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ABSTRACT

The Spanish Building Technical Code (CTE) sets that all new and restored buildings meeting its requirements
have nearly zero energy consumption. This code is based on establishing limit values according to the climate
zone. However, previous studies have shown both the existence of energy inequalities among regions and the
limitations related to the direct application of these criteria. This work analyses the climate classification in-
cluded in the CTE and presents a new climate classification methodology based on k-means. For this purpose, the
region of Andalusia was chosen, and 8 case studies located in the 779 cities of the region were analysed. The
analysis was performed in both the current scenario and future scenarios throughout the 21st century. The re-
sults showed the limitations related to the climate classification included in the CTE, greatly coinciding among
the various zones and with high interquartile ranges in the energy demand distributions of each zone. By using
the climate classification obtained with k-means, the new zones are independent of each other, with low in-

terquartile ranges.

1. Introduction

The reduction of environment degradation is included in current so-
cieties’ sustainable goals. Through various international policies and
agreements, such as the Kyoto Protocol or the Paris Agreement [1],
countries all over the world have established goals as regards sustain-
ability and the reduction of greenhouse gas emissions because aspects
such as climate change could affect future generations. The Intergov-
ernmental Panel on Climate Change (IPCC) has presented in various re-
ports [2,3] the expected climate change tendencies throughout the 21st
century and their consequences for habitability: temperature and sea
level rise, ocean acidification, extinction of species, and the emergence
of pandemics. These aspects have already taken place due to the strong
tendency of the extinction of species [4] or the COVID-19 pandemic
[5,6]. This situation arises from the greenhouse gases (GHG) emitted by
various anthropogenic activities, including the use of buildings [7]. The
high building energy consumption because of a deficient building stock
[8-12] is causing a building environmental impact. By way of example,
the building stock in Europe was responsible for 49% of the total energy
consumption [13,14] and 36% of the GHG emissions [15,16]. Accord-
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ing to the international agreements, the European Union has therefore
set the goal of reducing GHG emissions progressively until 2050, thus
achieving a low-carbon economy [17]. For this purpose, GHG emissions
should be reduced in various sectors, including building, with the aim
of reducing these emissions by 90% [17].

Moreover, establishing appropriate measures is crucial to energy
renovate the existing buildings [18-21]. With these renovations, the ex-
isting building stock would achieve the category of nearly zero energy
consumption buildings (nZEB). The most appropriate energy conserva-
tion measures have been widely studied according to the characteristics
of the building, its location, users, and installations. In this regard, most
studies are also related to the influence of the envelope on the building
energy performance as their surface is large, with a great heat transfer.
Aksoy and Inalli [22] assessed the reduction of heating energy demand
obtained by improving the thermal transmittance in buildings located
in cold regions. Reductions by almost 30% were obtained. Similarly,
Yuan et al. [23] analysed the influence of the location of the insulating
material, so being placed in the exterior reduced energy consumption
more than 18% in comparison with being placed in the interior. Like-
wise, the use of innovative materials in the envelope, such as phase
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change materials [24] or aerogels [25], could improve the building en-
ergy performance in comparison with traditional materials [26], al-
though the price and the payback period are high [27]. Moreover, other
envelope elements (e.g., thermal bridges) could greatly affect energy
consumption. Ramalho de Freitas and Grala da Cunha [28], Ge et al.
[29], and Bienvenido-Huertas [30] have reported that the variation of
the linear thermal transmittance could save energy consumption by
20%. Regarding the improvements in installations, research works have
been focused on self-consumption and user impact. Catrini et al. [31]
analysed the use of self-consumption in commercial buildings located in
the north of Italy. The results showed that the use of cogeneration sys-
tems improve the energy efficiency and sustainability of these build-
ings, apart from having a low amortization period because of selling the
surplus energy. Likewise, users' behaviour could strongly affect energy
performance. Wan et al. [32] and Spyropoulos and Balaras [33] showed
that varying setpoint temperatures up to 4 °C could significantly save
energy consumption. Hamburg et al. [34] studied the influence of users'
behaviour on the actual energy performance of buildings designed for
nZEB. The results showed that users’ behaviour could increase the en-
ergy consumption of nZEB by 29%. In addition, the need for consider-
ing energy losses in the distributions of the installations was reported
because it significantly contributes to nZEB energy consumption.

Thus, the most acceptable measures for energy restoration works
have been shown. However, a state regulation as regards building en-
ergy efficiency is crucial to accurately know the characteristics that
buildings should have, thus guaranteeing an appropriate energy
restoration of the existing buildings. In Spain, the Spanish Building
Technical Code (CTE) [35] establishes the requirements that buildings
should meet, including various aspects such as energy efficiency [36].
The fulfilment of the characteristics related to energy efficiency which
are included in the CTE guarantees that the restored building is nZEB,
regardless of the limitations reported by some studies, e.g., Attia et al.
[371, to achieve nZEB in the climates of the Mediterranean region. Re-
garding the criterion to establish the limitations or characteristics that
buildings should fulfil, the CTE defines limit values according to the cli-
mate zone of the building. This approach is like the regulation from
other countries [38]. However, climate classification approaches could
present limitations to achieve low building energy consumption. In this
regard, studies conducted in other countries, such as Chile, have
stressed both the possible limitations of the climate zones included in
the regulation [39] and the variations obtained by various classification
methodologies [40], thus emerging energy inequalities among the cli-
mate zones by fulfilling the same energy efficiency regulation. Bien-
venido-Huertas et al. [38] showed that fulfilling the energy efficiency
regulation of several countries, including Spain, oscillated the building
energy demand, and a similar behaviour could not be guaranteed in
each country. Recently, Bienvenido-Huertas et al. [41] analysed the
limitations related to the CTE to fulfil the nZEB category in all the cities
in Spain. The results showed that the energy demand of various regions
in the country significantly varied and that the climate classification of
the country should be reviewed to guarantee a most effective control of
building energy demand. In this regard, characteristics more adapted to
each region could be established, thus reducing the risk of energy
poverty in certain regions [42,43] and guaranteeing that decarbonisa-
tion goals are easier achieved in the sector.

