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Abstract: Ecuador is a country with several climate zones. However, their behaviour is similar
throughout the year, with no peaks of extreme temperatures in the various seasons. This paper is
a first approach to study the adaptive comfort behaviour in several areas and populations of the
country. Considering the ASHRAE 55-2020 model, energy simulation programmes are applied not
just to the current climate scenario but also to the climate change scenarios of 2050 and 2100. The
results of locations are analysed and compared to determine their performance. Thanks to their
climate characteristics, adaptive comfort models could be applied as a passive strategy, using natural
ventilation for building indoor comfort improvement, particularly social dwellings. According to
previous studies, some prototypes have not considered the climate determinants in each region.
Given the geographic situation of the study areas, the adaptive comfort model could be applied in all
cases. Percentages of application of natural ventilation and heating and cooling degree hours have
similar behaviours according to the climatic region, with a variation greater than 30% among them.

Keywords: adaptive thermal comfort; global warming; natural ventilation; climate zones; climate
change; Latin America

1. Introduction

Ecuador is geographically divided into three continental regions (the Coast, the Sierra,
and the Amazon) and one island region (the Galapagos Islands). Moreover, the country
is territorially organised into regions, provinces, cantons, and parishes. A minimum
of 10,000 inhabitants is required to constitute a parish, which is in the lowest level of
the country’s organisation used to classify statistical data [1]. According to the official
data of the National Institute of Statistics and Censuses of Ecuador [2], the Ecuadorian
population increased to 17,510,643 inhabitants in 2020, with 64% living in urban areas and
the remaining 6.3 million in rural areas.

Likewise, Ecuador has eight climate zones according to the Koppen—Geiger classi-
fication [3]. Its territory is therefore characterised by a complex variety of climates that
are the result of several significant factors, including its location in the Ecuadorian line,
the Andes Mountains that go through the country from north to south, the interactions of
winds from both hemispheres, the junction of cold and hot currents, the high and constant
radiation presented by its latitude, and the influence of Pacific and Atlantic oceans. All
these factors result in obtaining different temperatures in the various areas [4]. Rain and
wind distribution is also different in the territory, and only two periods are distinguished,
i.e.,, wet or rainy and dry periods, unlike the countries located in other latitudes and with
four seasons [5].

In Latin America, there is a worrying increase in housing deficit. There is not just a
quantitative deficit, but also a big gap among constructive technologies, materials, and
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technical and healthiness criteria among dwellings, with more than 50% of Latin American
family units under inappropriate conditions [6,7]. In Ecuador, 45% of family units repre-
sented that housing deficit in 2015, of which 36% corresponded to family units living in an
inappropriate dwelling [8]. One of the main problems is family units’ energy poverty as
they cannot live in a comfortable dwelling because of both high energy costs and buildings’
poor conditions [9].

Global warming is widely studied [10,11] as temperatures have increased all over the
planet, resulting in changing rainfall patterns, melting glaciers, and the changing ecosystem
and its consequences [12]. More than 40% of global emissions come from the building
sector, which is responsible for both two tons of raw material per square meter and all the
elements involved [13]. In this context, the European Union building sector is responsible
for 39% of energy-related CO, emissions [14].

In Latin America, 11% of global emissions came from this region in 2010 [15]. Accord-
ing to data from 2011, an average of 2.1 kg of CO, was emitted per inhabitant yearly in
comparison with 4.9 kg of CO; of the world average yearly [16]. In 2010, Latin America
represented 6% of energy consumption, with Brazil, Mexico, Argentina, Colombia, and
Venezuela consuming 80% of it [17]. In a study carried out between 2000 and 2015, seven
countries (Mexico, Brazil, Argentina, Chile, Peru, Ecuador, and Colombia) produced 76%
of Latin American emissions [18]. In 2020, the of energy-related CO, emissions in Latin
American countries had an average of 2 tons per capita [19].

Ecuador only emitted 0.16% of the global greenhouse gas (GHG) emissions in 2018 [20].
In this country, GHG emissions from the production sector of raw materials and materials
was 3.2% in 2018, whereas energy was responsible for 51% of emissions in the same year,
with the building sector being within this category with a total of 2529.58 Gg CO»-eq in
comparison with the 75,326.87 Gg CO,-eq generated by all categories in that year [21].
Consequently, the Ecuadorian territory is also affected by global warming, following the
global trend of rising temperatures, demands and, therefore, greenhouse gas emissions [22].
Given its climate diversity, it is interesting to study how it affects parishes so as to obtain
more detailed results of the consequences. According to several studies, climate change
has led to floor erosion, with sub-Saharan Africa, South America, and Southeast Asia being
the most affected areas between 2001 and 2012 [23]. Ecuador has acquired a commitment
as part of both the United Nations Framework Convention on Climate Change (UNFCCC)
and the Paris Agreement, as well as the recognition of a shared responsibility to protect
the climate as a common good of humankind. In addition, since 2016, the National Energy
Agenda was published, which seeks to decarbonize the country’s electricity sector with the
use of hydroelectric plants [24].

