with 21 thermograms. In 186 

this way, subject’ movements did not lead to obtain large errors. The thermal microclimate station (HD32.3) 187 

was configured with the same sampling frequency than IR camera, to collect the instantaneous values of 188 

indoor environmental parameters. Post-processing of thermograms were performed with the software 189 

mentioned above. The instantaneous readings of nose temperature, forehead temperature, cheekbone 190 

temperature and chin temperature must be determined to calculate the average facial skin temperature. This 191 

parameter plus clothing temperature and indoor environmental conditions must be considered to estimate 192 

the heat dissipation that corresponds to each body segment and subsequently, the thermal load and thermal 193 

comfort of whole body.   194 
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2.2. Development of the numerical model 195 

The proposed numerical model is based on the energy balance of human body in response to indoor 196 

environment under steady-state conditions, which follows the first law of thermodynamics. This balance 197 

involves the heat generated within the human body and the heat dissipated into the atmosphere through the 198 

skin surface and respiratory tract to obtain homeostasis [7, 12, 79]. The heat dissipation is given by: 199 

respiration, evaporation, conduction, convection and radiation in active state [36]. Inside the human body, 200 

the heat transfer processes are only two: conduction through body tissues and bones as well as convection 201 

in blood vessels [79].  202 

 203 

In this research, the proposed thermal comfort model for elderly people assumes three body segments 204 

according to the different exposures of thermal environment: (i) head (uncovered body area); (ii) back and 205 

pelvis (covered body area in contact with the chair); (iii) thorax and limbs (covered body area exposed to 206 

the climate and no contact with the chair). According to Arens and Zhang [80], the head corresponds to be 207 

7.5% of the body surface area (BSA), back plus pelvis to 17.80%, and thorax plus limbs to 74.70%. Hence, 208 

these percentages could be taken as the ratio between the effective area that is involved in a specific thermal 209 

exchange and the total body surface area: AH/BSA = 0.075; ABP/BSA = 0.178; ATL/BSA=0.747.   210 

 211 

2.2.1. Thermal exchange between head and indoor environment 212 

The heat dissipation from the head to the indoor environment (QH) was transferred by respiration (QRES,H), 213 

convection (QC,H), radiation (QR,H), and evaporation (EV,H). This can be described in Equation 1.   214 

 215 

𝑄 [𝑊 𝑚⁄ ] = 𝑄 , + 𝑄 , + 𝑄 , + 𝐸 ,                  (1) 216 

 217 

Respiratory heat dissipation from the head 218 

The respiratory heat dissipation (QRES) is composed of the sensible heat loss (CRES) and the latent heat loss 219 

(ERES) [35], as seen in Equation 2 to 4. Wissler [81] and Song et al. [36] stated that 25% of the heat loss 220 

through respiratory tract derived from the venous pool in the head, 25% from the arterial pool in the head 221 

and 50% from the venous pool in the thorax. Therefore, it can be assumed that 50% of the respiratory heat 222 

loss is supplied by the head and the rest of 50% by the thorax.  223 

 224 
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𝑄 , [𝑊 𝑚⁄ ] = 0.50 · 𝑄 = 0.50 · (𝐶 + 𝐸 )                                                                                                       (2) 225 

𝐶 [𝑊 𝑚⁄ ] = 𝜃 · 𝜌 · 𝑐 · 𝑇 − 𝑇 𝐵𝑆𝐴⁄                                                                               (3) 226 

𝐸 [𝑊 𝑚⁄ ] = 𝜃 · 𝜌 · 𝑐 · 𝑊 − 𝑊 𝐵𝑆𝐴⁄                                                                            (4) 227 

 228 

The sensible respiration heat loss (CRES) is attributed to the pulmonary ventilation rate (ϴair) in m3/s, the 229 

density of dry air (ρair) in kg/m3, the specific heat of dry air (cpd) in kJ/kg·°C, the difference in temperature 230 

between expired (Texp) and inspired air (TIN) in °C as well as the body surface area (BSA) of the user in m2 231 

(Equation 3). In this research, it could be assumed that the inspired air had a density (ρair) and specific heat 232 

(cpd) values of 1.2 kg/m3 and 1005 kJ/kg·°C respectively for an ambient temperature (TIN) of 20-25ºC. The 233 

expired air temperature could be estimated to be 34ºC [82, 7]. Concerning the respiratory ventilation rate, 234 

Douglas et al. [83] analysed the respiration during sleep in 19 healthy adults. The results showed that minute 235 

ventilation rate (ϴair) was 7.66 L/min when the subject was awake, 6.46 L/min in REM sleep and 7.18 236 

L/min in non-REM sleep. Brischetto et al. [84] assessed the effect of aging on ventilatory response to 237 

exercise and CO2. The sample was composed of ten elderly subjects (67 – 69 years) and 10 younger subjects 238 

(22-37 years). At stationary cycling activity (progressive exercise from 3.5 to 5.5MET), the minute 239 

ventilation rate was found to be 32.4 L/min in elderly people and 25.7 L/min in young people. At resting 240 

activity, the minute ventilation rate was found to be 10.04 L/min in elderly subjects and 9.86 L/min in 241 

young subjects. This values were in line with Simonson et al. [85] and Sharma et al. [86]. ASHRAE 55 [7] 242 

established that a sedentary physical activity ranges from 1 to 1.3MET. In the present research, elderly 243 

people conducted activities that ranged from 1 to 1.4MET. Hence, and considering the above aspects, the 244 

respiratory ventilation rate for elderly people was determined to be 10.04 L/min. For the formula, it is 245 

necessary to apply a conversion factor from L/min to m3/s (1L/min = 1.67·10-5 m3/s).  246 

 247 

The latent respiration heat loss (ERES) is defined by the pulmonary ventilation rate (ϴair) in [m3/s], the 248 

density of dry air (ρair) in [kg/m3], the specific heat of evaporation water at 34ºC (cpv) in [kJ/kg·°C], the 249 

difference in water content between expired and inspired air (Wexp - WIN) in kg water / kg dry air, and the 250 

body surface area (BSA) of the user in m2 (Equation 4). In this case, it could be assumed that the specific 251 

heat of vaporisation water (cpd) was equal to 2430 [kJ/kg·°C] at 34ºC (expired air temperature). McCutchan 252 

and Taylor [87] and Lan et al. [35] determined the term (Wexp - WIN) by the Equation 5.  253 

 254 
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𝑊 − 𝑊 = 29 − 0.0049 · 𝑝                  (5) 255 

 256 

Where pa is the water vapour pressure at corresponding air temperature in [kPa]. To calculate its value, it 257 

is recommended to apply Equation 6 [7, 8] that links the relative humidity (RH) in % and the saturated 258 

water vapour pressure at corresponding skin temperature (psk) in [kPa].  259 

 260 

𝑝 [𝑃𝑎] = 𝑅𝐻 · 10 · 𝑝                   (6) 261 

 262 

To estimate psk through the skin face temperature (Tsk), Parsons [82] suggested to use Antoine’s Equation 263 

as shown in Equation 7. However, Song et al. [36] proposed to apply a simplification (Equation 8) that 264 

presents an error <3% under 27ºC <Tsk < 37ºC. Both formulae give similar results.  265 

