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Abstract: The building sector plays an important role in energy performance and energy poverty. Decarbonization policies
aims to reducing the energy consumption of the built environment, especially using HVAC systems better. Some studies have
adopted adaptive thermal comfort models to increase energy savings in winter and summer. However, applying models
based on international standards could overestimate setpoint temperatures. This study therefore assesses the potential
energy savings by using regional models and quantifies variations with the model of ASHRAE 55-2017. A total of 7 countries
and 13 regional models were considered adopting two adaptive strategies: natural ventilation and mixed mode. The results
showed that the applicability of a model is not determinant to assess the possible energy saving. Likewise, cooling demand
was significantly saved by both regional models and the model of ASHRAE 55 in the warmest countries. However, natural
ventilation showed a limited applicability in most countries, with this adaptive strategy being the most applied in warmer
months.
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Acronyms:
AATCM: Application of adaptive thermal comfort model
AC: Air conditioning
CSHD: Cooling saving hourly degrees
GB/T50785: Chinese thermal comfort standard
HSHD: Heating saving hourly degrees
HVAC: Heating, Ventilation and Air-Conditioning
LAL: Lower acceptability limit
LT: Lower applicability threshold of the model
MM: Mixed mode
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1. Introduction

Today's society is concerned about high energy consumption and greenhouse gas emissions (World Wildlife Fund, 2014)
because habitability conditions in the planet are worsened. There are many sectors responsible for this situation, including
construction domain (European Environment Agency, 2018; Stern et al., 2016). The existing built environment has poor
energy performance, leading not only to environmental problems, but also to other negative social impacts, such as energy
poverty (Bouzarovski and Petrova, 2015; Legendre and Ricci, 2015). Most society's energy and decarbonisation policies aim
to reduce the energy consumption of the built environment significantly (European Commission, 2011), with reductions up
to 100%.

For this purpose, building technological improvement is usually the main performance action. It focuses on reducing the
energy consumption from HVAC (Heating, Ventilation and Air-Conditioning), since this system consumes more energy than
other sources, such as electrical household appliances (Golmohamadi et al., 2019) or domestic hot water (Alberti et al.,
2019). HVAC system is used to keep appropriate indoor air temperatures to guarantee users’ thermal comfort. Their high
consumption takes place because of both buildings’ poor energy performance (envelope with poor features and old systems)
and their inappropriate use. In most countries, buildings were erected before the implementation of the first standards on
energy efficiency (Kurtz et al,, 2015; Park and Kim, 2017) and consequently, fagades did not accomplish the minimum
thermal requirements. Therefore, energy saving measures have mainly been focused on adding insulation, enhancing air
tightness, and replacing HVAC systems (de Rubeis et al., 2020; Rodrigues et al., 2019).

However, the renovation of the entire built environment, according to decarbonisation policies, could be a challenging
task. Attia et al. (2017) showed the drawbacks related to the renovation of building infrastructures in the south of Europe,
predominating cooling energy systems. Likewise, rebound effects could reduce the effectiveness of these measures due to
users’ demands (Galvin and Gubernat, 2016). Along thislines, new actions focused on users’ behaviour should be presented.
Several studies have shown the great energy saving potential obtained by occupants’ awareness. Using HVAC systems
appropriately, energy savings and thermal comfort could be achieved without making economic investments (Ghose et al.,
2020). In this sense, policies for the use of HVAC systems such as in Japan can be highlighted. In this sense, at the beginning
of the 21st century, the Japanese government promoted the “Cool biz” campaign for the use of cool clothing in summer and



to be able to have a cooling setpoint temperature of 28 2C (Indraganti et al., 2013). Recently, the energy crisis due to the
Ukraine war has led to the development of energy saving policies based on a more sustainable use of HVAC systems. Along
this line, countries like Spain have established that the minimum set temperature is 27 °C in Summer and 19 °C in Winter
(Pérez-Carramifiana et al., 2023). These measures have allowed to achieve notable energy savings (Monge Palma et al,,
2023), although the thermal comfort of users was not guaranteed. In other words, the implementation of setpoint
temperature values was executed from the perspective of energy savings. Given that the use of the HVAC system attempts
to ensure the thermal comfort of most users, a common methodology should be established toconsider both energy savings
and thermal comfort. In relation to this, adaptive thermal comfort models could be an opportunity.

Recent studies have assessed the possibility of adopting adaptive thermal comfort models to achieve energy savings
(Bienvenido-Huertas et al., 2020a; Sanchez-Garcia et al., 2019a). It should be noted that most thermal comfort models are
based on the static approaches developed by Fanger (1970), where their respective thresholds are always fixed regardless
of outdoor conditions. Moreover, these models were developed in laboratories with the same type of population sample
(specifically young male students, without including vulnerable age groups -elderly people or children- (Tejedor et al,,
2020)). However, the studies by Nicol and Humphreys (1973), Humphreys (1978, 1975), and Dear and Brager (2002, 2001)
showed that users’ thermal expectations could change, particularly if they live in spaces with no HVAC systems. Energy
saving measures could be focused on the modification of setpoint temperatures and adopting natural ventilation (Sdnchez-
Garcia et al., 2019b). Regarding to setpoint temperatures, this strategy consists of configuring the thermostat with the
thermal comfort thresholds of the adaptive thermal comfort model by means the installation of smart monitoring and
control devices for HVAC facilities (Wilson, 2022). As a result, there is a nudge effect in energy demand in comparison with
patterns based on static models (Parkinson et al.,, 2020), and nearly Zero-Energy Building (nZEB) goals could be achieved,
In addition, this type of solution would be in line with the European Green Deal (European Commission, 2019) and the
Renovation Wave (European Commission, 2020). Hence, the use of regional adaptive models could help to increase the
resilience of buildings in front of climate change scenarios. Concerning adaptive natural ventilation, this action decreases
thermal loads in summer by introducing external air within thermal comfort thresholds. In this way, it is possible to
contribute with free energy (Hiyama and Glicksman, 2015; Omrani et al., 2017) and to avoid the overheating risk in airtight
buildings (Heracleous and Michael, 2018).

These aforementioned measures highly depend on outdoor climate conditions. For this reason, their implementation
effectiveness has been widely assessed all over the planet (Bienvenido-Huertas et al., 2022, 2021). Until now, some research
has been carried out considering either the use of the well-known international adaptive comfort models ASHRAE 55 and
EN 16798-1 for the calculation of heating and cooling degree days. Even though the energy saving potential has been
promising, studies could vary when considering the changing character of thermal comfort (Chen et al., 2023; Zhang et al.,
2017). Several countries have executed their regional adaptive thermal comfort models through standards or research
studies (Carlucci et al., 2018). As an example, China has its own adaptive thermal comfort standard, as well as a research
that develops different models of adaptive thermal comfort. So, the number of regional or local adaptive comfort models is
increasing, adapting to specific types of climate and building use. Using models adapted to the characteristics of each country
could impact on the effectiveness of energy saving strategies. However, in the scientific literature, few studies have evaluated
energy savings with the use of regional models of adaptive thermal comfort. Most of the studies are based on the use of
ASHRAE 55 and EN 16798-1. Therefore, there is a knowledge gap about the potential for energy savings with regional
models. Furthermore, existing studies tend to focus on energy savings achieved in case studies (Bienvenido-Huertas et al,,
2020a; Sanchez-Garcia et al., 2019a), with limited consideration of climate. There is also a knowledge gap in the influence
that the climates of a region can have.