This study analysed the design of a new criterion of climate classifi-
cation in Spain based on the cluster analysis. Cluster analyses are a
methodology to group individuals which have presented good results in
other similarity approaches among variables at a geographic level
[44-46]. For this reason, some studies, such as Xiong et al. [47] in
China, applied cluster analyses to establish climate zones. Andalusia,
one of the Spanish regions with both the most deficient building stock
and a great variety of climate zones, was chosen as the study zone
[21,41]. This study was also aimed to considering the possible implica-
tions and modifications taking place because of climate change. In this
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regard, climate change could change future building energy demands
due to the variation of the severity of seasons [48-50], thus implying
that the climate classification designed by the CTE could be less
adapted in the future. Some studies conducted in other countries, such
as Chile, have reported the possible limitations of the climate zone in-
cluded in the regulation [51]. This study did not just analyse the perfor-
mance and effectiveness of the classification approaches of both the
CTE and the cluster analysis in the current scenario, but also assessed
the tendencies and changes expected throughout the 21st century be-
cause of climate change.

2. Methodology
2.1. Study zone

This study analysed the 779 towns of Andalusia. This region is in the
south of Spain (Fig. 1) and is characterized as the most populated re-
gion in the country. The most recent population data recorded by the
Spanish Statistical Institute [52,53] indicate that the population in this
region is greater than 8 million inhabitants, with this number of inhabi-
tants being greater by 9.62% in comparison with the second region
with the greatest number of inhabitants. However, the economic data of
the region are not positive. The values of aspects such as the employ-
ment rate and household annual incomes are the lowest in the country
[54], thus contributing to the emergence of fuel poverty cases in the re-
gion [55]. Regarding the characteristics of the building stock, 50.14%
of the existing buildings in the region was built before the first Spanish
regulation on building energy efficiency [9]. Consequently, more than
half of buildings were built with low effective design criteria which, to-
gether with the envelope ageing, implies very deficient energy perfor-
mance [21]. Thus, most buildings existing in the region should be re-
stored and energy adopted [35].

2.2. Approaches of the climate zones analysed

The regulation on building energy efficiency in Spain is today in-
cluded in the CTE [38,41]. This regulation establishes various limit val-
ues related to building energy performance, such as envelope thermal
properties or primary energy consumption. Various limit values are es-
tablished for each according to the climate zone of the building. The cli-
mate zone is determined by the climate classification in Spain carried
out by the CTE. The classification is based by dividing the country into
two types of zones according to the seasons: a classification for the win-
ter months (i.e., the months when heating systems are used) and an-
other for the summer months (i.e., the months when cooling systems
are used). This classification was determined according to the climate
severity (mainly determined through the degree-days with a base tem-
perature of 20 °C) and is referenced to the climate in Madrid. On the
one hand, winter climate zones are divided into 5 using letters: A, B, C,

Andalusia

Fig. 1. Location of the autonomous region of Andalusia.
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D, and E. The zone A corresponds to the zone with the least winter
severity (i.e., the least heating energy demand), and the zone E corre-
sponds to the zone with the greatest severity (i.e., the greatest heating
energy demand). The CTE establishes 4 types of summer climate zones
using a number: 1, 2, 3, and 4. Following the same criterion as with the
winter climate zones, the zone 1 corresponds to the least severe zone,
and severity increases until zone 4, which corresponds to the zone with
the greatest cooling demand.

Using these zones is crucial to regulate the establishments of limit
values. In this regard, the limit values established for the envelope ther-
mal transmittance are organized according to the winter climate zone
[56]. This is based on supposing that the energy demand of a building
located in a certain climate zone is the same in all the cities in that zone
(i.e., a building in Seville (zone B4) should have an equal or similar en-
ergy demand if it is in Cordoba (B4)). Therefore, the same building lo-
cated in distant cities in the territory would have the same energy con-
sumption if they were in the same climate zone. This criterion based on
classifications with degree days is common in other countries [38]. In
addition, some studies have tried to apply the CTE climate classification
system in other countries, such as Chile [51]. However, several studies
have shown the possible limitations related to this aspect, contributing
to the emergence of energy inequalities among cities whose new or re-
stored buildings fulfil the characteristics established by the regulation
[38,40].