 266 

𝑝 [𝑘𝑃𝑎] = 0.1 · 𝑒𝑥𝑝 18.956 −                  (7) 267 

𝑝 [𝑘𝑃𝑎] = 0.256 · 𝑇 − 3.37                 (8) 268 

 269 

Convective heat dissipation from the head  270 

The thermal exchange by convection between head and indoor environment (QC,H) can be defined by 271 

Equation 9. The term (AH/BSA) refers to the ratio between the head area and body surface area (0.075), hc 272 

is the convective heat transfer coefficient in [W/m2·K], and the term (Tsk –TIN) is the temperature difference 273 

between the skin face and the indoor space in K.  274 

 275 

𝑄 , [𝑊 𝑚⁄ ] = (𝐴 𝐵𝑆𝐴⁄ ) · ℎ , · (𝑇 − 𝑇 )                (9) 276 

 277 

Assuming the human body segment as a sphere of radius rH in meters, the convective heat transfer 278 

coefficient of the head (hc) could be calculated through the Nusselt number (Nu) and the air conductivity 279 

(kair =0.025 W/m·K under 20 < TIN < 25ºC), as reported in Equations 10 to 13.   280 

 281 

ℎ , [𝑊 𝑚 · 𝐾⁄ ] = (𝑁 · 𝑘 ) 𝑟⁄                        (10) 282 

𝑁 = 2 +
. · /

. /
/                 (11) 283 
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𝑅 = 𝐺 · 𝑃 =
· ·( )·


· 𝑃               (12) 284 

𝑟 = 𝐴 , (4 · 𝜋)⁄                  (13) 285 

 286 

Where Ra and Pr are the Rayleigh and Prandtl numbers respectively. Both of them are dimensionless. The 287 

Prandtl number for air is considered to be 0.73 for 20 < TIN < 25ºC. The Rayleigh number, which is the 288 

product of Grashof (Gr) and Prandtl (Pr) numbers, should be 104 < Ra < 1010 for a laminar flow. The 289 

parameters that constitute Gr are: the gravitation (g=9.8m/s2), the volumetric temperature expansion 290 

coefficient (1/Tm where Tm is the average between the Tsk and TIN) and the air viscosity (= 1.5·10-5 m2/s 291 

for 20 < TIN < 25ºC).  292 

 293 

Radiative heat dissipation from the head  294 

The thermal exchange by radiation from the human skin of the head to the surroundings (QR,H) can be 295 

estimated by Equation 14, having determined the radiative heat transfer coefficient (hr) previously using 296 

Equation 15.  297 

 298 

𝑄 , [𝑊 𝑚⁄ ] = (𝐴 𝐵𝑆𝐴⁄ ) · ℎ , · (𝑇 − 𝑇 )                       (14) 299 

ℎ , [𝑊 𝑚 · 𝐾⁄ ] = 4 · 𝜀 · 𝜎 · ((𝑇 + 𝑇 ) 2⁄ )              (15) 300 

 301 

Where (AH/BSA) refers to the ratio between the head area and body surface area (0.075), sk is the human 302 

skin surface emissivity (0.98),  is Stefan Boltzman’s constant (5.67·10-8 W/(m2·K4)), Tsk is the mean skin 303 

face temperature in [K], and Tr refers to the mean radiant temperature in [K].  304 

 305 

Evaporative heat dissipation from the head  306 

The evaporative heat flux from the head to the indoor space (EV,H) is the sum between the evaporation 307 

process of sweat secreted via thermoregulatory control systems (ERSW) and the natural diffusion of water 308 

through the skin (EDIF). Significant sweat in the head may rarely happen during winter season, leading to 309 

assume a skin wettedness (w) equal to 0.06. The w refers to the ratio of actual ESK to the maximum possible 310 

evaporative heat loss (Emax) [88, 36, 79]. Hence, the ESK (Equation 16) can be expressed as the product of 311 

the percentage of the effective body area (AH/BSA), the minimum skin wettedness, the evaporative heat 312 
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transfer coefficient (he,H) in [W/m2·K] and the difference between the saturated water vapour pressure at 313 

skin temperature (psk) and the water vapour pressure  at ambient temperature (pa) in [kPa]. Notably, the he,H 314 

(Equation 17) results from the Lewis number (LR = 16.5 ºC/kPa at typical indoor conditions) and the 315 

convective heat transfer coefficient on the head surface (hc,H) [36].   316 

 317 

𝐸 , [𝑊 𝑚⁄ ] = (𝐴 𝐵𝑆𝐴⁄ ) · (𝐸 + 𝐸 ) = (𝐴 𝐵𝑆𝐴⁄ ) · (0.06 · ℎ , · (𝑝 − 𝑝 ))           (16) 318 

ℎ , [𝑊/𝑚 · 𝑘𝑃𝑎] = 𝐿𝑅 · ℎ ,                (17) 319 

 320 

2.2.2. Thermal exchange between back-pelvis and indoor environment 321 

The heat exchange between the second body segment (back – pelvis) and the indoor environment (QBP) 322 

contains two processes: conduction (QD,BP) and evaporation (EV,BP). This can be defined by Equation 18.  323 

 324 

𝑄 [𝑊 𝑚⁄ ] = 𝑄 , + 𝐸 ,                (18) 325 

 326 

Conductive heat dissipation from the back and the pelvis  327 

The conductive process corresponds to the heat transfer from the second body segment to the chair (QD,BP), 328 

taking into account that this parameter depends on the percentage of the effective area (ABP/BSA=0.178), 329 

the difference between the clothing temperature (TCL) and the indoor air temperature (TIN) in [K], and the 330 

conductive clothing resistance (RCC) in [m2·K/W]. It should be noted that the RCC derives from the intrinsic 331 

clothing insulation of the old adult (ICL,P) plus the chair (ICL,C), as reported in Equation 20. The values for 332 

each garment of user’s clothing and type of chair are shown in Section 2.1.1  333 

  334 

𝑄 , [𝑊 𝑚⁄ ] = (𝐴 𝐵𝑆𝐴⁄ ) · ((𝑇 − 𝑇 ) 𝑅⁄ )                    (19) 335 

𝑅 [𝑚 · 𝐾/𝑊] = 𝐼 , + 𝐼 , · 0.155              (20) 336 

 337 

Evaporative heat dissipation from the back and the pelvis 338 

The skin of elderly people is usually covered during cold weather. Sweat is transferred through fabric and 339 

evaporates inside the fabric interstices or on the external surface of the skin [36]. According to ASHRAE 340 