The novelty of this research led to the use of these local approaches instead of common adaptive comfort models to
calculate the heating and cooling degree days. Therefore, this study analysed the energy saving potential in 7 countries,
considering the regional models of: Australia, Brazil, China, India, Japan, the Netherlands, and Romania. The countries were
selected based on the level of development of the adaptive thermal comfort model and the clear indication of its
characteristics (model application thresholds, linear correlations, etc.). Two steps were taken: (i) assessment of the energy
saving potential obtained by the regional models of each country; (ii) comparative analysis with ASHRAE 55 and
quantification of the possible variations in the existing studies. Through this analysis, it was possible to address the
knowledge gap of energy savings of the regional models and have a comparison with the most used model in the scientific
literature-ASHRAE 55-.

Based on the information reported above, this paper is structured in four sections. Section 2 describes the methodology,
briefly explaining the adaptive thermal comfort models of the 7 countries as well as how the dataset was generated. Section
3 discusses the results to understand the existing differences among the regional models. Finally, Section 4 stresses the main
contributions.

2. Methodology

2.1. Adaptive thermal comfort models

Thermal comfort models vary upper and lower thermal comfort limits according to the oscillations of the mean outdoor
temperature. Nowadays, there are several models designed according to the standards, as well as certain models drew up
for some regions (Carlucci et al.,, 2018). Also, there are three main types of buildings considered in thermal comfort models:
(i) naturally ventilated, which are those where occupants can only use natural ventilation to achieve thermal comfort, apart
from some other actions such as putting on or taking off clothes, or drinking hot or cold beverages; (ii) air-conditioned,
which are those where occupants usually are only allowed to achieve thermal comfort by using active heating and/or cooling
systems, and adaptation of the occupant is not generally allowed; and (iii) mixed-mode buildings, where natural ventilation
is only used when outdoor temperature is acceptable, otherwise heating or cooling systems are used.



The current research considered the adaptive thermal comfort model of ASHRAE 55 (American Society of Heating
Refrigerating and Air Conditioning Engineers (ASHRAE), 2017), as well as the regional models of Australia, Brazil, China,
India, Japan, the Netherlands, and Romania (Figure 1). The characteristics of these models are reported below.
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Figure 1. Adaptive thermal comfort models analysed in the study.



2.1.1. ASHRAE 55.

ASHRAE 55 includes the international adaptive thermal comfort model. This standard establishes two categories of
acceptability to which various thermal comfort limits are assigned (Figure 1). These limits are established through linear
correlations with a mean daily outdoor temperature (Egs. (1)-(4)), which is known as prevailing mean outdoor temperature
or running mean outdoor temperature (Eq. (5)). In addition, the running mean outdoor temperature is useful to know
whether the model could be applied, as its value should be between 10 and 33.5 °C. In this case, the model could be applied,
and lower and upper limits could be calculated.

Upper limit (80% acc.) = 0.31 " trm(our) + 21.3  [°C]

if 10 < Fyyous) < 335 (1)

Lower limit (80% acc.) = 0.31* trmeour) + 14.3  [°C] @
if 10 < trnour) < 33.5

Upper limit (90% acc.) = 0.31 * tm(our) + 20.3  [°C] 3)
if 10 < trnour) < 33.5

Lower limit (90% acc.) = 0.31* trpmeoury + 15.3  [°C] @
if 10 < trnour) < 33.5
n

trm(out) = (1 - (Z) ' Z(a(i_l) ' Text,d) [OC] (5)
a=1

Where « is the weight assigned in the calculation, with a value of 0.6 or 0.9 according to the latitude.

2.1.2. Australia

Williamson and Daniel (2020) developed a regional adaptive thermal comfort model for Australia. A database with more
than 50,000 instances of case studies was used, visualising the thermal adaptation level of users in residential buildings. The
approach of the model was based on the structure proposed by ASHRAE 55, applying the 80 and 90% categories of
acceptability (Figure 1). Upper and lower thermal comfort limits are considered for each category according to t,mout)-
Regardless of the formulation of the correlation, other differences in comparison with the model of ASHRAE 55 is that the
applicability range of the model as £,,(ous) Should be between 5 and 33.5 °C.

2.1.3. Brazil

Rupp et al. (2018) designed 2 regional models adapted to office buildings in Brazil. Surveys on thermal comfort were
conducted in 3 buildings in Florianépolis (Brazil), obtaining 5,500 surveys that included both natural ventilation (NV) and
air conditioning (AC) modes. As a result, 2 different models were developed for each operational mode. Figure 1 show the
correlations obtained for the upper and lower limits. Furthermore, 2 thresholds were established according to the
percentage of acceptability: 80 and 90%.

2.1.4. China

In this case, 2 thermal comfort models were used (Figure 1): the Chinese thermal comfort standard (GB/T50785) and
the model developed by Yang etal. (2020). GB/T50785 was implemented in 2012 to assess the thermoregulation responses
in Chinese buildings that operate with natural ventilation. Experts from both the China Academy of Building Research and
Chongging University participated in the study (Li et al., 2014). Field data compiled in 14 significant cities in the country
were used, involving all the climate zones of the country. Based on the research, two models were developed according to
the climate zone of China (Figure 1): (i) warm and mild climate zones; and (ii) cold climate zones. Two categories are
established in each model: Category I is related to an acceptability of 90%, and Category Il to an acceptability of 75-90%.
Although the graph of the models is different from that of ASHRAE 55, the upper and lower limits are set through relations
with mean outdoor temperature.

Likewise, Yang et al. (2020) developed an adaptive thermal comfort model that can be used for regions with dry, dry-
hot, and cold climates. For this purpose, surveys were conducted in 10 villages in Turpan (China) between 2011 and 2016.
The obtained dataset contains 282 surveys for winter, 249 for spring, and 516 for summer. These data were used to establish
two comfort thresholds for both 80 and 90 % acceptability according to ;. oue) (Figure 1). £y our) should be between -7
and 30 °Cto apply the model.

2.1.5. India

In the case of India, two regional models were analysed (Figure 1): the models developed by Manu et al. (2016) and the
model proposed by Rawal et al. (2022). In Manu et al. (2016), over 6,000 surveys were conducted in office buildings that
operate with both NV and mixed mode (MM). As a result, two different models were computed for each operational mode.
Comfort limits were established in each model according to the 3 categories of acceptability: 80, 85, and 90%. These models
were accepted by the legislators of the country and were included in the National Building Code of India. This study only
considered 80 and 90 % acceptabilities to compare them with the model of ASHRAE 55. Figure 1 show the correlations
presented for these acceptabilities in each model. Various oscillation ranges were established to apply both models .., ou¢):
between 12.5 and 31 °Cfor NV, and between 13 and 38.5 °Cfor MM.

To address the existing gap related to the thermal comfort of residential buildings in India (previous studies only focused
on office buildings), Rawal et al. (2022) developed one model for this building type (Figure 1). For this purpose, occupants



from 8 cities (Ahmedabad, Bengaluru, Chennai, Delhi, Hyderabad, Kolkata, Mumbai, and Shimla) and5 climate zones were
surveyed. Up to 2,000 answers were obtained, including operational modes of NV and MM. Subsequently, two acceptability
thresholds were adopted with the dataset. Likewise, &, our) Should oscillate between 5.5 and 33 °Cto apply the model.

