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Population ageing, extreme weather, and high energy costs are the current and future global scenarios. The present study analyses
the factors affecting the thermal comfort of older adults and evaluates their thermal perceptions and preferences in nursing homes
in a Continental Mediterranean climate during winter, through environmental measurements and surveys on site. The sample
consists of 1065 occupants. Results of this study revealed that the neutral temperature of older adults in nursing homes in cold
winter climates is 24.9°C, 2.3°C higher than what PMV predicts. Results also highlight that older adults feel more comfortable
in those spaces with higher CO2 concentrations than recommended by regulation. The analysis of factors affecting thermal
comfort revealed that the most relevant factors affecting the thermal comfort of older adults in cold winter climates are (i) the
type of room, which indirectly implies the metabolic rate of the occupants, the type of ventilation, and the CO2 level; (ii) the
occupancy density; and (iii) the relative humidity of the room. These results will help to develop more accurate thermal
comfort and indoor environmental quality regulations for older people that improve their health and quality of life. The
modification of temperature setpoints in nursing homes based on the results of this study could influence energy use and
should be carefully considered by policy makers and facility managers.

1. Introduction

The European Union faces the challenge of being climate-
neutral by 2050 [1]. In this transition, two main issues must
be considered, the energy inefficiency of buildings and the
need to guarantee the optimal level of comfort for users
despite the increase in extreme weather conditions due to
climate change. According to the Building Performance
Institute Europe [2], 97% of European buildings are energy
inefficient as they were mostly constructed in the period
1960-1970 and not designed under thermal efficient stan-
dards. In fact, the building stock accounts for 40% of
European energy consumption, generating 36% of GHG
emissions [3]. Furthermore, the growing demand for better
thermal comfort and indoor air quality is increasing energy
consumption due to climate change effects and the spread
of heating, ventilation, and air conditioning (HVAC) sys-

tems. In general, in developed countries, HVAC is the largest
energy end-use [4, 5]. In the European Mediterranean coun-
tries, the main use of energy by the residential sector is for
heating (59.6% of the final energy consumption), followed
by water heating. A total of 27% of this final energy con-
sumption is provided by natural gas while 20% is provided
by oil and petroleum products [6].

Buildings devoted to older people are in the spotlight as
people over 65 years old are expected to triple by 2050
worldwide, and in Spain, they would represent 34.6% of
the population by 2066 [7]. As older people spend more time
indoors than other population groups [8, 9], this trend
includes a greater demand for assisted living and residential
facilities considering their indoor environmental quality [10,
11]. According to the World Health Organization, climate-
related diseases cause more than 150,000 deaths each year,
and those most at risk are children, older people, and the
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socially isolated [12]. Previous studies have identified an
increase in mortality associated with both hot and cold
weather [13–16].

Older adults are vulnerable to extreme temperature
events, both hot and cold, due to physiological changes in
their body. These circumstances affect both their thermoreg-
ulatory capacity and their ability to detect changes in body
temperature [17–19]. Besides, their susceptibility is higher
when suffering from preexisting medical conditions [20].

Older people are very sensitive to buildings’ indoor envi-
ronmental conditions. Air pollutants have major effects on
their health, due to their reduced defence and multiple
chronic diseases [21–29]. Low ventilation rates and con-
gested conditions raise the quantities of CO2 and bioeffluent,
which may include bacteria, gases, odours, particulate mat-
ter, and viruses [27, 30]. Several studies have identified
effects on health related to indoor low relative humidity
[31–33] and high relative humidity [34–37].

Some studies have found an association between thermal
comfort and cardiac mortality [38–40] and other morbidities
such as arthritis, influenza, pneumonia, and asthma [34],
which are exacerbated by living in cold conditions [9, 10].
Therefore, improving buildings’ indoor environment could
decrease the worsening of their chronic pathologies and
improve their health and well-being [11, 41].

Recently, few studies have focused on thermal comfort in
older people [42] due to differences with other age groups’
thermal perceptions and needs [43, 44]. Many of them
concluded that older adults were more tolerant to thermal
environment changes than younger adults [42, 45], that their
thermal comfort zones were wider than estimated by inter-
national standards [46, 47], and that they were more vulner-
able to cold environments [45]. The few existing studies that
assessed the factors affecting thermal comfort in older adults
found that apart from the indoor thermal conditions, the cli-
matic region is the most relevant factor affecting thermal
comfort [48–50]. Therefore, the investigations focused on
thermal comfort field studies of older people in diverse cli-
matic zones [49, 51–53]. Mendes et al. [27] and Serrano-
Jim et al. [37] were the only researchers that assessed the
incidence of the concentration of CO2 and other pollutants
on thermal comfort in buildings for older adults in a Medi-
terranean climate.

During the heating season, the required indoor tempera-
ture and the longer heating periods in nursing homes sug-
gest that the energy consumption is higher than in other
buildings [54]. However, limited studies and insufficient evi-
dence to support this assumption suggest a need to analyse
the factors affecting thermal comfort for this population
group, considering that the modification of setpoint temper-
atures and forced ventilation requirements will bring impor-
tant changes in energy consumption.