55 [7], as metabolic rate increases above 1MET, the evaporation of sweat plays a significant role in the 341 

thermal factor. However, the variation was 0.4MET as maximum in the present research.  342 
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The evaporative heat dissipation between the second body segment and the chair (Equation 21) is given by 343 

the percentage of the effective area (ABP/BSA=0.178), the skin wettedness (w), the saturated water vapour 344 

pressure at skin temperature (psk) in [kPa], the water vapour pressure at ambient temperature (pa) in [kPa], 345 

and the evaporative clothing resistance (RE,CL) in [m2·kPa/W].  346 

 347 

𝐸 , [𝑊 𝑚⁄ ] = (𝐴 𝐵𝑆𝐴⁄ ) · (𝑤 · 𝐸 ) = (𝐴 𝐵𝑆𝐴⁄ ) · 0.06 · (𝑝 − 𝑝 ) 𝑅 ,⁄           (21)  348 

 349 

Parsons [82] highlighted that RE,CL values were not widely available and the typical assumed value was 350 

0.015 [m2·kPa/W] for calculation procedures. Regarding the skin wettedness, some researchers presented 351 

studies about the interaction of clothing and thermoregulation [89] as well as skin wettedness related to 352 

comfort and health [90, 91]. In normal resting condition or low exercise, when the body core temperature 353 

is 37ºC, the skin wettedness was found to be 6% for a mean skin temperature between 30 and 35ºC. If skin 354 

temperature ranged between 35ºC and 36ºC, w was 20 and 40% respectively. Over 36ºC, the skin 355 

wettedness was considered to be 60%. According to Parsons [82], the mean skin temperature of an old adult 356 

could be equal to 33ºC, since he or she could have a limited vasoconstriction. Taking into account that 167 357 

sweat glands (functional pores/cm2) are located in the forehead of a total of 204 in the face [92, 80], it can 358 

be assumed a skin wetness of 6% in the present research. 359 

 360 

2.2.3. Thermal exchange between thorax-limbs and indoor environment 361 

The heat exchange between the third body segment and the indoor environment (QTL) contains four 362 

portions: respiration (QRES,TL= 0.50·QRES), convection (QC,TL), radiation (QR,TL) and evaporation (EV,TL). 363 

This is expressed by Equation 22.  364 

 365 

𝑄 [𝑊 𝑚⁄ ] = (0.50 · 𝑄 ) + 𝑄 , + 𝑄 , + 𝐸 ,               (22) 366 

 367 

Convective heat dissipation from the thorax and the limbs  368 

The thermal exchange by conduction (QC,TL) is related to the ratio between the effective body area and the 369 

total body surface area (ATL/BSA=0.747), the convective heat transfer coefficient (hc,TL) in [W/m2·K] and 370 

the difference temperature between the clothing and the indoor air environment (TCL - TIN) in [K], as seen 371 
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in Equation 23. It should be pointed out that the hc,TL in natural convection can be calculated by Equation 372 

24, following the recommendations of previous studies for  a dressed human body in a seated posture [93, 373 

94, 24]. 374 

 375 

𝑄 , [𝑊 𝑚⁄ ] = (𝐴 𝐵𝑆𝐴⁄ ) · ℎ , · (𝑇 − 𝑇 )                           (23) 376 

ℎ , [𝑊 𝑚 · 𝐾⁄ ] = 2.38 · (𝑇 − 𝑇 ) .                            (24) 377 

 378 

Radiative heat dissipation from the thorax and the limbs  379 

The radiative heat dissipation from the thorax and limbs to the surroundings (QR,TL) is composed of the 380 

ratio of the term (ATL/BSA), the radiative heat transfer coefficient (hr,TL) in [W/m2·K] and the difference 381 

between the clothing temperature (TCL) and radiant temperature (Tr) in [K]. For the determination of the 382 

hr,TL, the clothing surface emissivity (for a cotton: CL=0.77) and Stefan Boltzman’s constant (5.67·10-8 383 

W/(m2·K4) were also undertaken.  384 

 385 

𝑄 , [𝑊 𝑚⁄ ] = (𝐴 𝐵𝑆𝐴⁄ ) · ℎ , · (𝑇 − 𝑇 )                       (25) 386 

ℎ , [𝑊 𝑚 · 𝐾⁄ ] = 4 · 𝜀 · 𝜎 · ((𝑇 + 𝑇 ) 2⁄ )             (26) 387 

 388 

Evaporative heat dissipation from the thorax and the limbs 389 

The thermal exchange by evaporation in the case of thorax and limbs (EV,TL) and the evaporative heat 390 

transfer coefficient (he,TL) are expressed by Equations 27 - 28 respectively.  391 

 392 

𝐸 , [𝑊 𝑚⁄ ] = (𝐴 𝐵𝑆𝐴⁄ ) · 0.06 · (𝑝 − 𝑝 ) 𝑅 , + 1/(𝑓 + ℎ , )⁄                        (27)  393 

ℎ , [𝑊/𝑚 · 𝑘𝑃𝑎] = 𝐿𝑅 · ℎ ,                (28) 394 

 395 

Where (ATL/BSA) is the percentage of the effective area respect to the total body surface, the skin 396 

wettedness (w) is equal to 0.06 as explained for the second body segment, psk and pa are the water vapor 397 

pressure at skin temperature (Tsk) and ambient temperature (TIN) in [kPa], RE,CL is the evaporative clothing 398 

resistance (0.015 m2·kPa/W [82]), fcl is the clothing area factor (1+0.3·ICL [36]), LR is the Lewis number 399 

(16.5 ºC/kPa [36]) and the hc,TL corresponds to the convective heat transfer coefficient in [W/m2·K] that 400 

was estimated above.  401 
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2.2.4. Proposed PMV index for Thermal Sensation Prediction 402 

ASHRAE 55 [7] and ISO 7730:2005 [8] established the PMV (Predicted Mean Vote) and the PPD indexes. 403 

The purpose of both standards is to combine indoor environmental factors and personal factors that will 404 

produce acceptable conditions to a maximum amount of occupants within a space. PMV is focused on the 405 

thermal neutrality concept in order to estimate the thermal sensation on a seven-point scale from “cold” (-406 

3) to “hot” (+3) for a single-segment human body in buildings with HVAC under stationary regime. In the 407 

same way, the PPD (Predicted Percentage Dissatisfied) provides a quantitative prediction of the respective 408 

percentage of thermally dissatisfied.  409 

 410 

Within this context, the thermal sensation is related to metabolic rate (M), effective mechanical power (W) 411 

and thermal load of body (L). Understanding L (Equation 31) as the difference between the internal heat 412 

production (M-W) and the heat loss to the surroundings (Q) obtained in above sections, the new PMV and 413 

PPD indexes can be defined by Equations 29 – 30:   414 

 415 

𝑃𝑀𝑉 = [0.303 · 𝑒 . + 0.028] · 𝐿                                                                                                          (29) 416 

𝑃𝑃𝐷 = 100 − 95 · 𝑒( . ∗ . · )                                                                                         (30) 417 

𝐿 (𝑊 𝑚⁄ ) = 𝑀 − 𝑊 − (𝑄 + 𝑄 + 𝑄 )                                                                                                 (31) 418 

 419 

It should be noted that the effective mechanical power is assumed to be always zero. In addition, the new 420 