2.1.6. Japan

Rijal et al. (2019) developed an adaptive thermal comfort model for Japan. The model was developed through 36,144
thermal comfort votes compiled for 4 years in residential buildings in Kanto (Japan). The results allowed to determine
thermal comfort limits for the 80 and 90 % acceptabilities (Figure 1). The mean outdoor temperature should be between 5
and 30 °C.

2.1.7. The Netherlands

The Netherlands, like China, has a national adaptive thermal comfort standard: ISSO 74:2014 (Instituut Voor Studie En
Stimulering Van Onderzoek, 2014). Based on this, two models were established according to the type of building: (i) Alpha
building for samples that operate with NV in summer, and (ii) Beta building for samples whose operation is AC in summer.
The models were characterized by taking data from the smart controls and thermal comfort (SCATs) project (McCartney
and Nicol, 2002). Likewise, the model suggests 4 thermal comfort classes: Class A for buildings where vulnerable people live,
Class B for new buildings, Class C for existing buildings, and Class D for temporary buildings. However, there are 3 classes
because the upper and lower limits of Class A and B are the same. This study considered Class A-B and C given their similarity
to the acceptabilities of ASHRAE 55 (Figure 1): Class A-B with 90% acceptability, and Class C with 80% acceptability. Figure
1 shows the correlations established by the model for the upper and lower thresholds. It is worth stressing that one
characteristic of the thermal comfort limits of the standard is that they vary according to the value of the mean outdoor
temperature. There are therefore horizontal sections and sections with slopes. The applicability range of the model is from
-5to 25 °C.

2.1.8. Romania

There is only one regional model developed by Udrea et al. (2018). This model can be used to establish the thermal
comfort of buildings that operate with NV in the country. For this purpose, surveys were conducted between 2013 and 2014
in Bucharest (Romania). Based on the results, these authors developed the thermal comfort thresholds for 80 and 90 %
acceptabilities (Figure 1). The design of the model is very similar to that of ASHRAE 55, including the fact that the
acceptability of the model (i.e. the value range of t,,(o,¢)) should be between 10 and 33.5 °C.

2.2. Energy saving strategies based on adaptive thermal comfort models

As mentioned in the introduction, energy saving strategies could be focused on applying adaptive thermal comfort
models. ASHRAE 55 and EN 16798-1 (formerly EN 15251) certainly states that adaptive comfort models can only be applied
in naturally ventilated spaces. Richard de Dear and Gail Brager came to this conclusion in 1998, when they developed the
first linear regression adaptive model (de Dear and Brager, 1998), and afterwards the ASHRAE Technical Committee 2.1 in
charge of ASHRAE Standard 55. Nevertheless, Thomas Parkinson re-analysed the ASHRAE 55 adaptive model in 2020 using
the ASHRAE Global Thermal Comfort Database II, a much larger database of thermal comfort surveys (Parkinson et al,,
2020). When indoor temperature was introduced as the independent variable instead of outdoor temperature, a remarkable
and consistent adaptive model fitted extremely well across all building types (air-conditioned, naturally-ventilated, and
mixed-mode). This prompted a rethinking of the failure of adaptive comfort models in AC and MM buildings. Hence, an
adaptation to outdoor climate in those buildings in the 1998 analysis was a correlation with indoor climate. This also leads
to assume that it is possible to achieve thermal comfort by means of adaptive setpoint temperatures.

Within this context, a limitation needs to be stated. In this research paper, some of the local models have been built
based on thermal sensation votes from a specific region. For instance, the Brazil's local adaptive comfort model was
developed based on a thermal sensation questionnaire from Florianépolis area, making it capable of accurately predicting
thermal feeling in that region with temperate and humid environment. In addition, the same model has been used
throughout the entire of Brazilian territory because there is no comfort model to account for other climate conditions. This
has derived to the introduction of a certain error in the estimation of the comfort temperature for those regions with
different climate. Similarly, adaptive comfort models are developed in spaces, where a certain activity is carried out:
generally, offices or dwellings. Given that behavioural actions to achieve comfort are implicitly considered in the thermal
sensation vote (necessary to build the adaptive comfort model), the approaches are only applicable to those climates, types
of activity and/or population segmentation (e.j. children, elderly, men, women, etc.) for which they have been developed for.
Therefore, using them in a different scenario might lead to the introduction of inaccuracies. However, in order to obtain the
closest approximation and considering the high detail of the scenarios and the lack of some of them (e.j. a model for
residential spaces in Brasil), the models have been applied regardless the activity, and it is stated as a limitation.

These mentioned strategies aim to reduce the use of HVAC systems, implementing adaptive natural ventilation
(Bienvenido-Huertas et al., 2020b) (ventilating when the outdoor temperature is within the adaptive thermal comfort limits)
or adaptive setpoint temperatures (Sanchez-Garcia et al.,, 2019b) (using the respective adaptive thermal comfort limit as
setpoint temperature). For adaptive setpoint temperatures, the criterion established by Sanchez-Garcia et al. (2019a) was
used. This criterion is based on horizontally increasing the extreme thermal comfort values to always apply a value to the
setpoint temperature.

Climate is related to the applicability of these strategies, so their implementation effectiveness was analysed by the
models described in Section 2.1 according to the climate of each country. For this purpose, the methodology developed by
Bienvenido-Huertas et al. (Bienvenido-Huertas et al,, 2021) was executed. This is based on characterising the following



variables: percentage of the days with application of the adaptive model, percentage of annual hours using NV, and the saving
in hourly heating and cooling degrees. In all models, the prevailing mean outdoor temperature (or running mean outdoor
temperature) was obtained through the outdoor temperatures of the previous 7 days.

The application of adaptive thermal comfort model (AATCM) shows the number of days of the year in which &, oy is
within the applicability interval of the model (e.g. between 10 and 33.5 °Cwith ASHRAE 55) (Eq. (6)). The acceptabilities or
categories of the models have the same applicability range (except GB/T50785-2012).

3654,
AATCM = 100222
365
di == 1 lf LT S rm(out) S UT (6)

di 0 if trm(out) <LT

di =0 lf trm(out) > UT
Where d; is a value of each day of the year obtained by the rules of the equation; LT is the lower applicability threshold of
the model (e.g. 10 °Cwith ASHRAE 55); and UT is the upper applicability threshold of the model (e.g. 33.5 °Cwith ASHRAE
55).

As for the adaptive NV, the percentage of annual hours applying the model (V) was assessed. The acceptability of each

model should be distinguished:
275%m
T 8760

hi =1 if LAL < T,; < UAL (7)

hi =0 if Tepu; <LAL

hi = 0 ifText,i > UAL
Where h; is a value of each hour of the year obtained with the rules of the equation; LAL is the lower acceptability limit; UAL
is the upper acceptability limit; and T, ; is the outdoor temperature in the hour i.