For this reason, this study designed a new climate zone. Cluster
analyses were performed using k-means as a grouping algorithm [57].
This algorithm was used by the many studies based on cluster analysis
and focused on the energy analysis of buildings. The reason is its ease of
implementation and the viability of the groups obtained [58]. Thus, the
algorithm has been used by several studies related to the topic of this
research work: (i) Gao and Malkawi [59] used k-means for the compar-
ative evaluation of the energy performance of buildings in the USA; (ii)
Arambula Lara et al. [60] used k-means to detect clusters in the energy
performance of school buildings in Italy; (iii) a similar study was car-
ried out by Gaitani et al. [61], in which x-means allowed school build-
ings in Greece to be grouped according to their heating demand; (iv) Fa-
zlohalli et al. [62] applied x-means to make clusters of urban areas to
optimize energy designs, and (v) Zhan et al. [63] used x-means to deter-
mine similarities in buildings through their operational similarities,
thus facilitating energy assessment.
k-means starts with a sample X of n cases divided into x groups, for
which a partition W of that sample is considered with
W= (wl, W e W ,wk), S0 (nZ:|Wa =X, w,Nw, =@,a# b), thus
fulfilling that the total sum of the sums of squares of the Euclidean dis-
tance within each group is minimum (Eq. (1)). As for its operation, 6
stages are distinguished with x-means:

1. The number of i groups used for the analysis is identified.

2. The f individuals of the dataset (i.e., the initial centroids) are
randomly selected.

3. The distance of each individual to each i centroids is calculated.

4. The k groups are formed by assigning each individual to the closest
centroid.

5. The new centroids of each existing x group are identified.

6. Stages 3 and 4 are repeated. This stage could result in two
situations: (i) next comes stage 5 if an individual changes the group
in stage 4, repeating the cycle; and (ii) the cluster analysis process
ends when no individual changes the group in stage 4.

P

k
wamin® 33 (v, -, ) &

a=1x;€w,r=1

The cluster analysis was performed to establish independent climate
classifications for winter and summer. Two climate zones were there-
fore established for each scenario. The number of groups of each zone
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was the same as that used by the CTE for its zones: 5 for winter, and 4
for summer (i.e., the cluster analysis was performed with a g-value of 5
for the winter period, and with a k-value of 4 for the summer period).
The goal was to compare representatively the various climate zones
analysed in the research. Climate classifications were established with
the cluster analysis in both current and future scenario. In the latter
there were independent climate classifications for the years 2050 and
2100. For this purpose, data from an energy simulation process de-
scribed in Subsection 2.3 were used. Energy demand data from several
case studies were used for each cluster analysis as input variables, so
each input variable corresponded to a case study. Various heating and
cooling classifications were established according to the type of input
variable used: heating energy demand was used for heating classifica-
tions, and cooling energy demand for cooling classifications.

To assess the quality of the classifications, the Silhouette index was
assessed [64]. The Silhouette index allows the similarity of an individ-
ual to be verified with the other individuals in a same group and is a
quality indicator of a group. For this purpose, the average distance be-
tween an individual and the other points in the same group is deter-
mined (a (i), as well as the minimum average distance between the in-
dividual and the other groups (b (i)) (Eq. (2)). The silhouette index can
have values between —1 and 1. This value indicates the quality of
grouping the individuals: (i) if the value is between —1 and 0, the indi-
vidual is in the wrong group; (ii) if the value is 0, the individual is be-
tween two groups. This could mean that either the individual shows
very different characteristics from the rest that do not allow them to be
grouped with the others or that the cluster analysis has carried out an
excessive classification of the individual groups; and (iii) if the value is
between 0 and 1, the individual is correctly grouped, and those closer to
1 obtain optimal values.

b (i) —a(i)

SO = @b} @

2.3. Case studies and climate data

To know the limitations of the climate zones, an energy simulation
process was conducted in 8 case studies (Fig. 2). These case studies
were also useful to perform the cluster analyses as heating and cooling
energy demand data were used as input variables. The case studies have
different characteristics related to geometry, surface, and glazed sur-
face percentage, so various possibilities of the building stock were
analysed. Thus, the case studies correspond to the most common types
of construction in the building stock in Spain [65]. In this regard, vari-
ous studies have shown that the most common types of construction in
Spain have floors with the form of H, U, or without courtyards
[9,66,671. These types are common in both new and existing buildings;
therefore, these case studies correspond to both new constructions and
energy renovations. The case studies were modelled and simulated with
EnergyPlus. Moreover, the envelope thermal properties used in all case
studies were the same. For this purpose, the most effective limit values
established by the CTE before being updated were used: 0.55 W/m?K
for the facade, 0.35 W/m2K for roofs, and 2.50 m2K for windows. These
values were defined in the envelope element of the models. The load
profile used was that defined by the CTE for residential use (see Table
1). The use of this profile allowed both the loads inside the building and
the setpoint temperatures to be defined, so the heating and cooling en-
ergy demands were calculated [68]. This load profile is characterized
by the occupancy variation according to the day: from Monday to Fri-
day, the occupancy load varies between 0.54 and 2.15 W/m? (sensible
load) and between 0.34 and 1.36 W/m? (latent load). The load of light-
ing devices and equipment has the same use profile, which varies be-
tween 0.44 and 4.40 W/m? according to the hour of the day. Regarding
the setpoint temperatures, the profile for residential buildings defined
in the CTE was also used (see Table 2). These setpoint temperatures are
based on a static thermal comfort model in which users’ thermal expec-
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Case 1

Case 3

Case 5
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Case 2

Case 4

Case 6

Fig. 2. Case studies analysed in the research.

tations do not depend on the external conditions [69]. A use period of
heating equipment is established between October and May (with set-
point temperatures of 17 and 20 °C), and a use period of air condition-
ing between June and September (with setpoint temperatures of 25 and
27 °C). These use periods of HVAC systems coincide with the periods es-
tablished for the winter and summer months used in the climate zones
of the CTE. The variation of the setpoint temperature value depends on
the hour of the day. Likewise, the air change per hour (ACH) was de-
fined according to the CTE load profile,. In this regard, the CTE load
profile uses natural ventilation in the summer nights (0:00-8:00) of 4
ACH and a mechanical extract ventilation of 0.63 ACH the rest of the
year.