Obviously, there is a constant stimulus to achieve favourable habitability conditions
with the lowest emission level. Adaptive comfort models have been studied all over the
world [25-29], but not in Latin America, except in Chile and Mexico [30-32]. However, some
research studies are related to thermal comfort and passive strategies in the region [33-35].

People adapt to the various climate conditions to find thermal comfort and interact
with the environment in several ways [36]. This is one of the premises of adaptive comfort
models. The ISO 7730-2005 defines thermal comfort as “that condition of the mind in
which the satisfaction with the thermal environment is expressed” [37]. Steady-state
thermal balance models indicate that thermal feeling is related to the thermal load on
the thermoregulatory mechanisms of human beings, so an indoor environment could be
designed by considering parameters such as air temperature, speed, and moisture, thus by
calculating heating and cooling loads. Adaptive comfort models are not new. Some studies
published before 1970 mentioned these conditions, and in 2021, more than 2000 authors
had already studied it, mainly in China, the United Kingdom, and the United States [38].

Considering that there are several authors who mention the relationship of climate
adaptability and improvements in terms of thermal comfort, this paper aimed to study
the possibility of applying adaptive comfort models in 38 locations in Ecuador, while also
measuring the percentage of application of natural ventilation and the hours of heating and



Energies 2024, 17, 2017

30f20

cooling that the localities present in the current climate scenario, as well as in the climate
projections to 2050 and 2100.

Demand is usually measured in heating and cooling degree days (or degree hours).
With this analysis, it is possible to know the relationship of the outdoor temperature with
the demand for indoor space conditioning. In this paper, the heating and cooling demand of
different areas of Ecuador is analysed, measured in heating degree days (HDDs) and cooling
degree days (CDDs) [39—-41] and subsequently transformed and represented in hourly
values, as described in the methodology section. The results obtained are based on data
on outdoor temperatures of the study areas, but not on the energy analysis of a particular
building. This document serves as a basis for future studies in which passive strategies are
applied to improve thermal comfort in buildings in Ecuador and its surroundings.

This paper seeks to address the following research questions (RQs):

RQ1: Is the Ecuadorian territory suitable for applying adaptive comfort models, and
in what percentage, according to the ASHRAE 55 standard?

RQ2: Is it feasible to use natural ventilation systems to improve comfort in different
areas of Ecuador?

RQ3: What is the demand for heating and cooling in different areas of the country
when applying the ASHRAE 55 adaptive comfort model?

RQ4: How is the application of natural ventilation systems as well as the demand for
heating and cooling influenced by the projection of global warming?

RQ5: How does the applicability of natural ventilation, heating, and cooling demands
vary according to three different climate projection scenarios?

To address these questions, simulations were conducted in 38 cantons in Ecuador. The
following section details the methodology and data that were applied to this research.

The main objective of this paper is to know the potential of application of the ASHRAE
adaptive comfort model in Ecuadorian territories. The specific objectives are as follows:

To know the percentage of natural ventilation that can be used to improve thermal
comfort in different locations.

To obtain the heating and cooling demands of the study areas.

To perform a climate projection to know the development of the localities in terms of
natural ventilation and heating and cooling demands.

2. Materials and Methods
2.1. Adaptive Thermal Comfort Model from ASHRAE 55-2020

Today, there are many adaptive comfort models which consider building’s occupants
as active agents to achieve thermal comfort [42], thus changing the idea that occupants are
simple passive recipients of an indoor climate [43]. The standardisation firstly published
in 2004 by ASHRAE [44] is the most used model. The last updated version, i.e., ASHRAE
55-2020, took place in 2020 [45] and has since been applied to various places all over the
world [46-48]. For this reason, it has been decided to use the ASHRAE standard as opposed
to the EN-16798 standard [49], which has similar considerations.