The energy saving, resulting fromadaptive setpoint temperatures, was quantified through the difference among the
hourly degrees with both adaptive and static setpoint temperatures (i.e. static setpoint temperatures do not depend on the
oscillations of the outdoor climate). This assessment was performed for both heating (Egs. (8)-(10)) and cooling regimes
(Egs. (11)-(13)). The analysis was independently executed for the acceptabilities of each model. Moreover, 5 static setpoint
temperatures were adopted for cooling (Ts.), as well as 5 static setpoint temperatures for heating (Tsy): (i) Tsc had values
of 23, 24, 25, 26, and 27 °C, and (ii) Tsy had values of 19, 20, 21, 22, and 23 °C.

8760 (8
SHSTrgy = " (Toves = Ts) Xt

i=1
Xspi =1 if Tory < Ty
Xspi =0 if Topy 2 Toy
AHST= B2 (Toe — LAL) - Xan; 9)
Xai =1 if Topy > LAL
Xani =0 if Topey < LAL

HSHD = SHSTr,,, — AHST (10)
8760 (11)
SCSTrg, = Z (Tsc = Text,i) * Xsci
i=1

Xsci =1 if Texry > T

Xsci =0 if Tory < T

ACST= L2 (UAL = Tere,) - Xpci (12)

Xpci =1 if T,y < UAL

Xaci =0 if Topry 2 UAL

HSCD = SCSTrg, — ACST (13)
Where SHSTr,, is the total annual hourly heating degrees with the value assigned to Tgy; AHST refers to the total annual
hourly heating degrees with the acceptability of the adaptive thermal comfort model; HSHD corresponds to the heating
saving hourly degrees; SCSTr,. is the total annual hourly cooling degrees with the value assigned to Tsc; ACST is defined as

the total annual hourly cooling degrees with the acceptability of the adaptive thermal comfort model; and CSHD is the
cooling saving hourly degrees.

2.3. Dataset generation and error assessment

First, hourly climate data were obtained from 19,060 locations divided into several countries. For the current scenario,
METEONORM (Meteotest AG, 2023) was used to take the average hourly air temperature data for the period 2000-2019 at
each location. It should be pointed out that the climate files obtained with METEONORM are different from those of a Typical
Meteorological Year (TMY) (whose monthly values are obtained by selecting the most representative months of a period of
several years). In the case of METEONORM, synthetic data is generated for the period analysed based on measurements
from different weather stations and stochastic processes. Given its great versatility, it has been widely used in studies from
many countries (Kameni et al., 2019; Osman and Sevinc, 2019).



The methodology described in Section 2.2 was applied to each location and for each adaptive thermal comfort model
described in Section 2.1. From the total of 19,060 locations, spatial interpolations of these variables were made. The parallel
inverse distance weighting (IDW) interpolation algorithm of ArcGIS was applied. The remaining 1,000 locations allowed to
test the quality of the estimations of the adaptive variables. The mean absolute percentage error (MAPE) was used (Eq. (14)).
Table 1 shows the results obtained by MAPE in each variable. MAPE was always lower than 5%, so the accuracy of the results
was guaranteed.

100 |a; — ¢;]
MAPE = — ) —— (14)
n e a;
Where q; is the actual value, e; is the estimated value, and n is the number of observations in the dataset.

Table 1. MAPE values related to each estimated variable.

MAPE (%)

varae [ asha | Wil RSl | gayrsoras-zoiz | SUE | anenat ot | [R50 | et
(2020) NV [AC |cCold Warm | (2020) [Ny MM (2022) | (2019) | Alpha [ Beta | (2018)

* *

AATCM 0.24 0.30 0.43 | 0.38 8:(1)2** g:ég** 0.04 0.26 0.24 0.07 0.08 0.11 |0.11|0.24

V-80 0.34 0.18 0.60 | 0.45 [ 0.24 0.25 0.35 0.23 0.40 0.36 0.22 0.43 [0.40[0.33

V-90 1.14 1.25 1.91 [ 2.15 ] 0.40 0.38 2.50 1.28 2.10 1.64 1.22 1.88 [1.81[1.29

AHST-80 0.20 0.46 0.18]0.23]- - 0.13 0.16 0.45 0.10 0.13 0.34 [0.34[0.13

AHCT-80 2.25 1.34 2.76 | 2.64 | - - 4.00 1.86 2.12 2.54 2.66 2.88 [2.16]2.02

AHST-90 0.13 0.63 0.13]0.13]- - 0.09 0.11 0.65 0.08 0.11 0.16 [0.16 [ 0.13

AHCT-90 0.29 0.22 0.58 [ 0.46 | - - 0.35 0.27 0.24 0.36 0.27 0.41 [0.39]0.32

SHST19 1.12

SHST20 0.57

SHST21 0.39

SHST22 0.38

SHST23 0.16

SCST23 1.99

SCST24 2.02

SCST25 3.02

SCST26 4.64

SCST27 2.18

* Category I; ** Category 11

After generating and validating the spatial interpolations of each variable, the results were exported. For this purpose,
a network with a resolution of one-eighth degree (7.5 arc-minutes) was generated for each country, and subsequently the
value of each adaptive variable was calculated for each location. Table 2 indicates the number of locations obtained in each
country. The variation of the number depended on the area of each country. It should be highlighted that the variables
exported in the locations of each country were those related to ASHRAE 55, the regional application models, and the hourly
degrees with static setpoint temperatures.

Table 2. Number of locations per country.

Country Number of locations analysed
Australia 69,446

Brazil 70,618

China 78,922

India 26,159

Japan 3,742

The Netherlands 464

Romania 2,756

3. Results and discussion
The results of each country were independently analysed and discussed to understand the differences among the
models. Annex A includes the spatial representations per country of the variables of adaptive thermal comfort.

3.1. Australia

Australia’ climate characteristics provided a different response as regards the applicability of the adaptive thermal
comfort model of both ASHRAE 55 and Williamson and Daniel (2020). The percentage of days of the year with the
implementation of the models varied among several regions of the country (Figures 2 and 3). ASHRAE 55 obtained an
application between 90 and 100% in most of the territory (83%), but the percentage of application was 99.8% with
Williamson and Daniel’s regional model (Table 3). Likewise, the findings revealed that ASHRAE 55 obtained percentages
between 50 and 60%. This disparity implied that the determination coefficient in the applicability of the two models was
7.7% (Figure 2). With the application range of Williamson and Daniel’s, running mean outdoor temperature was the most
adjusted variable to the climate characteristics of the country. Afterwards, adaptive energy saving strategies (NV and
adaptive setpoint temperatures) were analysed. NV focused on assessing the percentage of hours of the year with



application of these strategies. The point clouds showed the correlation between the annual percentage of ventilation
obtained by both ASHRAE 55 and Williamson and Daniel’s model. Determination coefficients were 83.7% for 80%
acceptability, and 83.3% for 90% acceptability respectively. Nonetheless, there were differences in the application
percentage values, with greater outcomes with Williamson and Daniel’s model. This is shown in the distribution analysis
and in the percentages of application. For this reason, V-80 designated NV of the 80% acceptability, and V-90 designated NV
of the 90% acceptability. Williamson and Daniel’s model increased the quartile distribution values of the model of ASHRAE
55 between 5.9 and 13.8%. As for the location percentage is concerned, the regional model obtained greater percentages of
application, achieving 2.2% of locations with a percentage of annual hours in the interval of 70-80%. Williamson and Daniel’s
model was related to better possibilities of applying NV than the model of ASHRAE 55 despite the high correlation between
the two variables.
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Figure 2. Point cloud comparison between the model of ASHRAE 55 and Australia’s regional model (80% acceptability).