The case studies were simulated in the 779 Andalusian towns, and
climate data were obtained in each. For this purpose, METEONORM
was used to generate the EnergyPlus weather (EPW) files of each loca-
tion. METEONORM is a tool composed of 8325 weather stations located

all over the world. Through these stations, the tool allows spatial inter-
polations and stochastic meteorological data to be generated [70].
Likewise, this research was aimed to analysing both the climate
change effect on the climate classification and the possibility of estab-
lishing variations in that classification by using the cluster analysis ap-
proach. For this purpose, 3 EPW files were generated in each location:
one for the current scenario, another for the year 2050, and another for
the year 2100. The two future EPW files were generated with the A2
scenario of the Special Report on Emissions Scenarios (SRES) because it
is one of the most unfavourable scenarios [69]. For this purpose, ME-
TEONORM uses an average of the 18 climate models included in the
2007 IPCC report. The models are averaged for the periods 2011-2030,
2046-2065, and 2080-2099. Through linear interpolations, ME-
TEONORM allows the values of each decade of the 21st century to be
obtained. Other tools, such as CCWorldWeatherGen [71] or Advanced
WEather GENerator (AWE-GEN) [72], can be used to obtain these sce-
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Table 1
Hourly distribution of the loads in the case study.

0:00-6:59 07:00-14:59

15:00- 18:00- 19:00- 23:00-
17:59  18:59 22:59  23:59

Sensible load ~Weekdays 2.15 0.54 1.08 1.08 1.08 2.15
(W/m?)
Weekend 215 215 215 2.15 2.15 2.15
Latent load Weekdays 1.36 0.34 0.68 0.68 0.68 1.36
(W/m?)
Weekend 1.36 1.36 1.36 1.36 1.36 1.36
Lighting Weekdays and  0.44 1.32 1.32 2.20 4.40 2.20
(W/m?) weekend
Equipment Weekdays and  0.44 1.32 1.32 2.20 4.40 2.20
(W/m?) weekend
Table 2

Setpoint temperatures used in the case studies.

Setpoint temperature  Months Hourly ranges
0:00-  07:00- 15:00- 23:00-
6:59 14:59 22:59 23:59
Heating setpoint October— 17 20 20 17
temperature May
Cooling setpoint June— 27 - 25 27
temperature September

narios. However, METEONORM is the most used for energy simulation
analyses in future scenarios existing in the scientific literature [73-76].

The analysis of buildings in the future is a fundamental aspect to
analyse the energy performance of the building stock [77]. This be-
comes important due to buildings’ useful life (between 50 and 100
years) [78]. Therefore, a building constructed or rehabilitated today
would have a useful life that includes the analysis time of this study
(from now until 2100).

Moreover, the A2 scenario presents a very heterogeneous world.
This scenario is characterized by a continuous population increase,
with economic developments focused on each region [38,41]. An in-
crease between 2 and 5.4 °C is expected in this scenario at the end of the
21st century in comparison with the values at the end of the 20th cen-
tury. Each case study was simulated in the 779 towns using 3 climate
scenarios (current, 2050, and 2100), so the results of this study were
based on 18,696 simulations.

3. Results and discussion

First, the distribution of the energy demand values was studied in
the analysis zone according to the scenario. Fig. 3 shows the spatial dis-
tribution of the average values of heating and cooling energy demand
obtained by the case studies. In the current scenario, the energy de-
mand distribution corresponded to the geographic aspects of the re-
gion. The western part of the territory was characterized by having the
greatest heating energy demand (with a value of 73.26 MWh/year) as
the altitude of this zone is greater because of the mountain ranges of the
Baetic system. On the other hand, the Guadalquivir Depression had the
greatest cooling energy demand, with a maximum value of
51.54 MWh/year. However, the effect expected because of climate
change changed the energy demand related to the regions of Andalusia.
Thus, the heating energy demand distribution clearly changed, increas-
ing the lowest energy demand range (between 0 and 7.50 MWh/year)
in the coastal zones and in the Guadalquivir Depression. In many towns
belonging to mountain zones, heating energy demand is expected in
2100 to be like the current one in cities such as Seville. This could be
seen in the progressive reduction of both the quartiles and the maxi-
mum values of heating energy demand distributions. Between the cur-
rent scenario and 2050, the quartile values of the distribution were re-
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duced between 15 and 46%, and between 2050 and 2100, they were re-
duced between 23 and 44%. This implied that the maximum values of
the heating energy demand will range between 13.63 and 48.02 MWh/
year at the end of the century. The tendency in cooling energy demand
was opposed to heating energy demand because climate change in-
creased the former throughout the 21st century. The most affected zone
(in the current scenario it corresponded to the Guadalquivir Depres-
sion) will be extended to other Andalusian towns. As for the percentage
increase values, the quartile values of the cooling energy demand distri-
bution increased between 10 and 28% from the current scenario to
2050, and between 45 and 49% from 2050 to 2100.