ASHRAE 55-2020 sets two typologies of adaptive comfort models according to the
percentage of acceptability, 80% and 90%, whose upper and lower limits are related to
the prevailing mean outdoor air temperature (t,,,5(ou1)) (Equation (1)). The temperature
applied corresponds to the value of the weighted average of daily temperatures (T,,; 4) in
a period between 7 and 30 days, according to « value, which is 0.9 in this paper because
the study area presents temperatures with less variability, corresponding to the tropics.
Equations (2) and (3) were used to calculate the limits of the model according to the 80%
acceptability rate, whereas the ranges of the £,,4(,,,1) Were between 10 and 33.5 °C (Figure 1).

After applying the model, if temperatures are out of the limits, heating, ventilation,
and air conditioning, HVAC systems are used so that the indoor conditions of the dwelling
are comfortable. The 80% acceptability has been selected for this study. Its comfort limits are
wider than those of the 90% acceptability, so there is greater energy saving by considering



Energies 2024, 17, 2017 40f 20

that users would have lower thermal expectations, which also corresponds to the low
thermal variability of the locations studied [50].

n .
tpma(out) = (1 - D‘)' Z (lx(l_l)'Text,d) [OC] ()
d=1
Upper limit (80% acceptability) = 0.31-t () +21.3 [°C] 2)
Lower limit (80% acceptability) = 0.31-t,,4(0us) + 14.3 [°C] 3)

Likewise, two adaptive strategies have been considered: the use of natural ventilation
when the outdoor temperature is within the limits, and the refurbishment of buildings
by using HVAC systems with adaptive setpoint temperatures when buildings cannot
be naturally ventilated (Figure 1) [51,52]. The criteria used to measure applicability are
described in more detail in Section 2.3, “Analysis Process”.

32
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Setpoint temperature (2C)
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——Cooling (upper limit) ——Heating (lower limit)
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Figure 1. Upper and lower limits considered in the adaptive comfort model with the 80% acceptability.

2.2. Obtaining Climate Data

This study analyses 38 locations of the country (Figure 2). These locations have been
selected according to statistical data: parishes with more than 50,000 inhabitants in the
24 provinces of the country, according to the population census from 2010 [2]. The most
populated locations have been selected, including Guayaquil, Quito, and Cuenca. The cli-
mate data of each location (current and projections) were obtained by using METEONORM
Version 8, a widely used software that contains a database from several thousands of
weather stations at a global level, that allows for obtaining specific climate data by extrap-
olating data from existing stations and the geographical coordinates of the study areas.
The weather file of each location was obtained for the current climate scenario, as well
as for the 2050 and 2100 scenarios in Representative Concentration Pathways RCP 2.6,
RCP 4.5, and RCP 8.5 [53], whose application has been guaranteed [10,11,52]. The RCPs
are selected as standard scenarios for the IPCC Fifth Assessment Report [54]. The RCPs
include projections based on emissions and concentrations of greenhouse gas and land
use/land cover issues [55-58]. The differences among these scenarios depend on both the
increasing estimates of locations and temperature rise.
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Figure 2. The regions of Ecuador and location of the 38 points used in this study.

As aforementioned, 38 locations were selected according to the population indicated
in the last census of the country [2]. Table 1 shows the distribution of the parishes according
to province, area, population, and climate zone, and Figure 3 shows that all the parishes
presented a similar climate range between maximum and minimum values, always between
10 and 33.5 °C, thus maintaining similarities among the locations in a same climate zone
according to the Képpen—Geiger classification [3].

Table 1. Description of locations, population, area, and type of climate.

Province Location Population Koppen Distribution Characteristics
Tungurahua Ambato 178,538 Cfb

Pichincha Calderon 152,242 Cfb

(Carapungo)
Pichincha Cayambe 50,829 Cfb
Pichincha Conocoto 82,072 Cfb
Azuay Cuenca 331,888 Cfb Cold or mild winters and cool
Cotopaxi Latacunga 98,355 Cfb QOceanic climate  summers. Rainfall is well distributed
Loja Loja 180,617 Ctb throughout the year. Lush forests

Imbabura Otavalo 52,753 Cfb

Pichincha Quito 1,619,146 Cfb
Chimborazo Riobamba 156,723 Cfb

Imbabura San Miguel de 139,721 Cfb

Ibarra
Pichincha Sangolqui 81,140 Cfb
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Table 1. Cont.