PMV index is computed by including four environmental parameters (indoor air temperature –TIN-, relative 421 

humidity –RH-, mean radiant temperature –TR-, air velocity –vair-) and eight personal parameters (skin face 422 

temperature –TSK-, clothing temperature –TCL-, body surface area –BSA- and % of each body segment, 423 

metabolic rate –M-, clothing insulation –CLO-, respiratory ventilation rate –RVR-, skin emissivity –sk-, 424 

textile emissivity –CL-).  According to Dear et al. [41], the impact of postures (seated manikin vs. standing 425 

manikin) on the convective heat transfer coefficient might be negligible when air speed ranged from 0.2 to 426 

0.8 m/s (mixed conditions). During the measurement campaigns, the air speed was generally found to be 427 

between 0.00 and 0.02 m/s and the occupants were seated in normal chairs, armchairs or wheelchairs.  428 

 429 

 430 

 431 
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3.  DISCUSSION OF RESULTS  432 

Once the environmental parameters were collected by HD32.3, the facial skin temperature (TSK) was 433 

determined for each subject through the average of four facial points and the clothing temperature (TCL) 434 

was also measured by the IR camera, the numerical model could be implemented. However, it is necessary 435 

to check if steady-state conditions were given during the measurement campaigns. To facilitate the 436 

interpretation of the results, this section was structured in 5 steps: (i) Validation of stationary conditions for 437 

the implementation of the proposed IRT model; (ii) Determination of indoor thermal comfort in elderly 438 

people by IRT; (iii) Assessment of the impact of physiological features in the human IRT model; (iv) 439 

Analysis of the distribution of the human heat losses in different spaces; (v) Proposal for a HVAC control 440 

strategy using a IRT model.   441 

 442 

3.1. Validation of stationary conditions for the implementation of the proposed IRT model 443 

According to Section 2.1.3., test duration and data acquisition interval of all sensors were set at 5 minutes 444 

and 15 seconds respectively. Each test involved the evaluation of a sequential video with 21 thermograms. 445 

To ensure that the tests were executed in steady-state conditions, an analysis of variability among the 446 

instantaneous values was carried out. It consisted of computing the mean (), the standard deviation (SD) 447 

and coefficient of variation (CV) for: RHIN, TIN, Tr, TSK and TCL. The results are shown in Table 3, indicating 448 

men in grey and women in white. The facial skin temperature (TSK) was computed as the average of the 449 

facial point temperatures (Tnose, Tforehead, Tcheekbone and Tchin).  450 

 451 

In general, it can be extrapolated that the average values related to the indoor environment were practically 452 

equal for all the subjects of a same space. For the relative humidity and indoor ambient temperature, the 453 

CV was under 1%.  In the case of the standard deviation, the values were extremely low for both (0% and 454 

0.37% for RH and 0ºC to 0.11ºC for TIN). Conversely, the dispersion of the readings was slightly higher for 455 

the rest of parameters. The CV reached maximum values of 1.37% and 1.18% for the radiant ambient 456 

temperature and skin face temperature respectively. For clothing temperature, the maximum CV was 457 

estimated at 2.57%. As regards the standard deviation, Tr and TSK presented similar ranges (0ºC < SD < 458 

0.32ºC for Tr; 0.11ºC < SD < 0.35ºC for TSK) while TCL had the highest values (0.25ºC < SD < 0.76ºC). 459 

Considering the aspects mentioned above, the statistical outcomes demonstrated that experimental 460 
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campaign was conducted in steady-state conditions and consequently, the proposed PMV model based on 461 

IRT could be implemented.  462 

 463 

Table 3. Validation of the stationary regime of the IRT tests in elderly people  464 

User 

RH TIN  Tr TSK  TCL 

µ 

[%] 

SD 

[%] 

CV 

[%] 

µ 

[ºC] 

SD 

[ºC] 

CV 

[%] 

µ 

[ºC] 

SD 

[ºC] 

CV 

[%] 

µ 

[ºC] 

SD 

[ºC] 

CV 

[%] 

µ 

[ºC] 

SD 

[ºC] 

CV 

[%] 

1 57.10 0 0 19.10 0 0 19.00 0 0 28.78 0.23 0.78 27.64 0.41 1.47 

2 57.10 0 0 19.10 0 0 19.00 0 0 28.53 0.14 0.49 27.71 0.33 1.20 

3 57.10 0 0 19.10 0 0 19.00 0 0 29.53 0.11 0.39 27.40 0.32 1.15 

4 56.98 0.07 0.12 19.16 0.05 0.26 19.16 0.05 0.26 28.50 0.11 0.40 26.57 0.25 0.93 

5 56.81 0.04 0.08 19.39 0.07 0.36 19.36 0.06 0.31 29.08 0.11 0.36 27.11 0.57 2.09 

6 57.07 0.32 0.56 19.61 0.05 0.27 19.61 0.08 0.39 29.42 0.13 0.46 27.08 0.32 1.18 

7 56.50 0 0 19.85 0.05 0.26 19.91 0.07 0.37 27.67 0.14 0.49 26.86 0.34 1.28 

8 54.28 0.12 0.23 24.38 0.11 0.47 23.25 0.27 1.18 32.57 0.25 0.78 27.55 0.34 1.22 

9 54.39 0.37 0.68 24.61 0.07 0.27 23.27 0.32 1.37 31.82 0.23 0.71 28.25 0.50 1.76 

10 53.80 0.15 0.28 24.77 0.14 0.57 23.63 0.29 1.21 29.68 0.35 1.18 29.75 0.76 2.57 

11 53.57 0.12 0.22 23.73 0.07 0.31 23.36 0.06 0.25 34.38 0.23 0.66 29.03 0.70 2.41 

12 53.81 0.34 0.62 23.73 0.09 0.38 23.49 0.04 0.15 34.99 0.18 0.53 29.31 0.49 1.68 

13 53.56 0.05 0.09 23.45 0.05 0.22 23.48 0.04 0.17 33.25 0.18 0.54 29.15 0.27 0.93 

14 50.38 0.04 0.08 25.13 0.05 0.18 25.30 0 0 35.07 0.13 0.37 29.36 0.39 1.34 

15 49.91 0.06 0.13 25.09 0.03 0.12 25.30 0 0 31.11 0.19 0.62 30.36 0.52 1.70 

 465 

 466 

3.2. Determination of indoor thermal comfort of elderly people by IRT 467 

After checking the stationarity of the readings, the PMV and PPD values were determined by the 468 

thermographic model. The overall results of the case studies are presented in Table 4, indicating men in 469 

grey and women in white.  470 

 471 

 472 
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Table 4. Environmental, personal and thermal comfort parameters for elderly people  473 

User 
Vair 

[m/s] 

RH 

[%] 

TIN 

[ºC] 

Tr 

[ºC] 

Tnose 

[ºC] 

Tfd 

[ºC] 

Tcb 

[ºC] 

Tchin 

[ºC] 

TSK 

[ºC] 

TCL 

[ºC] 

PMVIRT 

[--] 