Table 3. Matrix with the percentage of locations according to the annual percentages of the variables of application of the
adaptive thermal comfort models in Australia.

Variable Model Percentage of days/hours of the year of application
[0-10%) [10-20%) [20-30%) [30-40%) [40-50%) [50-60%) [60-70%) [70-80%) [80-90%) [90-100%]

AATCM ASHRAE 55 0.0 0.0 0.0 0.0 0.0 0.2 25 4.7 9.5 83.0
Williamson and Daniel (2020) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 99.8

V-80  ASHRAE 55 0.3 8.0 27.4 35.9 18.8 5.7 3.6 0.2 0.0 0.0
Williamson and Daniel (2020) 0.0 0.2 4.7 18.2 60.2 9.4 5.2 2.2 0.1 0.0

V-90  ASHRAE55 1.8 29.1 42.5 19.1 6.8 0.7 0.1 0.0 0.0 0.0
Williamson and Daniel (2020) 0.0 2.0 14.0 66.4 10.5 5.4 1.8 0.0 0.0 0.0

As for the energy saving expected by using adaptive setpoint temperatures, there was again a high correlation between
the results of the model of ASHRAE 55 and Williamson and Daniel’s model. Nevertheless, there were discrepancies among
the results of both approaches. The point clouds showed that the model of ASHRAE 55 obtained greater hourly heating
degrees than Williamson and Daniel’s model. As a result, energy saving expectations were different in both models: ASHRAE
55 obtained greater saving in cooling degrees, and Williamson and Daniel’s model obtained greater saving in heating
degrees. The main reason was focused on the characteristics of the correlation equations suggested by Williamson and
Daniel’s model in which the operative temperature results are always lower than those obtained by the model of ASHRAE
55. Consequently, Williamson and Daniel’s model increased the saving in heating degrees between 71 and 24,278 °C
whereas the saving in cooling degrees decreased between 31 and 5,221 °C. The increase in the saving in heating degrees
was greater than the decrease in cooling, but the modifications in the upper limit of the Williamson and Daniel’s model
should be assessed to obtain better performance in the future. In this case, the progressive increase in cooling demand in
the future will imply greater deviation in cooling saving results between the two models, so the possibilities of energy saving
with the regional model should be reconsidered through a new definition of the upper limit.
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Figure 3. Box plot comparison between the model of ASHRAE 55 and Australia’s regional model.

3.2. Brazil

The regional models developed by Rupp et al. (2018) have a very narrow applicability range according to the £, ous) in
comparison with ASHRAE 55. As a result, the percentage of days of the year with application of adaptive thermal comfort
models greatly varied (Figures 4 and 5): in ASHRAE 55, all locations of the country obtained applications in the interval
between 90 and 100% of the days of the year, whereas regional models obtained an interval between 5.3 and 9.7% (Table
4). The remaining locations were divided among the various application intervals, obtaining greater concentration of
locations in the lowest interval (between 0 and 10% of the days of the year). Therefore, the regional models developed by
Rupp et al. decreased the annual percentage of application of adaptive thermal comfort models, with a determination
coefficient of almost 0% in comparison with the percentage relative to ASHRAE 55. Despite this low application, the analysis
of the energy saving strategies could vary. There was a similar tendency in NV, since the percentage of annual hours was
lower with the regional models. These models presented decreases in the quartile values of their application distributions
of NV between 21 and 48% compared to the model of ASHRAE 55. Most locations presented annual percentages of
application of NV lower than 30% using regional models, whereas ASHRAE 55 obtained percentages between 50 and 80%
according to the category of acceptability.
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Figure 4. Point cloud comparison between the model of ASHRAE 55 and Brazil’s regional models (80% acceptability).

Table 4. Matrix with the percentage of locations according to the annual percentages of the variables of application of the
adaptive thermal comfort models in Brazil.

Variable Model Percentage of days/hours of the year of application
[0-10%) [10-20%) [20-30%) [30-40%) [40-50%) [50-60%) [60-70%) [70-80%) [80-90%) [90-100%]
AATCM ASHRAE 55 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0
Rupp etal. (2018) (NV) 435 89 8.6 4.1 5.6 6.8 6.7 4.2 6.4 5.3
Rupp etal. (2018) (AC) 21.5  15.9 9.8 9.6 6.7 5.6 7.2 7.5 6.6 9.7
V-80 ASHRAE 55 0.0 0.0 0.0 4.0 9.0 21.0 30.4 30.0 5.8 0.0
Rupp etal. (2018) (NV) 50.3  12.8 12.4 10.9 11.4 2.2 0.0 0.0 0.0 0.0
Rupp etal. (2018) (AC) 383  32.4 15.9 11.3 2.1 0.0 0.0 0.0 0.0 0.0
V-90 ASHRAE 55 0.0 0.0 5.4 17.5 28.5 37.4 10.8 0.5 0.0 0.0
Rupp etal. (2018) (NV) 55.3 15.7 14.5 14.2 0.2 0.0 0.0 0.0 0.0 0.0
Rupp etal. (2018) (AC) 68.4  27.3 4.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0

As for the energy saving with the adaptive setpoint temperatures, there was a correlation between the energy demand
obtained with both the model of ASHRAE 55 and regional models. However, the outcomes revealed that the two regional
models were clearly different: the AC model of Rupp et al. showed greater values of hourly heating and cooling degrees than
ASHRAE 55, whereas the results with the NV model were very similar to the model of the international standard. The AC
model decreased the distribution quartiles of the hourly heating degrees between 24 and 3,595 °C, as well as hourly cooling
degrees between 3,443 and 10,728 °C, whereas the NV model increased the saving in cooling degrees between 524 and 654
°C. Hence, the NV model of Rupp et al. presented energy saving values equal or greater than the model of ASHRAE 55 despite
its worst results in the annual percentages of application of the model. It is worth stressing that the best outcomes were
obtained with a model developed for buildings with NV (like ASHRAE 55). The assumption suggested for this approach was
based on the nudge effect of the setpoint temperatures [34], so the possible limitations when implementing this model
should be known. Likewise, the possibility of increasing the oscillation interval of the t,,,;,,us)should be assessed to
implement better the regional models of Rupp et al. Nonetheless, it was remarkable that, with a low percentage of
application, the NV model obtained almost the same savings in heating and cooling degrees than the model of ASHRAE 55.
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Figure 5. Box plot comparison between the model of ASHRAE 55 and Brazil's regional models.

3.3. China

The applications of adaptive thermal comfort models of China were independently assessed because of the
characteristics of the model of the GB/T50785-2012 standard (adaptive setpoint temperatures cannot be applied with this
model). Figures 6 and 7 summarises the results obtained with the model of Yang et al. (2020). This model was designed for
three zones (dry, dry-hot, and cold), but it was applied in the whole country because of the similarity of the climate in most
of the country with the climate application of the model of Yang et al. The percentage of days with application of the adaptive
model was analysed, resulting that the model of Yang et al. obtained greater percentages than ASHRAE 55. The findings
revealed that 52.3% of the locations of the country presented an application between 90 and 100% of the days of the year
with the model of Yang et al,, whereas ASHRAE 55 could be executed in only 7.9% of locations (Table 5). Indeed, the lowest
application interval obtained by the model of Yang et al. was between 50 and 60%, while the interval of ASHRAE 55 ranged
from 0 to 10%. This difference implied that the determination coefficient between the two variables was low. As for NV, the
results of both models were very similar. This is shown in the adjustment of the point clouds to the diagonal of the graph
and the result distributions (Figure 6). As for the latter, the quartile distribution values presented variations of up to 2%.