Thus, building energy performance is expected to vary significantly.
For this reason, the climate zones of the CTE could present limitations
in the future scenarios, so more appropriate zone criteria should be
available to remove the possible energy inequalities among the various
zones. For this purpose, the cluster analysis was performed according to
the description in Section 2. The Silhouette index obtained with the
cluster analysis was assessed. This analysis used the same number of
groups of the CTE for each climate severity: 5 for winter, and 4 for sum-
mer. Fig. 4 shows the distributions of the Silhouette index, and Table 3
shows the average values for each cluster. The quality of the clusters
was satisfactory. In this regard, the average values of the Silhouette in-
dex were greater than 0.45. Moreover, some clusters obtained average
values of the Silhouette index greater than 0.6, such as clusters W1 in
the 3 scenarios or clusters S2 and S4 in the current scenario. These as-
pects showed that the allocation of the towns in each cluster was appro-
priate. Fig. 4 shows that there were no negative values in the Silhouette
index. Thus, the distribution of the towns in 5 groups for the periods of
heating energy demand and in 4 groups for the periods of cooling en-
ergy demand was appropriate.

Thus, there were variations between the classification conducted by
the CTE and the zones obtained in this study. Fig. 5 shows the spatial
distribution of the climate zones in Andalusia. As indicated in Section 2,
the number of groups was adjusted to the groups of winter and summer
climatic zones included in the CTE classification (5 for winter and 4 for
summer). The nomenclatures of the climate zones obtained in the clus-
ter analyses were organised from lower to greater. Thus, the nomencla-
ture W1 corresponded to the group with the lowest heating energy de-
mand, and the nomenclature W5 to the group with the greatest heating
energy demand. The climate zones of the CTE and the new zones were
clearly different. It is worth stressing that the CTE does not consider in
its regulation that climate zones could vary throughout time (even
though the useful life of buildings ranges between 50 and 100 years
[78]). This means that, in the current scenario, the building is designed
according to the characteristics of the current climate zone, not consid-
ering the possible climate modifications that could affect its energy per-
formance. Nonetheless, there were differences between the climate
zones of the current scenario and those of the CTE. Thus, the cluster
analysis considered that both coastal towns and the towns in the
Guadalquivir Depression had similar climate characteristics in the win-
ter season, whereas in the CTE they were divided into zones A, B, and C
(Fig. 6). This aspect was found in all the new climate zones obtained
with the cluster analysis. Each had towns classified in different zones
according to the CTE. Moreover, some aspects were of interest in these
relations. In this regard, the two groups corresponding to the zones
with the greatest heating energy demand (zones W4 and W5) had in
their distribution towns of the climate zones of the CTE with lower win-
ter severity (e.g., zone A or B). This aspect was detected in the summer
zones, but the other way round: the climate zones obtained in the clus-
ter analysis corresponded to the lowest cooling energy demand (e.g.,
S1). The current scenario with future scenarios were compared, and it
was found that cluster zones were composed by towns located in the
various zones of the CTE. The climate zones of the CTE did not give re-
sponse to the climate variations that could take place throughout the
21st century, and the buildings designed according to this regulation
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Fig. 3. Average distribution of heating and cooling energy demand in Andalusia in the 3 scenarios analysed.
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Fig. 4. Values of the Silhouette index in each group obtained with the energy demand data of the current scenario.

could have a low resilience level in the future. Another important as-
pect is the increase of the number of towns of the severest zones in sum-
mer. Zones S3 and S4 progressively increased the number of towns, so
zone S3 went from 124 towns in the current scenario to 174 in 2050
and to 179 in 2100, whereas zone S4 went from 127 towns in the cur-
rent scenario to 153 in 2050 and to 211 in 2100. In the winter zones ob-

tained with the cluster analysis, the reduction of the energy demand
varied the distribution of towns per groups due to a greater approach of
the centroids of each group.

Thus, there are differences in the groups obtained between the clus-
ter analyses and the CTE. For this reason, the energy demand distribu-
tions of each classification were analysed to determine the limitations
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Table 3
Silhouette index of the clusters.

Year Silhouette index

Heating energy demand Cooling energy demand

Cluster W1 Cluster W2 Cluster W3 Cluster W4 Cluster W5 Cluster S1 Cluster S2 Cluster S3 Cluster S4
Current 0.68 0.57 0.57 0.59 0.51 0.56 0.63 0.47 0.63
2050 0.60 0.55 0.56 0.51 0.47 0.53 0.58 0.62 0.72
2100 0.67 0.53 0.53 0.55 0.47 0.60 0.56 0.62 0.54
Winter climate zone (CTE) Summer climate zone (CTE)

A EEB EEC EED ENC 1 WN2 EE3 EE4
Winter climate zone (cluster) Summer climate zone (cluster)
€
]
=
O
o
Yol
o
N
o
o
N

W1 e w2 W3 e w4 W5 [0 S1 W S2 HEE S3 WM S4

Fig. 5. Distribution of the climate zones of the CTE and those obtained by the cluster analysis.
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Fig. 6. Distribution matrices of the towns included in each climate zone.