The literature review revealed that there is a lack of stud-
ies on the thermal comfort of older adults for the Continen-
tal Mediterranean climate, as well as on the relationship
between thermal comfort and indoor air quality in this
climate. Considering the influence of the climate and the
inexistence of studies on thermal comfort in older adults in
the Continental Mediterranean climate, the novelties of the

present study are as follows: (a) determine the thermal com-
fort conditions for older people under the Continental Med-
iterranean climate, (b) evaluate the applicability of the PMV
model for older people under the Continental Mediterra-
nean climate, and (c) identify the main variables of indoor
air quality that influence thermal comfort in nursing homes
during the heating season for the cold winter in the Conti-
nental Mediterranean climate. The findings of this study
may help regulatory bodies develop standards for operating
buildings occupied by older people, such as nursing homes,
as well as establish good practices in the development of
the daily activities of older people in nursing homes.

The methodology used in this study is explained in
Section 2. The results and their discussion are detailed in
Section 3. In Section 4, the limitations of the study along
with suggestions for future research are described. Finally,
the conclusions are presented in Section 5.

2. Methodology

The methodology devised to analyse the factors affecting the
thermal comfort of older adults and evaluate their thermal
perceptions and preferences in heated environments in the
Continental Mediterranean climate consists of four steps,
as indicated in Figure 1.

2.1. Case Study Location and Climatic Conditions. The
selected case studies are five nursing homes located in the
Madrid region in Spain: Las Rozas (LR), El Viso (EV), La
Moraleja (LM), Alameda (AL), and Colmenar Viejo (CV),
and are depicted in Figure 2. People over 65 years of age in
the region account for 17.5% of the total population [55].
All selected nursing homes had a traditional brick façade
air chamber and sliding double glazing windows and were
built after 2000 except for LR that was built in 1988. All
selected nursing homes have a similar resident capacity
(around 120). Except for LM which has a variable refrigerant
volume (VRV) HVAC system, the rest are heated by a two-
pipe air-water system with fan coils. All common rooms in
the selected nursing homes are operated similarly: heating
is switched on from 8 : 00 to 21 : 00 during the winter while
windows are operated manually by the caregivers. For venti-
lation, EV, AL, and LM incorporate air recovery systems
installed in the roof, while LZ and CV are only ventilated
naturally by opening windows.

The Community of Madrid is in the central part of Spain
(40°26′N 3°41′W), at 667m above sea level. Its climate cor-
responds to Continental Mediterranean (Csa) (cold winters
and hot, dry summers) according to the Köppen-Geiger
climate classification [56]. The Continental Mediterranean
climate is characterised by very hot and cold situations.
The summer is characterised by a low average relative
humidity of 37%, an average temperature of 32.8°C, and
maximums exceeding 35°C. In contrast, the winter presents
moderately high humidity that reaches maximums of 71%,
average minimum temperature of 2.7°C, and minimums
below -2°C. The daily thermal oscillation presents ampli-
tudes of up to 16°C in the summer and around 6.9°C during
winter. The experimental campaign was carried out under
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the cold winter characteristic of the Continental Mediterra-
nean climate.

2.2. Experimental Campaign. The experimental campaign
was carried out from October 2021 to February 2022 in the
common areas (living room, therapy room, dining room,
gym, and physiotherapy room) of the five selected nursing
homes. Each room was monitored between three and five
times considering different indoor/outdoor conditions and
occupancy characteristics. Considering that each nursing
home has different common areas, 52 measuring points were
obtained and analysed. The in situ measurements consist of
field measurement of environmental parameters and field
thermal comfort survey. Both field environmental measure-
ments and surveys were performed simultaneously in the
selected rooms, between 10 : 00 and 18 : 00, considering that
most occupancy and activities were conducted at such time
band while heating systems were turned on.

Figure 3 illustrates the daily outdoor temperature
recorded during the experimental campaign. It is important
to mention that the data was obtained from meteorological
stations in close proximity to the nursing homes [57]. The
depicted data represents the average conditions across all
the nursing homes, considering the minor variations arising
from their proximity to each other.

2.2.1. Field Measurement of Environmental Parameters. The
monitored indoor environmental parameters were air tem-
perature (Ta), relative humidity (RH), mean radiant temper-
ature (Tr), air velocity (Va), and CO2. These parameters were
measured with a portable Delta OhmHD32.2. The equipment
was placed at a maximum height of 1.1m from the floor level,
more than one meter away from the walls, windows, and air-
conditioning systems according to ASHRAE 55 (American
National Standards Institute [58], ISO 7730 [59] and ISO
7726 [60]. Table 1 presents the equipment specifications. After
10 minutes of equipment stabilization, measurements were
recorded every 15 seconds for periods between 15 and

60 minutes, depending on the occupancy and activity of
each room.

The operative temperature (Top) was calculated follow-
ing Equation (1) [60]:

Top =
Ta + Tr

2
, 1

where Ta is the air temperature and Tr is the mean radi-
ant temperature measured by the equipment and calculated
according to the ISO 7726 standard [60] (see Equation (2)).

Tr = Tg + 273 4 + 2 5 · 108 · V0 6
a · Tg − Ta

1/4 − 273, 2

where Tg is the globe temperature, Va is the air speed,
and Ta is the air temperature measured by the equipment.

Additionally, outdoor environmental variables like the
mean daily outdoor air temperature (Tout) and relative
humidity (RHout) data were collected from the weather sta-
tions closest to each nursing home during the experimental
campaign.

2.2.2. Field Thermal Comfort Survey. A questionnaire survey
was performed simultaneously with the environmental mea-
surements in each room, to determine the thermal percep-
tion of occupants.

The questionnaire included three simple questions: (1)
thermal sensation vote (TSV), based on the ASHRAE
seven-point scale (-3: cold, -2: cool, -1: slightly cool, 0:
neutral, +1: slightly warm, +2: warm, and +3: hot) [58]; (2)
thermal preference (TP), based on a three-point scale (-1:
cooler, 0: without change, and +1: warmer); and (3) thermal
acceptability (TA) by a two-option question (1: acceptable
and 0: unacceptable).