Table 5. Matrix with the percentage of locations according to the annual percentages of the variables of application of the

adaptive thermal comfort models in China.
Variable Model Percentage of days/hours of the year of application
[0-10%) [10-20%) [20-30%) [30-40%) [40-50%) [50-60%) [60-70%) [70-80%) [80-90%) [90-100%]

AATCM ASHRAE 55 0.4 2.1 3.4 8.0 24.1 25.9 12.3 12.0 4.0 7.9
Yang et al. (2020) 0.0 0.0 0.0 0.0 0.0 0.4 10.0 17.8 19.6 52.3
GB/T50785-2012 (category I) 0.0 0.2 1.9 6.1 20.1 29.7 223 10.2 3.7 5.7
GB/T50785-2012 (category II) 0.0 0.0 0.0 08 8.1 21.7 29.5 14.8 12.0 13.2

V-80  ASHRAE 55 11.6 444 25.4 12.1 4.6 16 0.4 0.0 0.0 0.0
Yang et al. (2020) 101 353 36.8 11.1 4.0 2.0 058 0.0 0.0 0.0
GB/T50785-2012 (category II) 5.5 9.7 48.2 9.2 145 6.3 4.6 2.1 0.0 0.0

V-90  ASHRAE 55 201 554 18.1 5.1 12 0.1 0.0 0.0 0.0 0.0
Yang et al. (2020) 296 580 8.7 3.0 058 0.0 0.0 0.0 0.0 0.0
GB/T50785-2012 (category[) 12.2  59.5 12.7 10.8 3.9 0.9 0.0 0.0 0.0 0.0
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Figure 6. Point cloud comparison between the model of ASHRAE 55 and China’s regional model of Yang et al. (2020) (80%
acceptability).
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The saving in heating and cooling degrees of the two models was different. As for cooling degrees, the model of Yang et
al. obtained a greater benefit, with increases in quartiles between 352 and 1,756 °C. As for heating degrees, there were
different behaviours according to the location of the country. Nonetheless, the most predominant tendency was an increase
in the saving in heating degrees with the regional model, reaching values of 25,692 °C Thus, the regional model of Yang et
al. obtained better performance than ASHRAE 55, except the potential of NV that was similar in both models.
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Figure 7. Box plot comparison between the model of ASHRAE 55 and China’s regional model (Yang et al. (2020)).



As for the GB/T50785-2012 standard, the analysis only focused on both the percentage of days with application of the
model and the possibility of NV. It is worth stressing that the results showed the combined application of options for cold
and warm climate according to the climate zones included in [47]. The first variable was independently analysed for the two
categories of the standard because they varied the application range of the t.,;our)- The results showed great similarity
between the standard of the country and ASHRAE 55, with determination coefficients of 96.5% in the point clouds (Figure
8). Likewise, the percentage of locations grouped in the intervals of application of the model showed similar results,
particularly with Category I of the GB/T50785-2012. With Category II, the possibility of implementing the adaptive thermal
comfort model increased, grouping 13.2% of the locations in the application interval between 90 and 100% of the days of
the year. This same tendency was observed with NV. It should be pointed out that Category I corresponds to 90%
acceptability and Category Il corresponds to 75-90% acceptability, so comparisons were made with the equivalent comfort
thresholds of ASHRAE 55 (Category Il was related to 80% acceptability). The results of the two models were in the same
line, although the greatest similarity was noted in Category II (80% acceptability).
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3.4. India

In the case of India, the regional models developed by Rawal et al. (2022) and the two by Manu et al. (2016) were
computed. Their application analysis was the same as with the other countries. As for the percentage of days of the year with
application of the adaptive thermal comfort model, different results were obtained for the three regional models (Figures 9
and 10). Each model obtained correlations with the applicability of ASHRAE 55 (determination coefficients between 72.2
and 90.2%), but similar application results were not obtained. The most similar model was that proposed by Rawal et al.,
although the percentage of applicability of the model was slightly lower than that of ASHRAE 55. The NV approach of Manu
et al. showed a lower applicability of the model, achieving 22.8% of the locations in the interval between 90 and 100% of
the days of the year (Table 6). The other approach by Manu et al. was characterized by a high percentage of applicability,
with 93.3% of locations obtaining applications in the interval between 90 and 100% of the days of the year. The same trend
was detected in NV, with a greater percentage of hours of the year with the MM of Manu et al. As for heating and cooling
degrees, the saving presented various tendencies according to the type of demand. As for heating demand, the models of
Manu et al. had very similar results to those resulted from ASHRAE 55, with slightly increases (increases between 41 and
15,655 °C). In contrast, the results obtained by the model of Rawal et al. were always lower than those obtained by ASHRAE
55, where worse results than the static setpoint temperatures were highlighted. On the other hand, the saving in cooling
degrees was very similar in the three regional models. In this regard, very similar saving distributions of hourly cooling
degrees were noted with the regional models (with absolute differences between 3 and 3,590 °C) and 80% of acceptability,
whereas in the MM model of Manu et al. had lower saving values in cooling degrees for 90% of acceptability. Nonetheless,
the model of Rawal et al. was always characterized by slightly increased value of the saving in cooling degrees in all
comparisons. Hence, this model has better operational performance in the warmest seasons. According to the future
estimates of the climate of the region, this model could be interesting to reduce cooling energy consumption in the built
environment of India.



Table 6. Matrix with the percentage of locations according to the annual percentages of the variables of application of the
adaptive thermal comfort models in India.

Variable Model

Percentage of days/hours of the year of application

[0-10%) [10-20%) [20-30%) [30-40%) [40-50%) [50-60%) [60-70%) [70-80%) [80-90%) [90-100%)]

AATCM ASHRAE 55 0.0 0.1 0.2 0.6 0.4 0.4 0.6 1.2 17.4 79.2
Manu et al. (2016) (NV) 0.0 0.1 0.5 0.5 0.5 1.1 7.9 32.6 34.1 22.8
Manu et al. (2016) (MM) 0.0 0.1 0.5 0.5 0.4 0.5 0.7 0.9 3.0 93.3
Rawal et al. (2022) 0.0 0.0 0.0 0.1 0.6 0.5 0.4 3.3 29.3 65.8

V-80  ASHRAE 55 0.7 0.9 1.7 19.7 30.6 35.0 95 1.9 0.1 0.0
Manu etal. (2016) (NV) 0.3 1.0 3.9 14.7 29.6 26.6 18.0 35 1.8 0.7
Manu etal. (2016) (MM) 0.2 0.8 0.6 0.8 1.0 16.2 26.4 39.4 13.3 1.4
Rawal et al. (2022) 1.0 1.2 3.2 22.6 488 16.0 4.8 2.4 0.0 0.0

V-90  ASHRAE 55 1.1 1.4 21.7 45.9 25.2 3.9 08 0.0 0.0 0.0
Manu etal. (2016) (NV) 1.0 7.0 27.1 46.8 14.7 2.7 0.7 0.0 0.0 0.0
Manu et al. (2016) (MM) 0.7 0.9 13 20.0 33.5 33.9 9.1 0.7 0.0 0.0
Rawal et al. (2022) 1.8 6.6 61.5 25.8 4.1 0.3 0.0 0.0 0.0 0.0
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Figure 9. Point cloud comparison between the model of ASHRAE 55 and India’s regional models (80% acceptability).
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Figure 10. Box plot comparison between the model of ASHRAE 55 and India’s regional models.