Province Location Population Koppen Distribution Characteristics
Los Rios Babahoyo 96,956 Aw
Carchi Tulcan 60,403 Cfb
Guayas Balzar 53,937 Aw
Manabi Chone 74,906 Aw
Guayas Daule 87,508 Aw
Guayas Eloy A}faro 235,769 Aw .
(Durén) Tropical Savanna .
Esmeraldas Esmeraldas 161,868 Aw climate Warm all year round, with dry season
Guayas Guayaquil 2,291,158 Aw
Guayas Milagro 145,025 Aw
El Oro Pasaje 53,485 Aw
Los Rios Quevedo 158,694 Aw
Guayas Samborondon 51,634 Aw
Los Rios Vinces 55,443 Aw
Manabi El Carmen 77,743 Am
Esmeraldas I({(giifi?\?g 67,259 Am
) San Jacinto De Tropica.l Warm all year round, with a short d.ry
Los Rios Buena Fe 50,870 Am monsoon climate  season followed by a wet season with
Santo Domingo heavy rainfall. Monsoon forests
Santo Domingo De Los 305,632 Am
Colorados

Cold or mild winters and cool

Temperate with .
summers. Summers are rainy and

Bolivar Guaranda 55,374 Cwb

dry winters winters are dry
Santa Elena La Libertad 95,942 BWh Winters are mild, although inland
Manabi Manta 221,122 BWh temperatures can approach zero
Manabi Montecristi 67,842 BWh Hot Desert degrees at night. Summers are either
Santa Elena Santa Elena 53,174 BWh warm or very hot
El Oro Machala 241,606 BSh Winters are mild and summers are
Manabi Portoviejo 223,086 BSh Semi-arid hot warm or very warm. Rainfall is scarce.
El Oro Santa Rosa 52,863 BSh The natural vegetation is steppe
Tropical . .
Sucumbios Nueva Loja 57,727 Af equatorial Warm and rainy all year, withno
climate seasons. Rainforest climate
5000
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4000 -
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Figure 3. (a) Population density of locations according to the climatic distribution. (b) Average

current annual temperature of locations.

The classification developed in 1900 by Wladimir Képpen and revised and updated
by Rudolf Geiger between 1954 and 1961 is still the most widely used by the scientific
community. This classification considers temperature, precipitation and, to a lesser extent,
atmospheric pressure. Table 1 shows the main characteristics of the climatic zones [59-62].

2.3. Analysis Process

The possibility of applying strategies according to the adaptive comfort model was
assessed. Likewise, their effectiveness was analysed. The application of the model and the
possibility of applying natural ventilation and adaptive setpoint temperatures for heating
and cooling were separately assessed.

To determine the percentage of days of the year when the adaptive comfort model
could be applied, the criterion used was that to be applied when £,,,,4(o,) is within the
limits (between 10 °C and 33.5 °C), as indicated by ASHRAE 55-2020. The outdoor mean
temperature t,,,,(,,+) Was calculated by using data from the previous 15 days and with a
value of o of 0.9 (which was determined by the geographic situation of the study areas).
With the values of the previous 15 days, based on the climatic files used, the running mean
value of the outside temperature has been obtained.

7368 4.
di=1 Zf 335 > tpmﬂ(aut) > 10

In this case, PDAAM (Equation (4)) corresponds to the percentage of the total days in
which the adaptive comfort model could be applied, and d; is the value given to each day
of the year studied. When the weighted mean temperature is greater than 35 °C or lower
than 10 °C, the value of 0 is given, and when it is within the limits, the value of 1 is given.
Adaptive strategies were analysed hourly. As for natural ventilation and optimal natural
ventilation, the number of hours of the year within the comfort limits of the model in the
80% acceptability was considered, although data are shown in Section 3 in percentages for
a better understanding. An equation like Equation (5) was used, replacing the value of the
365 days of the year with the 8760 h:

e PHNV =Lk (
o Ny =1if Upper acceptability daily limit > T,y ; > Lower acceptability daily limit

where PHNYV is the percentage of the total hours in which the comfort model could be
applied, and #; is the value given to each hour of the year studied. When the weighted
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mean temperature is greater than 35 °C or lower than 10 °C, the value of 0 is given, and
when it is within the limits, the value of 1 is given.

Adaptive setpoint temperatures could be used according to the greater number of
hourly degrees in case of cooling demand, and the lower number of hourly degrees in
case of heating demand. Adaptive setpoint temperatures were calculated according to the
limits obtained by the 80% acceptability (Equations (2) and (3)). To configure static setpoint
temperatures, 2 temperatures were chosen for cooling (25 °C and 26 °C) and 2 for heating
(20 °C and 21 °C), according to other research studies [52]:

Tap i = Lower acceptability daily limit

Tac; = Upper acceptability daily limit

. AdaptiveCD = Z?Z?O(TAc,i— ext,i) Xca
Xca =1if Toxt; > Tac,

AdaptiveHD = Y7 (Texyi — Tan,i)-Xa
Xpa =1if Texti < Tam,i

where T,4p ; is the hourly value of the adaptive heating setpoint temperature obtained in
hourly degrees [°C]; T4c; is the hourly value of the adaptive cooling setpoint temperature
obtained in degree hours [°C]; AdaptiveCD (6) is the annual sum of the difference in hourly
degrees between the adaptive cooling setpoints [°C] and the outdoor temperature; T, ;
is the hourly value of the degrees of the outdoor temperature [°C]; Adaptive HD (7) is the
annual sum of the difference in hourly degrees between the adaptive heating setpoints [°C]
and the outdoor temperature; and Xy 4 and X4 are logical values that are given as 1 when
the condition indicated by equations is met, and 0 when the condition is not met. Finally,
and in accordance with Equation (5), the results have been analysed based on hourly values,
which show more specific data than the daily results.

This paper includes tables and graphs, but also maps with a colour code. For this
purpose, data interpolation between the locations studied and those not studied was used,
considering that the values were influenced by the closest points.

(6)

)

3. Results and Discussion

This section includes the results obtained by the simulations performed for 38 locations
in 10 climate scenarios: current and future scenarios (2050 and 2100) in RCP 2.6, RCP 4.5,
and RCP 8.5. In addition, readers are recommended to consult the figures at the end of this
section to obtain greater spatial information about the variations of the adaptive thermal
comfort models in the different climate change scenarios. In this regard, all figures related
to 2022, 2050, and 2100 are represented in such items.

3.1. Application of the Adaptive Thermal Comfort Model

The possibility of applying the adaptive comfort model to locations according to
ASHRAE 55-2020 was analysed. For this purpose, the value of £,,,4(s) should be between
10 °C and 33.5 °C. Consequently, the analyses of the 38 locations in Ecuador determined
that the model could be applied to current, 2050, and 2100 scenarios because 100% of the
case studies had temperatures within the range, as Figure 2 shows. This result squared
with other studies that indicated that in latitudes close to the equatorial line, the model
could be applied to 90% of case studies [50], unlike cases such as in Spain, with an average
of 70% [63] and Japan, where only 0.92% of the territory obtained an applicability greater
than 90% [52].

Application of Natural Ventilation Strategies

The possibility of adapting thermally indoor spaces in buildings was also studied
by using natural ventilation. For this purpose, the hours of the year when the outdoor
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temperature was within the ranges set in Section 2.3, i.e., between the lower and upper
limit of the adaptive model, were observed in each climate scenario.

Climate conditions in Ecuador makes the application of this model possible, partic-
ularly with natural ventilation. In the current climate scenario, approximately 63% of
locations obtained a percentage of the application of natural ventilation greater than 40%
(Figure 3). The lowest percentages of application were obtained in the Sierra, with the
parishes located in the Andes Mountains (which belong to the Cfb climate zone according
to the Képpen-Geiger classification). On the other hand, some of the most populated
locations located in the Coast presented percentages of application greater than 75% of the
days of the year, including the most populated conurbation of the country (Guayaquil—
Samborondén—Duran), with approximately 80% for the current scenario, whereas the
Metropolitan District of Quito presented 9%.

The comfort model indicated that natural ventilation could be applied at least 80%
of the year in 32% of the locations studied in the current climate scenario. On the other
hand, 37% of the parishes corresponding to the Cfb zone obtained values to apply natural
ventilation less than 35% of the time.

As for future scenarios, climate change would affect some locations and benefit others.
Generally, values were similar for 2050 regarding the percentage of parishes where the
model could be applied more than 75%, whereas the locations where the model could be
applied more than 80% went from 12 to 9. There was also a significant change with the
increase in the percentage of application of natural ventilation in Cfb zones, such as the
Metropolitan District of Quito, which obtained 12.14%, 13.89%, and 15.59% in RCP 2.6, RCP
4.5, and RCP 8.5, respectively. However, in the conurbation of Guayaquil—Samborondén—
Duran, it was reduced on average by one percentage point in the future scenarios in contrast
to the current scenario results (Figure 4).
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Figure 4. Percentage of days of the year to apply the adaptive thermal comfort model by natural
ventilation using the 80% category in Ecuador. Comparison between current climate scenario, 2050,
and 2100 in each global warming scenario.
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The situation was the same for the 2100 climate scenario, although the locations
that would apply natural ventilation strategies was significantly reduced greater than
80%, since only 6 parishes maintained this percentage in RCP 2.6 and RCP 4.5, whereas
no population obtained more than 80% in RCP 8.5. Thus, the Metropolitan District of
Quito would reach 20 points in the percentage of application, whereas the conurbation of
Guayaquil—Samborondon—Duran would reduce its percentage to 75%.