PPDIRT 

[%] 

1 0.11 57.10 19.10 19.00 23.12 32.31 28.44 31.22 28.78 27.64 -0.40 8.92 

2 0.11 57.10 19.10 19.00 21.97 31.99 28.60 31.55 28.53 27.71 -0.36 8.03 

3 0.11 57.10 19.10 19.00 24.03 33.45 30.89 29.77 29.53 27.40 -0.21 6.17 

4 0.01 56.98 19.16 19.16 23.59 31.41 29.04 29.95 28.50 26.57 -0.51 10.78 

5 0.02 56.81 19.39 19.36 24.55 32.40 28.17 31.22 29.08 27.11 -0.69 16.15 

6 0.02 57.07 19.61 19.61 24.58 31.63 30.08 31.37 29.42 27.08 -0.39 8.61 

7 0.02 56.50 19.85 19.91 22.10 30.98 28.17 29.45 27.67 26.86 -0.19 6.14 

8 0.38 54.28 24.38 23.25 30.13 34.60 31.58 33.97 32.57 27.55 1.09 30.64 

9 0.43 54.39 24.61 23.27 26.16 34.48 32.40 34.25 31.82 28.25 0.86 21.77 

10 0.47 53.80 24.77 23.63 25.80 32.16 29.38 31.40 29.68 29.75 0.28 9.32 

11 0.05 53.57 23.73 23.36 34.35 35.32 33.04 34.80 34.38 29.03 0.27 8.12 

12 0.03 53.81 23.73 23.49 35.23 35.40 34.46 34.89 34.99 29.31 0.07 5.90 

13 0.01 53.56 23.45 23.48 33.11 33.73 32.52 33.64 33.25 29.15 0.01 5.32 

14 0.01 50.38 25.13 25.30 34.77 35.58 34.15 35.76 35.07 29.36 0.18 6.54 

15 0.02 49.91 25.09 25.30 28.30 33.92 30.55 31.67 31.11 30.36 -0.20 7.49 

 474 

During the questionnaires (Table 1), the subjects aged between 76 and 93 years responded that they felt a 475 

neutral thermal sensation (TSV=0), they would not increase or decrease the indoor air temperature (P=0) 476 

and they considered that environment conditions were acceptable (A=1). According to the literature review, 477 

elderly people has a significant deteriorated ability to discriminate temperature differences (especially 478 

residents with severe diseases) [95, 96] and consequently, the questionnaires might not provide an accurate 479 

or useful information. This is in line with the thermographic outcomes, since they showed an evident 480 

discrepancy between the thermal perceptions of the subjects and their real human body responses. 481 

Therefore, the IRT could be a reliable tool to know the real response of the human body respect to the 482 

indoor environment and set the optimum air temperature of the heating unit through the building 483 

management system (BMS). The thermograms provide visual information about the homogeneity of the 484 

heat flux in the target. To link the visual information with the optimum environmental conditions of the 485 
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room through the HVAC, it is necessary to apply the proposed model. In other words, the technician 486 

observes an anomaly of the thermal behaviour of the body caused by an external stimulus (non-487 

homogeneity of the temperatures in the face skin) and later, quantify the thermal comfort of the old adult 488 

to make a decision in HVAC facilities. By way of example, Figure 2 presents subjects in different situations: 489 

(a) discomfort due to a cold environment (the heating system was switched off or was configured to offer 490 

a lower set point temperature); (b) thermal neutrality (the internal heat produced by the metabolism equals 491 

the body’s heat losses); (c) discomfort caused by a warm environment (the heating system generated too 492 

much heat or the user had a higher clothing insulation).  493 

 494 

   495 

Figure 2. Examples of discomfort and thermal neutrality in different situations 496 

 497 

Zhang et al. [97] mentioned that the most serious problem of the original PMV model based on Fanger’s 498 

approach [23] was the oversimplification of the skin temperature as a linear function of the metabolic rate 499 

(TSK = 35.7 – 0.028· (M – W)). Besides this, the energy balance equations of the original PMV model 500 

ignored the impact of other parameters on the skin temperature. In the current research, the enhancement 501 
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of the Predicted Mean Vote by thermography represented to modify the core of the PMV model (energy 502 

balance equations) and to use real values of human beings. Within this context, and to validate the results 503 

of the current research, the original PMV and the modified PMV were compared between them. In Figure 504 

3, the simplified skin temperatures from the ASHRAE 55 [7] and the facial skin temperatures from IRT 505 

model were represented. As observed, the skin temperature from the original PMV was slightly the same 506 

for all users regardless the space. In contrast, the facial skin temperature from IRT model depended on the 507 

cold or warm environment where the user was. The lower values were measured in the occupational therapy 508 

room. Moreover, men (Subjects 3, 12 and 14) had a greater TSK than women.   509 

 510 

 511 

Figure 3. Comparison between the TSK from ASHRAE 55 and TSK from IRT model for each space 512 

 513 

Figure 4 illustrates the boxplot of the thermal sensation for each space using the original PMV model and 514 

the PMV from IRT model. For elderly people, it can be extrapolated that the PMV model from ASHRAE 515 

55 [7] tends to have a major dispersion, especially for cold environments (Occupational Therapy Room). 516 

This issue could be mitigated with the use of the IRT model, since human and environmental parameters 517 

contributed together to changes in the Predicted Mean Vote. At a cold indoor space with a given activity, 518 

the PMV from IRT model allowed to notice that skin temperature of the subject decreased due to the 519 
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response of his/her vasoconstriction or vasodilation vessels generated by lower ambient air temperatures or 520 

higher humidity values. In the case of the gym, for a similar metabolic rate (MET = 1.2) and intrinsic 521 

clothing insulation indexes (0.41 < ICL,p < 0.83) than the subjects of the occupational therapy room with 522 

lower degree of mobility (Table 1), the PMV values from IRT model were higher than those of the original 523 

PMV. In fact, a predicted thermal sensation of slightly warm was given by the IRT model. The factors that 524 

could have influenced the proposed model are the air speed (0.38 < Vair < 0.47) and the indoor air 525 

temperature (24.38 < TIN < 24.77ºC). It could be recommended to locate the users far away from the heating 526 

units to avoid receive direct hot air and alter IRT readings. Taking into account that the individual 527 

physiotherapy treatment did not require a greater physical effort by the user, the intrinsic clothing insulation 528 

could also be lower. For example, Subject 10 presented ICL,P =0.83 and ICL,C = 0.15 while Subject 8 had 529 

ICL,P=0.41 and ICL,C=0.12 (Table 1). In the case of the company canteen and the living room, the PMV 530 

model from ASHRAE 55 led to an overestimation of warm discomfort. Moreover, the discrepancies among 531 

PMV values for both models could be explained by the gender (man / woman) and the intrinsic clothing 532 

insulation (0.89 vs. 0.69), since the measurements of TIN and RH were slightly the same (25ºC and 50% 533 

respectively). Notably, the impact of users’ features on the IRT model is evaluated in Section 3.3.  534 