3.5. Japan

As for Japan, the model developed by Rijal et al. (2019) presented differences in the applicability of the model in
comparison with those obtained in ASHRAE 55 (Figures 11 and 12). The possibility of achieving lower values with the
trm(our) Of the regional model made possible that 45% of locations had an application greater over 80% of the days of the
year, in contrast to 1.4% of locations with that application in ASHRAE 55 (Table 7). This difference was also detected in the
saving of heating degrees: (i) increases between 178 and 21,808 °C were derived from the regional model in the 80%
acceptability; and (ii) increases between 128 and 21,939 °Cwere obtained with the regional model in the 90% acceptability.

There were similarities between the two models in both the possibility of NV and cooling degrees. As for NV, the
percentages of locations grouped according to the intervals of hours of the year presented deviations up to 4.9% for 80%
acceptability, and up to 7.9% for 90% acceptability. It is expected that the NV results reported by other studies [58] were
like those from the model of Rijal et al. Finally, as for cooling degrees, the distributions with the two models were almost
equal, with absolute differences of up to 817 °C.

Table 7. Matrix with the percentage of locations according to the annual percentages of the variables of application of the
adaptive thermal comfort models in Japan.

Variable Model Percentage of days/hours of the year of application
[0-10%) [10-20%) [20-30%) [30-40%) [40-50%) [50-60%) [60-70%) [70-80%) [80-90%) [90-100%)]
AATCM ASHRAE 55 0.0 0.0 0.0 0.1 21.7 244 30.8 21.6 0.7 0.7
Rijal et al. (2019) 0.0 0.0 0.0 0.0 0.0 18.9 12.9 23.3 29.1 15.9
V-80 ASHRAE 55 2.3 27.0 50.6 19.4 0.0 0.5 0.2 0.0 0.0 0.0
Rijal et al. (2019) 0.6 274 471 24.3 0.0 0.2 0.5 0.0 0.0 0.0
V-90 ASHRAE 55 21.5 42.7 35.1 0.0 0.7 0.0 0.0 0.0 0.0 0.0

Rijal et al. (2019) 13.6 48.3 37.4 0.0 0.7 0.0 0.0 0.0 0.0 0.0




00
1

S{RZ=96.1% = R?=99.4%

1

[} )
2s Swx2
- Oo
u—‘sA Y- o
0 28y O >0~
c - w0 n= 'R 0
®o— ©B° R= oo ol
>2 s8 -
§5% U 328z u ;
T o < o R= s e
o S oo
S=E E° S o=a
°2s & SaE® 5
L < w Oc oo < v
- s ol OE>g9 N
EEQ ,‘_,;EO
m._m :,_Lg
U;U o- Om 3 o
2 T T T T T 20‘6 T T T T T
&" 8 0 25 50 75 100 o >c 0 25 50 75 100
S Rijal et al. (2019) o Rijal et al. (2019)
RZ=99.9% S[rRF=91.4%
~N
200 g ) 8
(d - o -1
£5< 93 £5% "'O)i :
go2 gg enE ES- £
£25 zg] o¢F £s :
%22 (7] 208 ©woT-
oY, <o N3 << &
SOg = SOg o I8
(o) (o) o=
o9 5 £3589 2
© ©
- T T T O| T T L] T T
30000 60000 90000 0 500 1000 1500 2000 2500

Rijal et al. (2019) Rijal et al. (2019)

Figure 11. Point cloud comparison between the model of ASHRAE 55 and Japan'’s regional model (80% acceptability).
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3.6. The Netherlands

The Netherlands, like China, has its national adaptive thermal comfort standard: ISSO 74:2014. This model presents
specific characteristics as it horizontally extends upper and lower limits. Therefore, the applicability of ISSO 74:2014 greatly
varied, showing an application between 90 and 100% of the days of the year in the whole country (Table 8). The percentages
of applicability with the model of ASHRAE 55 oscillated between 40 and 60%. However, it did not mean that the possibilities
of energy saving were lower with that standard (Figures 13 and 14). ASHRAE 55 had greater benefits of NV than ISSO
74:2014. The possibilities of NV in the country were concentrated in the summer months, so the design of the model of
ASHRAE 55 slightly increased the percentage of annual hours (ventilations up to 20% were obtained with ASHRAE 55,
whereas ventilations up to 10% were obtained with ISSO 74:2014). Likewise, the model of ASHRAE 55 had greater saving
in heating degrees. It is worth stressing that Classes A-B are related to 90% acceptability, whereas Class C is related to 80%
acceptability. Therefore, the saving in heating degrees was greater with the model of ASHRAE 55 (between 10,232 and
11,132 °C). This model presented better performance in terms of greater energy demand in the region. On the other hand,
the saving in cooling degrees was very similar with the two models since differences were lower than 115 °C.

The models of ISSO 74:2014 were characterized by a greater applicability throughout the year, but they did not affect
energy saving so greatly as ASHRAE 55. Nonetheless, the similarity in the saving in cooling degrees could be interesting with
the progressive outdoor temperature rise.

Percentage of days of the year with application Percentage of hours of the year with possibility
of the adaptive model (%) of natural ventilation - 80% acceptability (%)
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Figure 13. Point cloud comparison between the model of ASHRAE 55 and the models of ISSO 74:2014 in the Netherlands
(80% acceptability).
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Table 8. Matrix with the percentage of locations according to the annual percentages of the variables of application of the
adaptive thermal comfort models in the Netherlands.

Variable Model Percentage of days/hours of the year of application
[0-10%) [10-20%) [20-30%) [30-40%) [40-50%) [50-60%) [60-70%) [70-80%) [80-90%) [90-100%)]

AATCM ASHRAE 55 0.0 0.0 0.0 0.0 14.7 85.3 0.0 0.0 0.0 0.0

ISSO 74:2014 (alpha) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0

ISSO 74:2014 (beta) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0
V-80  ASHRAE 55 62.3 37.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

ISSO 74:2014 (alpha) 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

ISSO 74:2014 (beta) 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
V-90  ASHRAE 55 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

ISSO 74:2014 (alpha) 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

ISSO 74:2014 (beta) 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Figure 14. Box_plot comp;riso;l between the model of ASHRAE 55 and the models of ISSO 74:2014 in the Netherlands.

3.7. Romania

Finally, the possibilities of applying adaptive thermal comfort models in Romania were assessed. Romania has the
regional model proposed by Udrea et al. (2018). Its great similarity with the model of ASHRAE 55 is shown in most variables
of adaptive thermal comfort (applicability, NV, and saving in cooling degrees). Figures 15 and 16 show the results. The
percentages of applicability in the country were in the interval from 30 to 60% of the days of the year (Table 9), whereas NV
was up to 20% of the hours of the year (coincident with the summer months). The difference between the two models was
observed in the saving of heating degrees: the model of ASHRAE 55 increased the saving in heating degrees between 11,345
and 16,103 °C.