On the other hand, the values of optimal ventilation were calculated among the
38 locations in the current climate scenario. The optimal temperature values are much
more restrictive than those previously described in the 80% category, as they correspond
to those moments, in hourly values, when the temperature is right in the middle of the
range. That value was averaged around 17% within the ranges; it is clear by considering
that the values for optimal ventilation were lower than those with the 80% acceptability.
Only 55% obtained ranges between 25% and 30% of application, whereas 32% reached at
least 10% (Figure 5).

As for the 2050 scenario, 55% of locations in RCP 2.6 averaged more than 25% within
the ranges established for the adaptive comfort model for the optimal ventilation, whereas
this percentage increased to 58% in RCP 4.5 and RCP 8.5, with only two locations being
over 35%: Portoviejo and Manta, with 36.71% and 35.79%, respectively.

As for the 2100 scenario, 37% of locations obtained in RCP 2.6 and RCP 4.5 less than
5% within the range of optimal ventilation, whereas this percentage was reduced to 8% in
RCP 8.5. At least 21 parishes exceeded 25% in RCP 2.6, 23% in RCP 4.5, and 24% in RCP 8.5.
Moreover, in the last scenario, three locations reached more than 40%: Manta, Montecristi,
and Portoviejo, with 41.76%, 42.80%, and 40.92%, respectively.
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Figure 5. Percentage of days of the year to apply the adaptive thermal comfort by natural ventilation
in accordance with the optimal temperature in Ecuador. Comparison between current climate
scenario, 2050, and 2100 in each global warming scenario.
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3.2. Heating and Cooling Demands
3.2.1. Heating Degrees

Given the climate conditions of Ecuador, heating degrees of the 80% acceptability
were clearly different in the climate zones. For the current climate scenario (Figure 5),
14 locations (37%) obtained less than 1000 heating degree hours, whereas 11 parishes
obtained more than 40,000 hourly degrees; in total, 18% demanded between 1000 and
2000 units. Latacunga, Riobamba, and Ambato obtained the greatest heating demand:
44,556.0, 43,996.2, and 43,551.6 hourly degrees, respectively. Guayaquil—Samborondén—
Eloy Alfaro (Duran), which are the most populated areas, averaged 917 units for the current
climate scenario, whereas the Metropolitan District of Quito reached 40,539.

As for the 2050 scenario, 50% of locations required less than 1000 heating degree
hours in RCP 2.6 and RCP 4.5, where there were 4 and 14 parishes, respectively, with
requirements of less than 500 hourly degrees, in comparison with the 18 parishes of
RCP 8.5, in which at least 34% of locations required more than 30,000 units. The average
of the Metropolitan District of Quito for 2050 was 34,351.7, whereas the conurbation of
Guayaquil—Samborondén—Eloy Alfaro (Duran) required 399.5 hourly degrees.

The 2100 climate change scenario obtained the same result (Figure 6). The percentage
of locations that required less than 1000 heating degree hours was the same as in 2050
in RCP 2.6, whereas it increased to 55% and 61% in RCP 4.5 and RCP 8.5, respectively.
Moreover, no location required more than 25,000 units in RCP 8.5. Likewise, five parishes
(Daule, Eloy Alfaro (Duran), Manta, Montecristi, and Portoviejo) presented a null result of
hourly degrees according to the model. The conurbation of Guayaquil—Samborond6én—
Duran averaged 248.5 hourly degrees, and the Metropolitan District of Quito averaged
28,663.5 hourly degrees.

RCP 2.6 RCP 4.5 RCP 8.5
Degree hours [°C] Degree hours [°C] ree hours [°C]

10,000 20,000 30,000 40,000 50,0000 10,000 20,000 30,000 40,000 50,0000 10,000 20,000 30,000 40,000 50,000

0
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Figure 6. Hourly degrees with heating demand according to the 80% acceptability in Ecuador.
Comparison between current climate scenario, 2050, and 2100 in each global warming scenario.
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3.2.2. Cooling Degrees

As for cooling degree hours, there was a greater differentiation among the areas
according to the 80% acceptability. For the current climate scenario, 14 parishes had no
cooling demand according to the adaptive comfort model, with 18 locations demanding less
than 200 cooling degree hours, i.e., 47% of the case studies. Likewise, 11 locations required
more than 800 units, and only three locations obtained more than 1000 cooling degree
hours: Machala, Pasaje, and Santa Rosa, with 1483.1, 1437.1, and 1408.5 units, respectively.
The conurbation Guayaquil—Samborondén—Eloy Alfaro (Duran) averaged 879 units for
the current climate scenario, whereas the Metropolitan District of Quito did not present
any demand.