of the two approaches. Figs. 7-12 show the energy demand distribu-
tions of each case study according to the type of energy demand and
scenario, thus verifying whether there are coincidences among the cli-
mate zones, as well as the effectiveness of the classifications. For this
study (and to make representative comparisons), the 8 case studies
were energy analysed with the same envelope thermal properties in all
towns. However, the regulation distinguishes the limit values and the
energy demand of the climate zones, thus leading to energy inequalities
among regions or zones [38,41]. Having zones with a more appropriate
classification would therefore imply a greater control of the limitations
of the envelope and guarantee that the fulfilment of the regulation does
not arise differences in the energy consumption of a same region. In the
current scenario, the heating and cooling climate zones of the CTE were
coincident among them: (i) in the winter climate zones of the CTE, the
least severe zones (i.e., A and B) had coincidences in the distribution
values (e.g., in the case 1, the zone A obtained values of 7.10, 10.69,
and 12.10 MWh/year for the first (Q1), second (Q2), and third quartile
(Q3), respectively, whereas zone B obtained values of 9.82 MWh/year
for Q1, 11.34 MWh/year for Q2, and 14.50 MWh/year for Q3; (ii) in
the severest winter zones, the coincidence of the heating energy de-
mand distributions mainly took place between the data lower than the
percentile of 25% in a zone and the data between the first and third
quartile of the immediately lower zone (e.g., in the case 2, the data of
the zone 4 of the percentile of 25% obtained values between 24,205.51
and 36.44 MWh/year, whereas Q1 and Q3 of the zone 3 obtained val-
ues of 21.38 and 32.02 MWh/year). There were also coincidences in
the distributions between the data from the third quartile and the maxi-
mum value in comparison with the data from Q1 and Q3 of the immedi-

ately greater zone; and (iii) in the summer zones, the distributions of
the zones 2, 3, and 4 were coincident. The distributions between the
zones 2 and 3 obtained very similar values (the average differences be-
tween the quartile values were between 0.35 and 3.73 MWh/year),
whereas the data sample of the percentile of 25% in the zone 4 was co-
incident with the data sample between Q1 and Q3 in the zones 2 and 3.
Except in the zone 1, there was not a clear increase tendency of the
cooling energy demand in the cooling zones of the CTE as in the heating
climate zones of the CTE.

Two aspects were found for each zone regarding the effect of cli-
mate change on the energy demand distributions of each climate zone
of the CTE: (i) in winter zones, the heating energy demand reduced the
quartile values between 0.76 and 41.21 MWh/year in 2050 and be-
tween 0.81 and 67.37 MWh/year in 2100. However, the values of heat-
ing energy demand of the distribution of each climate zone were coinci-
dent and even that coincidence of the values increased because of both
the coincidence of the quartile values of the zones D and E and the in-
crease of the percentile of 25% in most climate zones, reaching mini-
mum values close to 0; and (ii) in cooling zones, the quartile values in-
creased between 2.26 and 4.10 MWh/year in 2050 and between 14.21
and 21.27 MWh/year in 2100. There were also coincidences in the co-
incidence of data distributions among the summer climate zones of the
CTE. These aspects implied possible energy inequalities in the region
because the energy efficiency requirements of the CTE are not adapted
to the climate characteristics of the region. Moreover, this could be a
great challenge for architects and designers due to the possible coinci-
dences among the climate zones. In this regard, the CTE is based on the
idea that a building located in a climate zone should have the same en-
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Fig. 7. Boxplots with the distribution of the heating energy demand per winter climate zone in the current scenario.

ergy demand in any location of that climate zone. This criterion of the
CTE means that the building stock of various cities (e.g., Seville and
Cordoba) should have the same energy performance as they are in the
same climatic zone (e.g., B4). However, the results showed towns incor-
rectly classified (Fig. 13). In the current scenario and according to the
case study, the towns incorrectly classified were between 35.815 and
38.511% in the winter zones in the CTE, and between 46.983 and
49.936% in the summer zones in the CTE. Climate change generated
that a larger number of towns were incorrectly classified in the winter

zones of the CTE (between 44.801 and 46.213% in 2050, and between
46.598 and 50.193% in 2100), whereas the range of towns incorrectly
classified was slightly reduced in the summer zones (between 43.902
and 45.186% in 2050, and between 45.828 and 46.470% in 2100).
Given the limitations showed by the climate zones of the CTE, the
zones obtained with the cluster analysis could be an opportunity to ob-
tain more consistent groups, with distributions not coinciding but guar-
anteeing a small number of towns incorrectly classified. The energy de-
mand distributions obtained with the zones of the cluster analysis pre-
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Fig. 8. Boxplots with the distribution of the cooling energy demand per summer climate zone in the current scenario.

sented clear behaviour tendencies (e.g., the increase tendency of the en-
ergy demand by going from a W1 to a W5 zone), as well as a low per-
centage of cases in which there were coincidences in data distributions.
By performing a multidimensional cluster analysis considering that
each dimension was coincident with a case study, there could be certain
group errors in the towns located in the limits of the groups. However,
the percentage of towns incorrectly classified was low in comparison
with those in the CTE. The cluster analysis obtained percentage values
of towns incorrectly classified between 0.128 and 18.742% in heating
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zones, and between 0.513 and 3.081% in cooling zones (Fig. 13). Most
values obtained in the heating zones took place by modifying the cli-
mate generated by climate change. This could be verified in the pro-
gressive increase of the maximum percentage of towns incorrectly clas-
sified, from 7.702% in the current scenario to both 14.249% in 2050
and 18.742% in 2100. These values were obtained in the cases charac-
terized by a low heating energy demand in the current scenario, which
was significantly reduced in 2050 and 2100. As there were climate
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Fig. 9. Boxplots with the distribution of the heating energy demand per winter climate zone in 2050.

zones with centroids of the heating energy demand lower than the other
cases, there were limitations to correctly classify the towns.