The personal variables were collected by observation,
such as gender, clothing insulation (Icl), and metabolic rate
(M), based on ISO 7730 [59] and ASHRAE 55 [58]. The
total clothing insulation of each participant’s outfit was
calculated by summing the insulation ratings of all of their
individual clothes, according to ISO 7730 [59]. Additionally,
the impact of the wheelchair or chair on the insulation of the
clothes was taken into account (Table 2). Based on the rou-
tine activities of older adults, the metabolic rate was deter-
mined according to ISO 7730 [59] (Table 3).

2.3. Statistical Data Analysis. Statistical data analysis was
conducted using the software IBM SPSS 22. The factors that
will be taken into account to determine their impact on the
thermal comfort of older adults are the gender, clothing
insulation, type of room, metabolic rate, indoor air quality,
and level of occupancy. The analysis of the influence of these
variables on thermal comfort was performed using Pearson
and Spearman correlation tests and linear regression models,
with the significance of 5% (p < 0 05). The Spearman
correlation test was used when data was aggregated by
ranks and when one of the variables had an underlying
ordering, while, to identify the thermal comfort perception
differences between the different occupants, a chi-square
test was performed.

1
Definition of case studies location and 

climatic conditions

2

Experimental campaign:
(i) Field measurement of 

environmental parameters
(ii) Field thermal comfort survey

3 Statistical data analysis

4 Results and discussion

Figure 1: Research methodology.
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3. Results and Discussion

3.1. Monitored Parameters during the Experimental Campaign.
A summary of the mean monitored indoor environmental

quality parameters during the field study in each room is pre-
sented in Tables 4 and 5.

Regarding indoor environment conditions, the CO2
ranged between 425.66 ppm and 1388.70 ppm with an aver-
age of 672.48 ppm. In some cases, those levels exceed the rec-
ommended limits by the National Spanish regulations
(900 ppm) [61] and European Standards (1000 ppm) [62,
63]. The air temperature (Ta) was 23.2

°C, the operative tem-
perature (Top) was 22.9

°C, the relative humidity (RH) was
30.02%, and the air velocity (Va) was around 0.01m/s. The
indoor temperature complies with the recommendations of
Spanish regulation [61] and the ASHRAE 55 standard [58]
to be between 21°C-23°C and 20°C-23.5°C, respectively.
The relative humidity did not meet the minimum recom-
mended level by Spanish Regulations [61] (40%-50%) and
was in the limit for the ASHRAE 55 recommendations
(30%-60%) [58].

The outdoor temperature (Tout) ranged between 2.5°C
and 14.8°C with an average of 7.81°C, and the outdoor
relative humidity (RHout) ranged between 41% and 71.41%
with an average of 60.52%, a typical outdoor condition of a
Continental Mediterranean climate in winter. Additionally,
the mean TSV ranged from -1.57 to 0.43 with an average
of -0.28, indicating that mostly, occupants felt colder
than hotter.

Nursing homes

0 10 20 km

N

Municipalities assessed
Madrid municipalities
Community of madrid

Figure 2: Location of the nursing homes selected as case studies.
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Figure 3: Daily outdoor temperature conditions during the
experimental campaign.
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The measured environment conditions evidence that,
sometimes, older people’s health could be at risk due to
low temperatures, low relative humidity, and high levels of
CO2 concentration. Some studies found similar results [27,
37] and recommend regulating ventilation, thermal insula-
tion, and comfort range to improve environmental condi-
tions, especially in winter.

3.2. Analysis of the Thermal Comfort of the Elderly in the
Selected Nursing Homes. A total of 1065 occupants were sur-
veyed during the experimental campaign. Of those, 78%
were women, with an average age of 75 years old. During
the experimental campaign, 78.3% of occupants had a neu-
tral thermal sensation (TSV = 0).

Regarding thermal preference (TP), 81.2% of occupants
stated they would “not change” the thermal environment.
Even though 19% of occupants would prefer it to be warmer,
88% of them stated that the thermal environment was
acceptable (TA). These results demonstrated that clothing
adaptation is the most used thermal adaptive method in
nursing homes, which leads to a high level of thermal
acceptability. Figure 4 presents the thermal perception
(TSV, TP, and TA) of the occupants.

A linear regression model was developed to obtain the
neutral temperature (Tn) as a function of the mean thermal
sensation vote (MTSV) and the operative temperature (Top)
which was 0.5°C based on the data similar to what most
authors suggest [64–68] Figure 5:

MTSV = 0 151Top − 3 76 R2 = 0 75 3

The neutral temperature is obtained when the MTSV = 0,
while the thermal comfort zone is considered within the inter-
val of TSV = −1 to 1 [45, 52, 69–73], and more than 80% of
occupants were satisfied with the thermal environment in this
study as per ASHRAE Standard 55 requirements (American
National Standards Institute [58]. Therefore, the neutral tem-
perature (Tn) was found to be 24.9

°C, and the thermal comfort
zone was found between 18.3°C and 26.3°C.

The results of this study show differences from similar
studies conducted in different locations and climatic zones,
which highlights the need to conduct specific studies
adapted to the climatic zone and the building user typol-
ogy. Generally, in warmer climates, the temperature ranges
of thermal comfort zones are higher than those in cold
climates [32, 49, 52, 74–76].