The same tendency took place for 2050, where 27% of the locations did not require
cooling degree hours, i.e., the same amount than in the current climate scenario. In RCP
2.6, a total of 16 locations required less than 200 degree hours, in comparison with the
17 locations in RCP 4.5 and RCP 8.5, where the number of parishes requiring more than
800 units increased to 18. The number of locations that required more than 2000 cooling
degree hours increased to four: Santa Rosa, Machala, Pasaje, and Milagro, with 2823.1,
2778.8, 2745.3, and 2045.3, respectively. Equally, the Metropolitan District of Quito did
not present any demand, and the conurbation of Guayaquil—Samborondén—Eloy Alfaro
(Duran) averaged 1611.8 units.

For the 2100 scenario, 42% of parishes in RCP 2.6, 53% in RCP 4.5 and 63% in RCP
8.5 required more than 800 cooling degree hours, and 2, 14, and 23 locations obtained a
demand greater than 2000 in each scenario, respectively. Thus, 37% of locations did not
require cooling units in RCP 2.6 and RCP 4.5, whereas this percentage was reduced to 18%
in RCP 8.5. In the most unfavourable scenario, i.e., RCP 8.5, there was an average demand
of 0.50 cooling degree hours for the Metropolitan District of Quito, whereas the conurbation
of Guayaquil—Samborondén—Eloy Alfaro (Duran) averaged 3164.2 units among the three
scenarios, i.e., an increase of 96.31% in comparison with 2050, as Figure 7 shows.

RCP 2.6 RCP 4.5 RCP 8.5
Degree hours [°C] Degree hours [°C] Degree hours [°C]
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Figure 7. Degree hours with cooling demand according to the 80% acceptability in Ecuador. Compar-
ison between current climate scenario, 2050, and 2100 in each global warming scenario.
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Given its geographic situation, Ecuador has many climates, as the 38 locations selected
for this study have shown, so results were very different among areas. Some papers have
studied climate behaviours in various regions of the country, but no adaptive comfort
model was used. The behaviours of the various regions of Ecuador were studied, and the
results were presented in tables and maps for better understanding. The main conclusion
was that the location provided the country with a climate diversity, and this condition
allowed the adaptive comfort model to be applied in all the locations studied. The rea-
son was that temperatures in the parishes slightly varied during the seasons because, as
aforementioned, there was no significant difference among seasons in Ecuador, only distin-
guishing more rainy periods. Likewise, the results showed a similar tendency according
to the geographic location of parishes, distinguishing three main regions: the Coast, the
Sierra, and the Amazon.

Figure 8 includes the result of the current climate scenario: the areas with greater
cooling demand did not obtain significant heating demand, but high percentages of natural
ventilation, such as Machala, Pasaje, and Santa Rosa, which are very close to each other.
Manta, Montecristi, and Portoviejo were also stressed because these parishes presented the
most favourable conditions: their percentages of application of natural ventilation were
greater than 80%, and they presented the lowest cooling and heating demands.

Figure 8 shows a tendency that was repeated in the locations according to each
area, so the parishes on the coast had similar results as their percentage of application
of natural ventilation was greater in the climate scenarios. According to RCP 8.5, the
most unfavourable area for natural ventilation, i.e., the inter-Andean region, increased the
percentage progressively in 2050 and 2100 (Figure 8).

Figure 8 also shows that, apart from improving the percentage of natural ventilation
with the climate change scenarios in the inter-Andean area, heating degree hours were
also improved by reducing that consumption, with the Coast and the Amazon obtaining
low values in all the scenarios. On the other hand, cooling degree hours increased as time
passed, so the critical points were mainly observed in the Gulf of Guayaquil and in the
Amazon. This graph shows that conditions vary according to the altitude and the location
of parishes, with the conditions of each region of the country being distinguished and
observing the marked difference between the Coast, the Sierra, and the Amazon.

In the case of natural ventilation, it can be observed that the climatic variability of the
studied territory means that there are lower ranges of ventilation percentages throughout
the country, unlike other cases such as Japan, where the percentages of applicability are
much more varied [52]. On the other hand, there are studies such as the one carried out
in the south of Chile, where it is observed that comfort ranges are established at lower
temperatures, which supports the ability of people to adapt according to the case [32].
There are studies on the ability to adapt to temperature changes in spaces intended for
various uses, as in a study conducted in Taiwan. In this case, the results are related to the
perception of the users where it is observed that the sensation can be regulated by adding
or decreasing layers of clothing according to the season [64].