However, the cluster analysis obtained more consistent climate clas-
sifications than those used by the CTE. With these analyses, zones with
clear limits of energy demand and with a low interquartile range could
be obtained, thus guaranteeing a greater control when establishing
limit values adapted to the characteristics of each zone. This aspect
could prevent the emergence of energy inequalities in the building

11

stock based on the Spanish regulation. Likewise, considering future sce-
narios allows modifications to be carried out in the climate zones. This
could be of great importance when establishing regulated designs or
criteria adapted to climate change by considering the expected varia-
tions of the energy demand through the climate zones. A regulation on
building energy efficiency considering these aspects could be a most ap-
propriate transition to a low carbon building stock, thus facilitating the
fulfilment of the goals set by the European Union for the year 2050.
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4. Conclusions

This study analysed the limitations of the climate classification of
Andalusia in the Spanish Building Technical Code (CTE) in relation to
towns incorrectly classified and possible energy inequalities, as well as
the potential of using cluster analysis methodologies to obtain the most
representative zones. Likewise, the analysis was performed from both

12

current and future climate perspective. According to the results, the fol-
lowing conclusions are drawn:

e The climate zones established by the CTE presented limitations in
the energy demand limits related to each zone in the current
scenario. Instead of obtaining clear limits, with a different energy
demand in each zone, there were coincidences in the energy
demand distributions of the various zones. These coincidences took
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place with quartile distribution values. Moreover, there was not an
ascending tendency in the energy demand as the winter and summer
climate severity increased. Thus, between 35.815 and 49.936% of
the Andalusian towns were incorrectly classified using the energy
demand data of the case studies. Consequently, the energy demand
obtained by the case study in some of these towns was closer to
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Fig. 11. Boxplots with the distribution of the heating energy demand per winter climate zone in 2100.

another climate zone than to that of the town.
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e Climate change tended to increase these limitations of the climate
zones included in the CTE. The climate change analysed in 2050 and
2100 showed an opposed tendency according to the type of energy
demand: heating energy demand was considerably reduced in the
region, homogenising the energy demand of both coastal zones and
the Guadalquivir Depression, and cooling energy demand was
increased, also increasing the surface with greater energy demands
in hot seasons. These aspects affected the limitations of the climate
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Fig. 12. Boxplots with the distribution of the cooling energy demand per summer climate zone in 2100.

zones in the CTE. As the energy demand varied, the coincidence
effect of the energy demand increased among the various climate
zones;, moreover, there was a greater coincidence of the data
distributions in some zones in which that coincidence was not so
high as in the current scenario (e.g., the zones D and E). This meant
that climate zones were less effective to establish homogeneous
zones of building energy performance. This aspect was clearly
showed in the increase of the percentage of towns incorrectly
classified, increasing in the winter climate zones (between 44.801
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and 50.193%) and obtaining similar values in the summer climate
zones.

e The cluster analysis obtained climate classifications with clear

centroids and limits, guaranteeing the level of independence and
difference among the various clusters. The results showed that the
groups generated with k-means obtained appropriate silhouette
index values (values greater than 0.45 in most of the groups). In
addition, the coincidences among the energy demand distributions
of each climate zone did not present coincidences with the others,
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guaranteeing homogeneous groups with a low interquartile range
(particularly in comparison with the zones of the CTE). This can be
seen in the percentage of cases incorrectly classified: in the current
scenario between 0.128 and 7.702% in the heating zones, and
between 0.896 and 2.824% in the cooling zones. Climate change
varied the configuration of clusters, thus slighting increasing the
percentage of cases incorrectly classified in the heating zones
because of the greater number of cases with a very low demand at
the end of the 21st century.

Therefore, the results showed the limitations of using the climate
zones of the CTE to establish building design criteria and technical
specifications. According to the CTE, the energy demand in a climate
zone is similar in the whole territory of the same climate zone. How-
ever, this study has shown the limitations by existing many coinci-
dences among the various zones. Moreover, these aspects could con-
tribute to the emergence of energy inequalities in the building stock
built according to the current regulation as there are variations caused
by climate. In this regard, the CTE establishes limit values that vary ac-
cording to the climate zone. A most appropriate classification could be
used to establish new limit values more adapted to each zone and to
guarantee that there are no significant energy deviations among the
cities in a same region. In this regard, the cluster analysis is an opportu-
nity to establish more appropriate climate zones. In Andalusia, the ef-
fectiveness of the new climate zone has been verified, as well as its pos-
sible adaptation to future climate variations. These results are of great
interest to develop new measures focused on building energy efficiency
and sustainability in the medium and long term according to the cli-
mate tendencies expected for the 21st century. With a more appropriate
regulation, the low-carbon goals set by the European Union for 2050
could be achieved. Nonetheless, some limitations should be addressed
in future research works. First, this study is based on Andalusia. Al-
though this region is of great interest due to both the combination of so-
cial and economic aspects and the characteristics of the building stock,
the analysis should be performed with other towns in Spain. And sec-
ond, appropriate limit values of the envelope thermal properties should
be established for the new climate zones, thus guaranteeing a low en-
ergy demand which is similar among the climate zones. Finally, the use
of different algorithms to perform cluster analyses should also be stud-
ied, thus assessing the variations obtained according to the algorithm.