These variations in thermal comfort can be attributed to
a combination of factors such as outdoor climate, cultural
variables, activities performed in different rooms, and the
adaptation and tolerance of each study case. Frontczak and
Wargocki [77], Manu et al. [78], Soebarto et al. [20], Forcada
et al. [49], and Baquero et al. [79] have emphasized the need
to develop location-specific thermal comfort assessments

Table 1: Equipment specifications for indoor environmental
measurement.

Variable Probe Tolerance Accuracy

Tg (°C) TP3276.2 10°C to 100°C ±0.2°C
Ta (

°C) HP3201.2 30°C to 60°C ±0.5°C
RH (%) HP3201.2 20% to 80% ±3%
Va (m/s) AP3203.2 0m/s to 5m/s ±0.05m/s

CO2 (ppm) NDIR 0 ppm to 5000 ppm ±50 ppm
Tg: globe temperature; Ta: dry air temperature; RH: relative indoor
humidity; Va: air speed; CO2: carbon dioxide.

Table 2: Thermal insulation for garments.

Level of clothing Clo

Overall

Long-sleeve shirt 0.25

Short-sleeve shirt 0.15

Long-sleeve knit sport shirt 0.2

Short-sleeve knit sport shirt 0.09

Long-sleeve (thin) 0.2

Long-sleeve (thick) 0.28

Jacket 0.35

Long trousers/thick skirt 0.25

Short trousers/thin skirt 0.06

Shoes

Closed shoes 0.04

Sleepers 0.02

Sandals 0.01

Boot 0.1

Underwear

With T-shirt 0.12

Without T-shirt 0.03

Socks

With socks 0.03

Without socks 0

Accessories

Kerchief 0.05

Scarf 0.08

Cap 0.05

Type of chair

Normal chair 0.1

Wheelchair 0.12

Sofa 0.15

Table 3: Metabolic rate of usual activities of older adults.

Activity Met

Sport activity group 1.6

Lower activity group 1.4

Walking 1.4

Seated: bike 1.4

Individual treatment 1.2

Seated: table games/drawing 1.2

Seated: TV 1
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Table 4: Room characteristics, indoor thermal variables (Ta, Top, Va, RH), indoor air quality variable (CO2), thermal comfort perception of
the occupants (TSV), clothing insulation (Icl), metabolic rate (M), and outdoor conditions (Tout, RHout) of the experimental campaign.

Case
ID

Room &
ventilation type

Occupancy
(pers)

Area
(m2)

Occ. dens.
(m2/pers)

Top
(°C)

Ta
(°C)

Va
(m/s)

RH
(%)

CO2
(ppm)

TSV
Tout
(°C)

RHout
(%)

Icl
(clo)

M
(met)

Las Rozas

LR 1 LV (N) 25 125.5 5.02 24.07 24.02 0.015 29.25 448.55 -0.077 14.8 51 1.15 1.043

LR 2 Gym (N) 17 89.2 5.25 23.47 23.48 0.002 35.53 729.39 -0.083 14.8 51 0.914 1.057

LR 3 DR (N) 48 81.5 1.70 24.93 25.15 0.007 35.72 813.35 0.065 14.8 51 1 1.059

LR 4 DR (N) 30 81.5 2.72 25.21 25.47 0.006 34.22 805.57 -0.333 14.8 51 1.044 1.054

LR 5 LV (N) 19 125.5 6.61 23.78 23.92 0.01 26.33 578.61 -0.3 9 51 0.905 1.036

LR 6 Gym (N) 12 89.2 7.43 23.03 22.78 0.001 30.02 669.00 -0.2 9 51 0.884 1.05

LR 7 DR (N) 48 81.5 1.70 24.53 24.87 0 28.52 646.31 -0.046 9 51 0.888 1.072

LR 8 DR (N) 30 81.5 2.72 24.12 24.54 0 27.76 740.26 -0.046 9 51 0.919 1.072

LR 9 LV (N) 18 125.5 6.97 23.86 24.08 0 25.1 541.51 -0.091 6.37 58.13 1.068 1.092

LR
10

Gym (N) 14 89.2 6.37 23.51 23.30 0 29.74 595.64 -0.1 6.37 58.13 1.04 1.073

LR
11

DR (N) 40 81.5 2.04 24.04 24.54 0.02 24.62 696.84 0.061 6.37 58.13 0.948 1.056

LR
12

DR (N) 29 81.5 2.81 24.35 24.90 0.01 25.6 843.84 -0.061 6.37 58.13 0.934 1.082

La Moraleja

LM 1 Gym (F) 20 172.5 8.63 22.26 22.29 0.002 32.03 623.82 -0.333 7.13 71.41 1.277 1.1

LM 2 OT (F) 20 102 5.10 22.59 22.62 0.003 33.24 812.84 -0.923 7.13 71.41 1.277 1.08

LM 3 DR (F) 28 167.6 5.99 21.91 21.63 0.011 39.56 844.56 -0.679 7.13 71.41 1.124 1.04

LM 4 LV (N) 16 56.7 3.54 21.76 22.00 0.002 36.16 670.29 -0.571 7.13 71.41 1.11 1.075

LM 5 LV (O) 27 56.7 2.10 21.42 21.47 0 28.01 587.1 -0.333 4.97 67.43 1.27 1.14

LM 6 OT (O) 8 102 12.75 21.64 21.62 0 23.55 493.31 -1.571 4.97 67.43 1.289 1.175

LM 7 DR (F) 43 167.6 3.90 22.23 22.48 0 36.12 729.79 -0.185 4.97 67.43 1.23 1.129

LM 8 LV (O) 11 56.7 5.15 21.41 21.50 0 27.60 574.03 -0.333 4.97 67.43 1.25 1.123

LM 9 Gym (F) 25 172.5 6.90 22.79 22.88 0 31.60 565.90 -1.071 10.52 66.16 1.389 1.125