 535 

 536 

 537 

Figure 4. Comparison between the PMV from ASHRAE 55 and PMV from IRT model for each space 538 

 539 
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For an in-depth analysis of the proposed IRT model, all instantaneous facial skin temperatures were plotted 540 

against the facial point temperatures (Tnose, Tforehead, Tcheekbone and Tchin). Song et al. [36] and Srithongchai et 541 

al. [98] affirmed that human feels thermally neutral when the signals transmitted by cold and warm sensors 542 

have equal magnitudes. As seen in Figure 5, the thermal comfort was achieved when all face points had the 543 

same temperature, around of 35ºC. This aspect can be corroborated by Table 4, where it can be observed 544 

that both Subjects 13 and 14 presented a PMVIRT equal to 0.07 and 0.01 respectively and the temperature 545 

of each face point was set at ~ 35ºC. This means that the value of the body’s heat losses was practically 546 

equal to the heat produced by the metabolism [99, 35, 36], and the building manager should not increase or 547 

decrease the ambient temperature of the room. As regards thermal discomfort, the maximum value of 548 

discomfort was given when the facial skin temperature (TSK) was equal to 27.7ºC and the inner air 549 

temperature (TIN) was around of 19ºC (cold environment). In the region between the extremes, the user can 550 

experiment a slight feeling of thermal discomfort. The core body temperature increased due to a warmer 551 

environment, but only two or three points of the face had a similar temperature (see Table 4). Indeed, 552 

changes in the facial skin temperature (TSK) could be attributed to the nose temperature (Tnose), since a 553 

greater correlation was observed between these two parameters (R2=0.9514; Figure 5). In addition, the 554 

thermal response in this face area was really progressive. Hence, the state of the nose could be considered 555 

a significant and reliable indicator of feeling cold for elderly people. In terms of applicability, the 556 

temperature set point of the heating unit should be modified in order to achieve the body equilibrium of the 557 

old adult, since the temperature difference between the nose and the forehead was found to be 9ºC.  558 

 559 
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 560 

Figure 5. Determination of the thermal neutrality through the analysis of the instantaneous facial skin temperatures 561 

 562 

The operative temperature (TOP) can be defined as the average value between the indoor air temperature 563 

(TIN) and the radiant temperature (Tr). Figure 6 illustrates the relationship between instantaneous user’s 564 

temperatures (TSK and TCL) and indoor environmental parameters (TOP and RH). Data showed that 61.03% 565 

of the variance in the facial skin temperature of old adults could be predicted by changes of operational 566 

temperature. In contrast, 51.29% of decreases of TSK could be caused by greater values of relative humidity. 567 

In the same way, 62.62% of the variance of clothing temperature could be attributed to changes in TOP. 568 

Correlation data also revealed that 65.54% of the variance in TCL could be related to increases of relative 569 

humidity. To achieve human thermal neutrality (TSK = 35ºC and TCL = 31ºC), the operative temperature 570 

and relative humidity should be 23.5ºC and 54% respectively. This means that the subject is in her or his 571 

thermal neutral zone (TNZ), because the body can maintain the core temperature without any regulatory 572 

changes to metabolic rate or sweating [34]. Cold environments (19 < TIN < 20ºC; RH~50%) and warm 573 

environments (TIN > 24ºC; RH>54%) produced a human body response of discomfort for Mediterranean 574 

old population.  575 

 576 
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   577 

Figure 6. Relationship among instantaneous user’s temperatures and environmental parameters  578 

 579 

3.3. Assessment of the impact of physiological features in the human IRT model 580 

According to Section 2.2.4, the thermographic model is defined by eight personal parameters: skin face 581 

temperature (TSK), clothing temperature (TCL), body surface area (BSA), metabolic rate (M), clothing 582 

insulation (CLO), respiratory ventilation rate (RVR), skin emissivity (sk), textile emissivity (CL). To 583 

identify the impact of these users’ features in the human IRT model, a statistical analysis based on Pearson’s 584 

correlation was conducted by SPSS Statistics Software [100]. It should be noted that respiratory ventilation 585 

rate, skin emissivity and textile emissivity were common for all subjects (RVR = 10.04 L/min; sk = 0.98; 586 

CL= 0.77). Therefore, these parameters were not considered as a possible causal factor of deviation in this 587 

study. In relation to body surface area (BSA), height and weight were taken for the evaluation. The 588 

outcomes are summarized in Table 5, where the r2 value indicates how the variance of an average parameter 589 

can be predicted by changes in another one [101, 102]. To determine the percentage of variance, it is 590 

necessary to calculate the square value of Pearson’s correlation coefficients (r-value) and multiply by 100.  591 

 592 

 593 

 594 

 595 

 596 

y = 0.7828x + 13.833
R² = 0.6103

y = 0.3961x + 19.542
R² = 0.6262

24.00

26.00

28.00

30.00

32.00

34.00

36.00

38.00

17.00 19.00 21.00 23.00 25.00 27.00F
ac

ia
l S

ki
n

 T
em

p
er

at
u

re
 (

Ts
k)

 a
n

d
 C

lo
th

in
g 

Te
m

p
er

at
u

re
 (

Tc
l)

 [
°C

] 

Operative Temperature (Top) [°C]

TSK [ºC] TCL [ºC]

Linear (TSK [ºC]) Linear (TCL [ºC])

y = -0.7549x + 72.343
R² = 0.5129

y = -0.4263x + 51.578
R² = 0.6554

20.00

22.00

24.00

26.00

28.00

30.00

32.00

34.00

36.00

38.00

45 50 55 60F
ac

ia
l S

ki
n

 T
em

p
er

at
u

re
 (

Ts
k)

 a
n

d
 C

lo
th

in
g 

Te
m

p
er

at
u

re
 (

Tc
l)

 [
°C

] 

Relative Humidity (RH) [%]

TSK [ºC] TCL [ºC]

Linear (TSK [ºC]) Linear (TCL [ºC])



27 
 

Table 5. Correlation matrix among average environmental parameters, users’ features and PMV 597 