Table 9 Matrix with the percentage of locations according to the annual percentages of the variables of application of the
adaptive thermal comfort models in Romania.

Variable Model Percentage of days/hours of the year of application
[0-10%) [10-20%) [20-30%) [30-40%) [40-50%) [50-60%) [60-70%) [70-80%) [80-90%) [90-100%]
AATCM ASHRAE 55 0.0 0.2 0.7 3.1 21.5 74.4 0.3 0.0 0.0 0.0
Udrea etal. (2018) 0.0 0.2 0.7 31 215 74.4 0.3 0.0 0.0 0.0
V-80 ASHRAE 55 4.7 93.0 2.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Udrea etal. (2018) 24.2 75.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
V-90 ASHRAE 55 24.5 75.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Udrea etal. (2018) 99.9 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0




Figure 15. Point cloud comparison between the model of ASHRAE 55 and Romania’s regional model (80% acceptability).

Figure 16. Box plot comparison between the model of ASHRAE 55 and Romania’s regional model.
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3.8. Discussion

The results have shown a comparative analysis among some regional models and the model of ASHRAE 55 per country.
These differences should not be used to establish whether a model is appropriate, but to know the discrepancies between
the models adapted to the characteristics of each country and the international model. Nonetheless, some aspects are
interesting to observe similar behaviours in other countries. This study aimed to assess the decrease in energy demand with
adaptive thermal comfort strategies. Most of the regional models were characterized by having greater applicability than
ASHRAE 55. Thus, the models from Australia, China, Japan and India obtained greater application throughout the year. In
any case, this did not mean that in the rest of the countries the energy savings obtained with the regional models were lower.
This was because no clear relationship was detected in the applicability of the model and the savings obtained. Thus, regional
models such as Brazil were characterized by having greater savings in cooling degrees and lower applicability than ASHRAE
55.

Likewise, there was no general trend in the behaviour of degree saving of the model of ASHRAE 55 in comparison with
the regional models. The former obtained a more significant saving in the predominant energy demand in some countries
(e.g. heating in the Netherlands and Romania, and cooling in Australia), but opposite results were also noted in other
countries (e.g. Brazil and Japan). It is worth stressing that the results derived from several regional adaptive thermal comfort
models allowed significant savings in heating and cooling degrees compared to static setpoint temperatures, although the
energy demand increased in certain cases in the heating mode (e.g., when comparing the saving with respect to a static
temperature of 19 °C). Nonetheless, energy demand was hardly increased by adaptive setpoint temperatures in operational
cooling modes (except ISSO 74:2014 in Class C). These results are in line with those reported in previous studies by only
applying ASHRAE 55. Indeed, this energy saving measure could be interesting in the future because cooling energy demand
will increase. The use of adaptive energy saving approaches will imply a more resilient built environment considering
climate change scenarios.

Concerning the role of NV in most countries, low annual percentages of application were highlighted. Only countries
under warm climate conditions throughout the year could have benefits. This means that approaches of energy saving with
adaptive thermal comfort models should be based on implementing adaptive operational patterns or mixed modes to
compensate the low application of NV. Likewise, the differences in the building typology of the models should be pointed
out. This study did not assess a specific building type. The analysis focused on the applicability and energy saving potential
of each model. However, models could be designed for a certain building type. Along this line, some models are computed
for office buildings, and others for residential buildings. Having regional models designed for all building types would allow
to optimally adopt of the best strategy. This does not significantly vary savings, as shown by the results of the models of
Manu et al. and Rawal et al. in India.

Finally, and in terms of energy policies, both regional models and international adaptive thermal comfort models
showed a great energy saving potential and governments should support the respective development and implementation.
Most policies on built environment decarbonisation are focused on building refurbishment (including infrastructure and
networks of monitoring and control). Nevertheless, several studies have shown the limitations of certain countries to
implement up-to-bottom policies based on technological improvement (Attia et al., 2017). Boosting regional models of each
country (few countries have today regional models) could push the decarbonisation goals by 2050. In addition, citizens’
situation could be enhanced by decreasing both energy poverty cases and energy saving gaps between cold regions (whose
performance measures are based on insulation and air tightness) and warm regions.



4. Conclusions

Adaptive thermal comfort models have a wide energy saving potential as the use of HVAC systems is reduced. However,
most studies apply the international model of ASHRAE 55. Despite its great scope of action, its thermal comfort thresholds
are not always adjusted to users’ technical expectations. Therefore, studies and standards are developing models for each
country. This research suggested the analysis of the energy savings obtained by the regional models of 7 countries: Australia,
Brazil, China, India, Japan, the Netherlands, and Romania. The analysis was based on the applicability of the model, the
adaptive natural ventilation, and adaptive setpoint temperatures.

The applicability of regional models could vary compared to ASHRAE 55, no affecting the energy saving. Most regional
models had equal or greater energy savings in some adaptive strategies. Likewise, the greatest energy saving potential
seemed to be related to the use of adaptive setpoint temperatures. Adaptive natural ventilation is an interesting measure,
but low percentages of application were obtained in most combinations of country-regional models. Natural ventilation
could play an important role only in countries close to the equator (e.g. Brazil). If not, it will be only used in warmer seasons.
On the other hand, adaptive setpoint temperatures presented significant energy savings in all regional models, both for
heating and cooling demand, although the potential was greater in the latter. The cooling energy saving obtained with the
regional models were satisfactory in comparison with the static setpoint temperatures. The results with the regional models
revealed an increasing dissociation of the built environment of each country from great energy consumption and great
greenhouse gas emissions.

To conclude, it should be pointed out that the importance of the outcomes as concerns energy policies and further
research. The lack of regional models should foster the development of new studies designing them. For this, it is necessary
to adopt a subregional approach. Although the use of national approaches facilitates the development of the model, there
may be differences between regions. This aspect has been checked in those countries that had several regional models.
Users’ thermal expectations would be accurately known in a country, and regulatory frameworks would be developed to
implement energy saving strategies. Almost no country has a framework of adaptive thermal comfort models applicable to
the entire built environment (only office and residential buildings). Nonetheless, further studies should address some
limitations related to the results of this study. Given the characteristics of the research, the effect of heat island phenomenon
in the applicability of the models in big cities has not been considered. Energy consumption are usually greater in these
environments, so energy saving results are expected to vary. Likewise, most energy policies focus on reducing climate
change, so the applicability and effectiveness of these models should be assessed in a wider temporary framework. Hence,
further studies should address the variations expected with these regional models in terms of climate change. Although the
applicability and energy saving potential according to the climate show a great potential, other factors should also be
considered when implementing measures (design of the building, urban environment, and so on). In the same way, other
researchers should address the effectiveness of implementing regional models in specific case studies. Finally, adaptive
thermal comfort models are based on temperature variables. The influence on regional models of other variables, such as
relative humidity, should be addressed in future work.
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Figure A1. Applicability of the adaptive thermal comfort models in Australia.
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Figure A2. Applicability of the adaptive thermal comfort models in Brazil.
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Figure A3. Applicability of the adaptive thermal comfort models in China (ASHRAE 55-2017 and Yang et al. (2020)).
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Figure A5. Applicability of the adaptive thermal comfort models in India.
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Figure A8. Applicability of the adaptive thermal comfort models in Romania.