LM
10

OT (F) 14 102 7.29 22.32 22.36 0.009 34.19 753.35 -0.818 10.52 66.16 1.273 1.123

LM
11

LV (F) 19 156.4 8.23 21.98 22.19 0.001 37.52 766.86 -0.154 10.52 66.16 1.216 1.138

LM
12

DR (F) 49 167.6 3.42 22.98 23.24 0.004 44.56 747.13 -0.467 10.52 66.16 1.127 1.082

LM
13

LV (N) 20 56.7 2.84 22.54 23.02 0.001 39.50 827.12 -0.267 10.52 66.16 1.182 1.094

El Viso

EV 1 LV (O) 14 124.6 8.90 23.81 24.02 0.001 31.32 516.2 -0.375 13.8 41 1.232 1.12

EV 2 Gym (O) 13 47 3.62 22.22 22.27 0.005 35.58 631.56 0.25 13.8 41 0.971 1.213

EV 3 OT (F) 8 35 4.38 22.24 22.35 0.001 37.74 941.32 0 13.8 41 0.925 1.109

EV 4 OT (F) 9 35 3.89 22.56 22.57 0 42.02 1388.7 0 13.8 41 0.897 1.1

EV 5 DR (F) 12 54.3 4.53 22.21 22.43 0.008 42.35 565.16 -0.1 13.8 41 1.035 1.1

EV 6 LV (F) 6 124.6 20.77 21.94 22.05 0 22.62 425.66 -0.546 4.5 67.6 1.123 1.067

EV 7 LV (F) 12 124.6 10.38 24.78 24.78 0.002 20.72 551.75 -0.6 4.5 67.6 1.123 1.067
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and models to account for these differences. Therefore, under-
standing these factors and developing location-specific ther-
mal comfort models can help improve indoor environments
and promote thermal comfort for older adults in different
climatic zones.

The broad thermal comfort zone within nursing homes
allows accepting broader ranges of comfort temperatures
with the consequent reduction of heating prevalence and
energy consumption. However, indoor temperatures higher
than 26°C are associated with an increase in respiratory dis-
tress, emergencies, and significant aggravation of dementia
symptoms, some of the most common morbidities in older

people [80], while temperatures below 18°C increase blood
pressure and cardiovascular disease risk (Public Health
England, 2017). Collins et al. [81] also found that an indoor
temperature under 15°C affected the cardiovascular system
in older people. Therefore, not only should subjective com-
fort temperatures be used to determine setpoint tempera-
tures of occupied rooms but the impact of these thermal
comfort ranges on health should also be assessed.

3.3. Comparison of the Field Thermal Comfort and the
Existing Thermal Comfort Models. The predicted mean vote
(PMV) model developed by Fanger in the late 1960s is the

Table 4: Continued.

Case
ID

Room &
ventilation type

Occupancy
(pers)

Area
(m2)

Occ. dens.
(m2/pers)

Top
(°C)

Ta
(°C)

Va
(m/s)

RH
(%)

CO2
(ppm)

TSV
Tout
(°C)

RHout
(%)

Icl
(clo)

M
(met)

Colmenar Viejo

CV 1 Gym (F) 14 47.14 3.37 22.14 22.20 0.002 35.22 810.89 0.167 6.11 59.95 0.813 1.333

CV 2 LV (F) 25 103.7 4.15 22.07 22.43 0.05 21.42 489.05 -0.333 4.8 59.38 1.029 1.071

CV 3 OT (F) 32 97.5 3.05 22.79 22.96 0.02 23.25 664.96 0 4.8 59.38 0.97 1.096

CV 4 LV (F) 28 103.7 3.70 26.27 25.44 0.03 20.05 516.75 0 4.8 59.38 1.067 1.123

CV 5 LV (F) 25 103.7 4.15 22.32 22.59 0 25.32 485.78 -0.091 3.42 70.33 1.086 1.092

CV 6 OT (F) 7 97.5 13.93 22.96 22.92 0.01 25.71 548.66 0 3.42 70.33 1.034 1.035

CV 7 OT (F) 23 97.5 4.24 23.64 23.88 0 26.02 704.59 -0.063 3.42 70.33 1.053 1.037

CV 8 LV (F) 15 103.7 6.91 23.73 24.03 0.05 22.43 506.2 -0.125 3.42 70.33 1.052 1.14

Alameda

AL 1 Gym (F) 12 61 5.08 24.07 24.13 0.009 27.35 510.22 0.429 8.03 61.2 0.93 1.32

AL 2 OT (F) 30 65.4 2.18 23.43 23.51 0.013 28.67 888.46 -0.08 8.0 61.2 1.03 1.024

AL 3 DR (F) 31 81.1 2.62 23.83 24.10 0.003 30.81 634.04 -0.167 8.0 61.2 1.134 1.111

AL 4 OT (F) 28 65.4 2.34 23.67 23.84 0.012 28.77 503.72 -0.053 8.0 61.2 1.114 1.084

AL 5 Gym (F) 10 61 6.10 18.63 18.58 0.01 23.46 524.51 -0.75 2.47 62.29 1.29 1.291