 PMVIRT RH TIN TR TSK CL Age Height Weight M ICLP ICLC 

PMVIRT 
1            

RH -0.441 1           

TIN 0.742** -0.897** 1          

TR 0.634* -0.956** 0.983 1         

TSK 0.563* -0.721** 0.767** 0.795** 1        

CL 0.329 -0.873** 0.825** 0.866** 0.646** 1       

Age 0.239 0.169 0.001 -0.050 0.035 -0.178 1      

Height 0.121 -0.055 0.063 0.040 0.203 0.178 -0.398 1     

Weight -0.253 0.408 -0.373 -0.398 -0.106 -0.389 -0.040 0.593 1    

M -0.228 0.807** -0.679** -0.749** -0.487 -0.525* 0.196 0.195 0.329 1   

ICLP -0.094 0.179 -0.229 -0.188 0.131 -0.294 -0.445 -0.045 -0.242 -0.010 1  

ICLC 0.400 -0.081 0.240 0.206 0.294 0.063 0.147 -0.165 0.087 0.028 -0.080 1 

** Correlation is significant at the 0.01 level (2-tailed) 598 

* Correlation is significant at the 0.05 level (2-tailed) 599 

 600 

According to the results (Table 5), from 40 to 55% of the variance in PMVIRT could be predicted by changes 601 

in environmental parameters (TR and TIN). In contrast, lower percentages of variance of PMVIRT were given 602 

by changes in weight (6.40%), age (5.71%), metabolic rate (5.20%), height (1.46%) or personal clothing 603 

level (0.88%). Hence, it could be extrapolated that physiological features did not influence on the IRT 604 

model, except the facial skin temperature (r=0.563) as a thermoregulation response. Specifically, 31.70% 605 

of the variance of PMVIRT results could be associated to increases of TSK. Along this line, 41.73% of the 606 

variance in the measured TCL could be attributed to changes in TSK. Notably, environmental parameters 607 

could directly influence to the measurements taken by thermography (TSK and TCL). Greater correlation 608 

coefficients were obtained among the average values of RH, TIN, TR, TSK and TCL (Table 5). At higher 609 

indoor air temperatures or humidity values, the surroundings (furniture and walls) can reflect more on the 610 

subjects and affect the readings of TSK and TCL.  611 

 612 
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Taking into account that elderly people have a lower core body heat generation than young people [51], 613 

this can impact on the TCL. A negative Pearson’s correlation value was obtained between TSK and M (r=-614 

0.487; 23.71%) as well as TCL and M (r=-0.525; 27.56%). This indicated that decreases of the facial skin 615 

temperature and clothing temperature could be caused by variations of the metabolic rate. Along this line, 616 

15.13% of the variance of TCL could be also associated to the user’s weight. When an old adult increase the 617 

level of activity or has more weight, he or she can sweat more and the process of evaporation leads to obtain 618 

lower readings of TSK and TCL. Higher values of the environmental parameters could also influence how the 619 

metabolism works. In fact, 65% of the variance in M could be attributed to the RH. However, the subject 620 

could have more fatigue due to higher values of indoor air temperature or humidity and consequently, the 621 

his or her metabolism could become slower.  622 

 623 

Concerning the relationship between the personal clothing level and the age, it can be extrapolated that the 624 

youngest subjects (within the range 76 – 93 years) are more sensitive to fluctuations of the indoor thermal 625 

conditions. In other words, a resident of 76 years could be able to percept a colder space with a certain 626 

delay and consequently, he or she can request more clothes to achieve his or her body equilibrium. In 627 

contrast, a resident of 90 - 95 years lost this capacity to distinguish external stimulus. This can be 628 

corroborated with Figure 7, where ICLP was plotted against the age. It should be noted that information about 629 

age was not available for subjects 1, 7, 8 and 10. As observed, the intrinsic clothing insulation of elderly 630 

people decreased as the subjects became older. It should be highlighted that the type of chair is not 631 

significantly related with the age, but it could affect to the thermal comfort of the subject (r=0.400).  632 

 633 

 634 

Figure 7. Relationship between personal clothing level and age of residents  635 
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As regards the gender, Figure 8 compares the range and distribution of the PMV using thermography for 637 

males and females with 95% confidence. A greater variability was highlighted for females, being more 638 

difficult to achieve a thermal neutrality. Furthermore, the median of PMVIRT for females was lower than 639 

males and consequently, female bodies would tend to feel colder. To identify if the typical thermoregulation 640 

response of the subjects during heat and cold stresses depends on the gender and this is the causal factor of 641 

the range of PMVIRT, further research is needed with a greater population sample.  642 

 643 

 644 

Figure 8. Range of distribution of the PMV in function of gender  645 

 646 

3.4. Analysis of the distribution of the human heat losses in different spaces 647 

Concerning the thermal exchanges among the body segments of elderly people and the indoor environment, 648 

it can be extrapolated that the distribution of the human heat losses was slightly the same in all spaces, 649 

regardless the indoor environmental conditions or the internal heat production of the subject (Figures 9 - 650 

12). The highest percentages were given by respiration, convection and radiation. The respiratory heat 651 

dissipation (CRES + ERES) ranged from 11 to 21% (CRES = 2-3%; ERES = 9-18%). The convective heat 652 

dissipation from the head to the surroundings was 4-6% and from the thorax and limbs was 14 -28%. The 653 

radiative heat dissipation from the head to the environment was 5-9% and from the thorax and limbs was 654 

27-32%. The conductive heat dissipation from the back and pelvis to the chair and environment was 7-14%. 655 

These results are in line with previous studies. Marino et al. [12] computed several algorithms to find the 656 

optimal design of indoor thermal comfort conditions with presence of solar radiation by means of 657 

simulation. In Winter season, they stated that the typical contributions of convection and radiation 658 

exchanges for the whole body were found to be 33 and 35% respectively, while the contributions of sensible 659 

(CRES) and latent respiration (ERES) heat losses were 2 and 7%.  660 
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 661 

 Figure 9. Distribution of human heat losses in elderly people. Space 1 (Occupational Therapy Room)  662 

 663 

 664 

Figure 10. Distribution of human heat losses in elderly people. Space 2 (Gym)  665 
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 667 

Figure 11. Distribution of human heat losses in elderly people. Space 3 (Company Canteen)  668 

 669 

 670 

Figure 12. Distribution of human heat losses in elderly people. Space 4 (Living Room)  671 
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The findings also demonstrated that the proposed numerical model is reliable. The convective and radiative 675 

heat transfer coefficients for seated postures were in line with previous non-thermographic studies 676 

conducted on climatic chambers with manikins or CFD simulations (Table 6). Considering the fifteen 677 

investigated subjects, the highest heat transfer coefficients were associated to the head and the lowest to the 678 

peripheral parts of the body. In terms of radiation, hr,H fluctuated between 5.82 to 6.20 W/m2·K for the head 679 

and hr,TL was from 4.53 to 4.76 W/m2·K for the second body segment (thorax and limbs). In terms of 680 

convection, hc,H ranged from 4.05 to 4.82 W/m2·K for the head and hc,TL was between 3.17 and 4.08 W/m2·K 681 

for the second body segment (thorax and limbs). Figure 13 plots the convective heat transfer coefficient of 682 

the human head (hC,H) against the temperature difference between the facial skin surface and the indoor 683 

environment (TSK - TIN). From this relationship, it can be extrapolated that 95.06% of the variance of hC,H 684 

could be attributed to changes in the term TSK - TIN. In addition, a simplified approach for the convective 685 

heat transfer coefficient of the head was also defined (Equation 32), considering all instantaneous 686 

measurements collected during the experimental campaigns. 687 

 688 

ℎ , [𝑊 𝑚 · 𝐾⁄ ] = 2.93 · (𝑇 − 𝑇 ) .                            (32) 689 

 690 

Table 6. Convective and radiative heat transfer coefficients by the proposed model and previous studies  691 