Likewise, regarding the study of climate change, there are other authors who agree
that the trend is a decrease in HHDs and an increase in CHDs, as in the case of the USA,
Canada, and all over Europe [65-67].

These data could be the premise for further studies in which passive strategies are
used to improve indoor comfort in dwellings at a regional level.
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Figure 8. Comparison between degree hours [°C] with heating and cooling demand and the per-

centage of days of the year [%] with the possibility of using natural ventilation strategies of the 80%

category in Ecuador in current and future climate change scenarios in 2050 and 2100: (a) RCP 2.6

comparison; (b) RCP 4.5 comparison; (c) RCP 8.5 comparison.

3.3. Implications for Practice and Future Research

This research has implications in the revision of the climate zoning of Ecuador’s
construction guidelines and regulations. It also serves as a basis for future research by the
authors with a comparison between RCPs and Shared Socioeconomic Pathways (SSPs), as
well as the evaluation of building performance applying adaptive comfort models. It is
important to note that this document has limitations because the results have been obtained
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with climate projections, and different results may be obtained according to the constant
changes in the lifestyle of the population.

4. Conclusions

Ecuador, due to its geographical location and climatic characteristics, has a 100%
applicability of adaptive comfort models in accordance with the ASHRAE 55 standard,
since the areas studied have average temperatures that do not fall below 10 °C nor exceed
33.5°C.

This study aimed to show the effectiveness of applying the natural ventilation model,
as well as cooling and heating demands in degree hours. It is intended to be the premise
for further works on passive strategies to improve building indoor comfort in the region.

Significant percentages of application of natural ventilation were shown in most
locations, obtaining a clear difference between the locations on the Coast and in the Amazon
in contrast to the locations in the Sierra: these locations obtained the lowest percentage of
application of natural ventilation as lower temperatures were recorded throughout the year.
These data were complemented when the results showed heating demands in all locations,
with those in the Oceanic climate, i.e., Cfb, obtaining a demand greater than 30 times in
comparison with the other regions. On the other hand, cooling demand was low because
18 locations reported low or null cooling demands.

There are heating demands in all the study areas, highlighting the marked difference
between the values obtained in the Highland areas, which in all cases require more than
40,000 degrees per hour. In the case of cooling demand, it is observed that it is not required
in all localities, but only in the Coastal and Amazon areas, in which case they never exceed
2500 degrees per hour of annual demand.

Climate change in 2050 and 2100 will not negatively affect all locations because it is
expected to increase the percentages of application of natural ventilation and reduce heating
degree hours in all parishes. When temperatures increase, the number of cooling degree
hours also increases, but this does not mean a greater discomfort level in the locations
requiring it because the increase is lower in comparison with heating reduction. Even in the
most unfavourable climate scenario (2100), 40% of the locations are not expected to record
cooling degree hours for the adaptive comfort model, i.e., with the 80% acceptability.

Future analyses should be performed because climate scenarios have been accepted
and disseminated by the scientific community, but population movements could change
these approaches that today indicate that all the Ecuadorian territory has a high potential
of application of adaptive comfort models.

It has been observed that energy demands vary over the years in all cases, especially
in cooling demands, since in the projections to 2100, all localities will demand cooling
consumption, unlike the values obtained in the current climatic situation. However, heating
demands are always higher in all locations.

After showing that the low thermal amplitude of Ecuador was also maintained in
climate change projections, there was also a great potential in the country to apply various
improvement strategies, according to the regions also stressed by the areas in maps. In the
Sierra, the characteristics of the envelope should be paid more attention because there was
high cooling demand, thus preventing from taking advantage of natural ventilation. On
the other hand, natural ventilation could be used on the Coast to improve comfort and
reduce cooling demand. The Amazon did not show the same potential of application of
natural ventilation as the Coast, but there were similar tendencies regarding cooling and
heating demands.

These results can set a precedent for a future study in which a new climate classification
in the country can be proposed according to both the data obtained and the similarity
presented by several locations regarding the use of adaptive comfort model and heating
and cooling consumption.

This paper has been developed as part of a broader research on the behaviour of
climatic zones in Ecuador to be used to improve thermal comfort. Thus, with the data
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obtained, a starting line can be established for future applications in buildings in the
region. Although the degrees of heating and cooling are usually used for the establishment
of climatic zones, degree hours have been used so that the results can later be used in
decision-making when applying passive strategies for the improvement of thermal comfort,
which, as has been seen in this document, Ecuador’s climatic characteristics and low
temperature variability mean that the application of this type of model has benefits over
active HVAC systems.
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