AL 6 OT (F) 20 65.4 3.27 19.19 19.35 0 25.44 670.16 -0.158 2.47 62.29 1.217 1.05

AL 7 DR (F) 22 81 3.68 23.03 23.44 0 29.14 871.68 0.16 2.47 62.29 1.193 1.143

AL 8 OT (F) 25 65.4 2.62 22.48 22.66 0 22.84 727.86 0.308 2.47 62.29 1.035 1.114

AL 9 Gym (F) 11 61 5.55 22.5 22.83 0.01 25.68 553.72 -0.9 7.53 66.7 1.182 1.08

AL
10

OT (F) 22 65.4 2.97 23.13 23.31 0.01 27.75 709.52 -1.571 7.53 66.7 1.015 1.113

AL
11

DR (F) 23 81 3.52 23.13 23.50 0.01 31.39 747.61 0.091 7.53 66.7 1.02 1.035

AL
12

OT (F) 36 126.4 3.51 24.51 24.78 0 31.94 775.36 -0.95 7.53 66.7 1.008 1.03

OT: occupational therapy room; DR: dining room; LV: living room; F: forced; N: natural; O: off; LR: Las Rozas; EV: El Viso; AL: Alameda; CV: Colmenar
Viejo; Occ: occupancy; RH: indoor relative humidity; Va: air speed; CO2: carbon dioxide; Tout: outdoor dry temperature; RHout: outdoor relative humidity;
Top: operative temperature; TSV: thermal sensation vote; met: metabolic rate; clo: level of clothing (including chairs).

Table 5: Minimum, maximum, average, and deviation of the monitored variables.

Occ.
(pers)

Area
(m2)

Occ. dens.
(m2/pers)

Top
(°C)

Ta
(°C)

Va
(m/s)

RH
(%)

CO2
(ppm)

TSV
Tout
(°C)

RHout
(%)

Icl
(clo)

M
(met)

Min 6.00 35.00 1.70 18.63 18.58 0.00 20.05 425.66 -1.57 2.47 41.00 0.81 1.02

Max 49.00 172.50 20.77 26.27 25.47 0.05 44.56 1388.70 0.43 14.80 71.41 1.39 1.33

Average 21.98 93.25 5.20 22.96 23.21 0.01 30.02 672.48 -0.28 7.81 60.52 1.08 1.10

Deviation 10.82 36.31 3.43 1.33 1.29 0.01 5.99 164.02 0.42 3.71 9.00 0.13 0.07
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most used worldwide for assessing indoor thermal comfort
(Equation 4). The suitability of the PMVmodel was analysed
for older people in Continental Mediterranean climate
heated indoor environments by a linear regression model
comparing MTSV (Equation (3)) and PMV (Equation 4)
on Top (Equation (1)), depicted in Figure 6. A big difference
of around 2.3°C is found between neutral temperatures,

which would be lower in the PMV model (22.6°C) than
obtained in the experimental campaign (24.9°C). Thus,
based on this experimental campaign, the PMV model
cannot predict correctly the thermal comfort of the older
people.

PMV = 0 168Top − 3 79, R2 = 0 87 4

These results agree with other similar studies that com-
pared the thermal comfort of older people with the PMV
model and found that older adults have lower thermal sensa-
tion than predicted by the current thermal comfort model in
winter and found it unsuitable for older adults in heated
environments [9, 45, 73, 75]. For example, Jin et al. [32]
found that the neutral temperature predicted by PMV was
2.7°C lower than the actual TSV in nursing homes in Scot-
land (Cfb climate) in winter.

Some authors stated that the most underestimated fac-
tor in the PMV model might be the metabolic rate that is
usually assumed and not measured, due to the low physi-
cal activity levels of older adults [9, 82] and physiological
changes that affect their metabolism apart from cases of
people taking certain medications for chronic diseases that
may affect them [43]. On the other hand, some attempts
to correct the PMV model to adapt it to older people have
been assessed [9], but no common model has already been
accepted.
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18 19 20 21 22 23 24 25 26 27

Top = 24.9°C

MTSV = 0.151 · Top – 3.76 (R2 = 0.75)

–1.5

–1

–0.5

0

M
ea

n 
th

er
m

al
 se

ns
at

io
n 

vo
te

0.5

Operative temperature (ºC)

Figure 5: Linear regression between mean thermal sensation vote
(MTSV) and operative temperature (Top).

8 Indoor Air



3.4. Factors Affecting the Thermal Comfort of Elder People in
Nursing Homes. Apart from the recognised factors affecting
the thermal comfort of elderly people such as age and health
conditions, the influence of indoor and outdoor environ-
mental conditions and the impact of personal characteristics
are analysed to determine good practices to improve the
thermal comfort of this population group.

To evaluate the influence of gender in thermal comfort, the
chi-square test highlighted significant differences (p < 0 05) in
TSV between men and women. 72% of women and 82.5 % of
men felt the environment as “neutral,” while women had a
warmer (6%) and cooler (17%) thermal sensation than men.
Mean values are elucidated in Table 6.

On the other hand, significant differences were found
between gender and clothing insulation (clo). In the ana-
lysed nursing homes, men wore more clothes than women
(Table 6). However, no differences between genders were
found for the metabolic rate (met) and thermal sensation
vote (TSV).

In fact, gender plays a role in perceiving the thermal
environment. In general, females are more sensitive to cold
conditions than males and frequently prefer higher temper-
atures [44]. However, thermal comfort differences in gender
can also be a consequence of some physiological variations
such as sweating, hydration levels, and cardiovascular
diseases [19].