 Head Thorax and Limbs Whole Body  

Models  

for seated postures 

hC,H 

[W/m2·K] 

hr,H 

[W/m2·K] 

hC,TL 

[W/m2·K] 

hr,TL 

[W/m2·K] 

hC,WB 

[W/m2·K] 

hr,WB 

[W/m2·K] 

Proposed Numerical Model 4.05 – 4.82 5.82 – 6.20 3.17 – 4.08 4.53 – 4.76 --- --- 

Fanger [23] --- --- --- --- 3.60 4.70 

Stolwijk [42] 0.66 6.40 1.80 – 6.10 5.24 --- --- 

Ichihara et al. [40] --- 4.30 --- 3.60 – 7.30 --- --- 

Dear et al. [41] 3.70 4.10 3.00 – 4.50 4.50 - 5.30  3.30 4.50 

Parsons [82] --- --- --- --- 3.60 4.90 

Quintela et al. [103] 2.10 – 6.00 5.70 3.00 -5.00 3.50 – 4.70 2.50 – 3.7 4.40 

Oliveira et al. [24] 2.10 - 4.30 4.70 2.80 – 5.30 4.70 3.50 – 3.70 4.70 

Fojtlín et al. [43] 2.70 2.40 3.00 4.00 -5.00 4.40 3.00 – 6.00 

Lan et al. [35] --- --- --- --- 5.10 3.20 

 692 
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  693 

Figure 13. Relationship between the convective heat transfer coefficient of the human head and the temperature 694 

difference between the facial skin surface and the indoor environment  695 

 696 

3.5. Proposal for a HVAC control strategy using a human thermographic model 697 

To integrate the method into the real built environment, a proposal of HVAC control strategy was drawn 698 

up. Zhao et al. [104] implemented a geometrical solution that involves individual and group complaints, 699 

but a significant overlap could be produced. Purdon et al. [105] used the net vote to decide the temperature 700 

setpoint. However, this approach cannot handle the situation when some subjects were comfortable and 701 

their vote was not done. Li et al. [17] applied random forest as a classifier to predict thermal preferences 702 

from human and environmental parameters. In addition, they divided the schedule of the building into 20 703 

segments and took measurements each 30 minutes. The HVAC control loop contained two algorithms, 704 

Mode Selection and Collective Decision. In this way, the natural ventilation is chosen by defect as the 705 

optimum conditioning mode and the mechanical conditioning is selected when there is a higher group of 706 

people. To overcome the limitations of existing methods based on occupant thermal votes by electronic 707 

surveys and to integrate the IRT method into the real built environment, a proposal of HVAC control 708 

strategy was drawn up (Figure 14).  709 

 710 

A Building Management System (BMS) could directly control the HVAC systems through the BACnet 711 

protocol, using the data provided by environmental sensors and IR camera. Previously, the human 712 

physiological data (age, weight, height etc) should be given by the health care centre. Notably, Data 713 
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in stationary regime. According to Hang et al. [106] and Purdon et al. [105], user’s thermal responses 715 

remained practically constant for periods less than 30 minutes. This aspect would not be a limitation of the 716 

system, since IRT test only takes 5 minutes. In the second step, the BMS should compare the measurements 717 

with the conditions of thermal comfort configured in the system according to Section 3.2 and 3.3. (TSK = 718 

35ºC; TCL = 31ºC; TOP = 23.5ºC; RH=54%), since ~ 60% of the variance of instantaneous temperatures 719 

related to the human body (TSK and TCL) could be predicted by changes in TOP and RH. If a non-homogenous 720 

behaviour of the human face is detected as well as the environmental parameters are out of the setpoint, the 721 

PMV value differs from 0 and the BMS should adjust the HVAC system. In the case of multi-occupancy 722 

spaces, the average of TSK considering all subjects should be computed. Future steps of the research could 723 

include the development of the decision algorithm by Phyton script. 724 

 725 

 726 

Figure 14. Flowchart of the HVAC control strategy based on IRT model  727 
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4. CONCLUSIONS 729 

The main contribution of this research is the development of a new method to determine the indoor thermal 730 

comfort of elderly people using qualitative and quantitative infrared thermography (IRT). Fifteen European 731 

subjects aged from 76 and 96 years were monitored and evaluated during Winter season. At the same time, 732 

personal questionnaires and environmental conditions were collected.  733 

 734 

For the first time, a human thermal response model based on IRT was implemented in a nursing home from 735 

the Mediterranean climate. Considering the assessments reported, the following aspects can be concluded:   736 

 Three body segments could be enough to ensure a reliable prediction of the thermoregulation 737 

responses of elderly people. Most of existing methods used from 2 to 36 nodes [36, 43].  738 

 Short-lasting IRT tests allow to work under stationary regime (CV<3% for the main measured 739 

parameters). This was consistent with previous studies which revealed that occupants did not feel 740 

any changes in short periods of time (< 30 minutes) [106, 105].  741 

 The PMV from IRT model could help to mitigate the drawbacks of standards. The PMV model 742 

from ASHRAE 55 [7] overestimated warm discomfort states of older people. In the case of cold 743 

environments, the original PMV presented a greater dispersion than the thermographic model. 744 

Both aspects could derive from the use of the simplified skin temperature which was slightly the 745 

same for all users regardless the space.  746 

 The combination of visual and quantitative IRT data corroborated a reduced sensitivity of elderly 747 

people to external stimulus (TSV=0 in any space). User’s thermal neutrality was achieved when 748 

all face points had the same temperature (TSK ~35ºC). Statistically, 31.70% of variance of the 749 

PMVIRT could be predicted by increases of TSK that are strongly correlated with Tnose (95.14%). 750 

Thermal discomfort was given when 19ºC<TIN<20ºC and RH~50% (cold environment), or TIN > 751 

24ºC and RH>54% (warm environment).  752 

 A Pearson’s correlation analysis revealed that physical and physiological features were not 753 

significantly related to fluctuations of PMV from IRT model (0.88 to 6.40%), except the gender. 754 

Older women could be more sensitive to a cold environment in the Mediterranean Climate.  755 

 The distribution of the human heat losses was similar for all spaces (35-39% radiation; 20-32% 756 

convection; respiration 11-21%). Furthermore, the convective and radiative heat transfer 757 
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coefficients were in line with previous researches, which confirmed the reliability of the developed 758 

numerical model.  759 

 In terms of applicability, the HVAC control strategy based on the IRT model allows to enhance 760 

the living quality of elderly people with a reduced cost of sensor network and to update the BMS 761 

system with frequency in an easier way. In medical terms, the information of the IRT model could 762 

be useful to know the thermoregulation responses of the patients without mobility, with 763 

cardiovascular or degenerative diseases (i.e. stroke, brain tumour, Alzheimer, multiple sclerosis) 764 

who can’t communicate his/her wishes.  765 

 766 

Future steps of the research should include the determination of the combined standard uncertainty 767 

associated to the measuring equipment and the assessment of the role of each parameter in the total accuracy 768 

of the PMVIRT. Besides this, it could be interesting to evaluate a greater population sample to determine if 769 

the body thermal responses during heat and cold stimulus depend on the gender. 770 
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