To evaluate the relation between metabolic rate and
clothing insulation, a Pearson test was used. A significant
correlation was found between both parameters because
when doing programmed activities such as in a gymnasium,
caregivers help residents adjust their level of clothing
according to the activity they perform [65]. Clothing insula-
tion (Icl) was found to decrease with increasing metabolic
rate (M), according to regression studies conducted on the
two variables (Icl = −0 383 ·M + 1 507, R2 = 0 682).

Moreover, clothing insulation (Icl) was also found to be
significantly correlated (p < 0 05) with operative tempera-
ture (Top). When the operative temperature rises, occupants
reduce their level of clothing, according to the regression
studies performed (Icl = −0 045 · Top + 2 167, R2 = 0 639).

Besides, further analysis confirmed that the thermal sen-
sation vote (TSV) had a significant relation with the CO2
levels, as observed in Figure 7.

This result highlights the influence of the indoor air
quality (IEQ) of the room on the thermal comfort of the
occupants. The surveyed older adults tend to feel more ther-
mally comfortable (TSV = 0) in rooms where the CO2 levels
are higher.

As expected, the CO2 level has a significant correlation
with the occupation density (r = −0 408, p < 0 01), as stated
by authors such as Meyn et al. [83], Mendes et al. [27],
and Serrano-Jiménez et al. [37]. Moreover, a significant rela-
tion (p < 0 05) was found between CO2 levels and indoor
environmental (Va and RH) and outdoor environmental
parameters (Tout and RHout).
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Figure 6: Comparison between predicted mean vote (PMV) and
mean thermal sensation vote (MTSV) related to operative
temperature (Top).

Table 6: Metabolic rate (met), clothing insulation (clo), and
thermal sensation vote by gender.

Gender Parameter
Metabolic
rate (met)

Clothing
insulation

(clo)

Thermal
sensation

vote

Women

Mean 1.04 1.08 -0.12

SD 0.12 0.32 0.95

Min 0.8 0.43 -3

Max 1.6 2.17 3

Men

Mean 1.04 1.14 -0.18

SD 0.11 0.23 0.79

Min 0.8 0.57 -3

Max 1.4 1.69 3

<600 600–800 800–1000 >1000

Carbon dioxide (ppm)

–1.6

–1.4

–1.2

–1

–0.8

–0.6

–0.4

–0.2

0
Th

er
m

al
 se

ns
at

io
n 

vo
te

0.2

0.4

Figure 7: Boxplot of mean thermal sensation vote (MTSV) by IAQ
category.
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The analysis by nursing home and by type of room
revealed that both the thermal comfort (TSV) and the IAQ
(CO2 level) were not affected by the nursing home but by
the type of room. Table 7 summarizes the mean thermal sen-
sation vote (MTSV) of the residents, the mean CO2 levels,
and the mean metabolic rate (M), split by the type of room.

It is noteworthy that, although the operative temperature
is somewhat static in each nursing home (22.8°C± 0.5°C),
there are significant differences in the thermal perception
of the residents depending on the type of activity performed
in each room. So, even though residents tend to feel colder
rather than warmer, the most thermally neutral sensation
is found in the dining room (DR), the gymnasium (gym),
and the occupational therapy room (OT) (Table 7). These
findings meet a sociological explanation; in this sense, the
thermal perception of occupants may be influenced by fac-
tors such as the fact of being accompanied [84], or other fac-
tors named “forgiveness factors” as pointed by Deuble and
De Dear [85], that broaden the users’ tolerance to thermal
environmental conditions. The dining room (DR) is a space
devoted to eating, which causes a change in their metabolic
rate, as well as provokes the residents to be highly distracted
and, thus, contributes to having a neutral thermal sensation.
Likewise, the activities performed in the occupational
therapy room (OT), such as crosswords or reading, also
strengthen their thermal neutrality sensation. On the con-
trary, spaces such as the living room (LR) tend to present
less monitored activities, thus leading to older people being
more aware of the environment of the room. As a result,
lower thermal sensation vote (TSV) is found in those spaces.
This relation is also explained mainly due to the differences
of the occupation density, the type of activity that occurs in
each typology of the room, and the CO2 levels present in
each room. The occupational therapy room (OT) and the
dining room (DR) have a low occupancy density (5.1m2/
pers and 3.2m2/pers, respectively) in comparison with the
other analysed rooms (6.2m2/pers in average).

In addition, the type of ventilation is also a determinant
factor when determining the IAQ of a room, as observed in
Figure 8. As expected, natural ventilation was found to be less
effective in maintaining an adequate IAQ level compared to
forced ventilation. Moreover, considering the occupancy den-
sity of the different rooms, when forced ventilation is present,
a weak relationship is found between CO2 levels and the occu-
pancy density (r = −0 293, p < 0 01). On the other hand, when
natural ventilation is the main source of fresh air, the relation-
ship ascends to r = −0 554 (p < 0 01), suggesting that forced
ventilation is a more effective system to renew and bring fresh
air to the room. Moreover, the metabolic rate (M) plays an
important role when analysing the levels of CO2 per occu-
pancy density (r = −0 408, p < 0 01). These findings allow

concluding that implementing more monitored activities in
nursing homes, such as those in the occupational therapy
room (OT), will make residents feel more comfortable, also
in terms of thermal comfort.

Finally, a significant positive correlation between CO2
levels and relative humidity (r = 0 533, p < 0 01) was found
in the Pearson test. The humidity in a room is affected by
the number of people present in the space. People release
moisture into the air through breathing and the skin, which
increases humidity levels in a room. However, it is important
to note that the relative humidity in a room is also affected
by other factors such as the ventilation rate or the presence
of moisture-generating activities or appliances.

It can be observed that in some monitored rooms, nei-
ther the indoor relative humidity (RH) nor the CO2 fulfilled
the regulations (the levels of RH were lower while the levels
of CO2 were higher than those recommended). Results also
showed that in certain cases, natural ventilation did not
allow meeting the minimum required air renovation, as
CO2 levels were significantly higher compared to the forced
ventilation system. These conditions can lead to health
threats to older people. Therefore, for rooms, air-handling
units incorporating forced ventilation and humidifiers
should be implemented.

4. Limitations and Further Research

This study contributes to current research in several ways. It
provides insights into the thermal comfort and preferences
of older adults living in nursing homes in a Continental

Table 7: Mean thermal sensation, vote, mean CO2 levels, and mean metabolic rate by type of room.

Dining room Gymnasium Living room Occupational therapy room

Mean thermal sensation vote (MTSV) -0.15 -0.12 -0.75 -0.07

Mean CO2 (ppm) 745.1 621.5 565.7 755.9

Mean metabolic rate (met) 1.08 1.2 1.1 1.09
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Mediterranean climate during winter, since the predictive
models established in the standards are not applicable to this
group of populations. This information is important because
the older population is growing worldwide, and it is crucial to
understand their needs and preferences to improve their qual-
ity of life. The study provides valuable information for policy
makers and nursing home facility managers. The modification
of temperature setpoints based on the study’s results could
influence energy use, and the findings suggest that indoor air
quality must be controlled for older adults to feel more com-
fortable. However, it also presents some limitations and issues
that are beyond the scope of this study, such as the following:

(i) This study, like many others in the field, considers
the metabolic rate values reported in ISO 7730
[59], although physiological changes in older people
affect their normal metabolic rate, so this could
affect the calculation of the predicted mean vote
(PMV) index overestimating the metabolic rate.
Further studies might consider this for a better esti-
mation of PMV in older people

(ii) The on-site survey focused on the thermal comfort
perception of older adults but not on their general
air quality perception. Moreover, indoor air quality
assessment is a complex process involving several
factors that were beyond the scope of this study’s
measurements, such as air pollutants, level of toxic-
ity of building materials, and outdoor air quality.
Further research might include users’ overall per-
ception of air quality as well as measuring the fac-
tors related to indoor air quality. However, this
was not the aim of this study

(iii) Finally, individual factors such as health status, med-
ication use, and activity level can also affect users’
thermal comfort. For example, older adults with
chronic medical conditions or on certain medications
may have a different thermal perception than those
who are healthy and medication-free. In this study,
due to privacy policies, it was not possible to obtain
this information. Further investigation might be con-
ducted to include all possible user variables that were
difficult to measure and control

5. Conclusions

In this study, the factors affecting the thermal comfort of
older adults in a cold winter climate have been analysed.
The study also determined the thermal comfort conditions
and the suitability of the PMV model for older people under
this climate. Five nursing homes located in Madrid (Spain)
were selected as case studies and monitored from October
2021 to February 2022. Simultaneously, field thermal sur-
veys were conducted on 1065 residents. The main findings
are the following:

(i) Results of this study affirmed that climate is one of
the most relevant factors affecting thermal comfort.
For the cold winter climate, the neutral temperature

was found to be 24.9°C and the comfort zone
between 18.3°C and 26.3°C, different from the field
studies in other climates

(ii) The suitability of the predicted mean vote (PMV)
model was analysed for the case of older people in
the monitored cold winter climate. The neutral tem-
perature predicted in the PMV model (22.6°C) dif-
fered 2.3°C from that obtained in the experimental
campaign (24.9°C). These results show that the
PMV model is not suitable for predicting the ther-
mal comfort of older people under this climate

(iii) The results also showed that older adults are ther-
mally more comfortable in rooms with higher CO2
concentrations

(iv) Three factors were found to be the most relevant
affecting the thermal comfort of the older adults:
(a) the type of room, which indirectly implies the
metabolic rate of the occupants, the type of ventila-
tion, and the CO2 level; (b) the occupancy density;
and (c) the relative humidity of the room

Both the broader thermal comfort zone and the better
thermal comfort in spaces with high CO2 in cold winter cli-
mates allow to reduce temperatures in some periods with the
consequent reduction of heating prevalence and energy con-
sumption. However, the impact of indoor environments on
the health of older people should also be considered, and
further analysis considering the limitations of the study in
terms of determining the users’ metabolic rate and the
assessment of the indoor air quality and determining indi-
vidual factors of the residents should be done.

In a world where the number of older people is increasing,
more nursing homes are needed. Considering future extreme
climate scenarios and the need to find energy-efficient models
for thermal conditioning and air renovation, the results of this
studymight lead to accurate indoor thermal comfort and envi-
ronmental quality standards for older people.

The results of this study can help nursing homes’ man-
agers organise and plan the monitored activities and establish
ventilation protocols specifically adapted to the activities car-
ried out in each room to ensure the well-being of older people.

The implementation of the results of this study will con-
tribute to a better quality of life for occupants of nursing
homes and reduce energy consumption and CO2 emissions
due to a reduction of heating. The results of this study carry
significant policy implications for regulatory bodies to develop
standards to operate buildings occupied by older people such
as nursing homes. The adaptation of HVAC design and oper-
ation standards based on these results would not only improve
the occupant’s comfort and well-being but also significantly
reduce the energy consumption of the buildings.
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