15

CRediT authorship contribution statement

David Bienvenido-Huertas: Conceptualization, Methodology,
Formal analysis, Investigation, Writing — original draft, Writing — re-
view & editing. David Marin-Garcia: Conceptualization, Investiga-
tion, Formal analysis, Writing — original draft. Manuel J. Carretero-
Ayuso: Visualization, Investigation, Validation. Carlos E. Rodriguez-
Jiménez: Visualization, Investigation, Validation.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

This research has been funded by the “Consejeria de Economia,
Conocimiento, Empresas y Universidad de la Junta de Andalucia”
through a postdoctoral research programme at University of Sevilla.

References

[1] P. Tobin, N.M. Schmidt, J. Tosun, C. Burns, Mapping states’ Paris climate pledges:
analysing targets and groups at COP 21, Global Environ. Change 48 (2018) 11-21,
https://doi.org/10.1016/j.gloenvcha.2017.11.002.

Intergovernmental Panel on Climate Change, Climate Change 2007: the Physical
Science Basis. Contribution of Working Group I to the Fourth Assessment Report of
the Intergovernmental Panel on Climate Change, 2007.

[3] Intergovernmental Panel on Climate Change, Climate Change 2014: Synthesis
Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change, Cambridge University Press,
Cambridge, 2014, https://doi.org/10.1017/CB09781107415324.004.

World Wildlife Fund, Living Planet Report 2014: Species and Spaces, People and
Places, WWF International, Gland, Switzerland, 2014, https://doi.org/10.1007/
$13398-014-0173-7.2.

[5] R.D. Manzanedo, P. Manning, COVID-19: lessons for the climate change emergency,
Sci. Total Environ. (2020) 742, https://doi.org/10.1016/j.scitotenv.2020.140563.
I. Chakraborty, P. Maity, COVID-19 outbreak: migration, effects on society, global
environment and prevention, Sci. Total Environ. 728 (2020) 138882, https://doi.
org/10.1016/j.scitotenv.2020.138882.

[7] P. Shen, Impacts of climate change on U.S. building energy use by using downscaled
hourly future weather data, Energy Build. 134 (2017) 61-70, https://doi.org/10.
1016/j.enbuild.2016.09.028.

[8] M. Teni, K. Culo, H. Krsti¢, Renovation of public buildings towards nZEB: a case
study of a nursing home, Buildings 9 (2019) 153, https://doi.org/10.3390/
buildings9070153.

[9] F. Kurtz, M. Monzén, B. Lépez-Mesa, Energy and acoustics related obsolescence of
social housing of Spain’s post-war in less favoured urban areas. The case of
Zaragoza, Inf. Construccién 67 (2015) m021, https://doi.org/10.3989/ic.14.062.

[10] K. Park, M. Kim, Energy demand reduction in the residential building sector: a case

[2

—

[4

=

[6

—


https://doi.org/10.1016/j.gloenvcha.2017.11.002
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref2
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref2
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref2
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1007/s13398-014-0173-7.2
https://doi.org/10.1007/s13398-014-0173-7.2
https://doi.org/10.1016/j.scitotenv.2020.140563
https://doi.org/10.1016/j.scitotenv.2020.138882
https://doi.org/10.1016/j.scitotenv.2020.138882
https://doi.org/10.1016/j.enbuild.2016.09.028
https://doi.org/10.1016/j.enbuild.2016.09.028
https://doi.org/10.3390/buildings9070153
https://doi.org/10.3390/buildings9070153
https://doi.org/10.3989/ic.14.062

D. Bienvenido-Huertas et al.

[11]

[12]

[13]
[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

study of korea, Energies 10 (2017) 1-11, https://doi.org/10.3390/en10101506.

T. Csoknyai, S. Hrabovszky-Horvéth, Z. Georgiev, M. Jovanovic-Popovic, B.
Stankovic, O. Villatoro, G. Szendr8, Building stock characteristics and energy
performance of residential buildings in Eastern-European countries, Energy Build.
132 (2016) 39-52, https://doi.org/10.1016/j.enbuild.2016.06.062.

C. Hjortling, F. Bjork, M. Berg, T. af Klintberg, Energy mapping of existing building
stock in Sweden — analysis of data from Energy Performance Certificates, Energy
Build. 153 (2017) 341-355, https://doi.org/10.1016/j.enbuild.2017.06.073.
European Environment Agency, Final Energy Consumption by Sector and Fuel
Copenhagen, Denmark 2016 2018.

European Commission, Action Plan for Energy Efficiency: Realising the Potential
Brussels, Belgium 2006.

European Commission, Directive 2002/91/EC of the European Parliament and of
the Council of 16 December 2002 on the Energy Performance of Buildings Brussels,
Belgium 2002.

E. Union, Directive 2010/31/EU of the European Parliament and of the Council of
19 May 2010 on the Energy Performance of Buildings Brussels, Belgium 2010.
European Commission, A Roadmap for Moving to a Competitive Low Carbon
Economy in 2050 Brussels, Belgium 2011.

N. Casquero-Modrego, M. Goiii-Modrego, Energy retrofit of an existing affordable
building envelope in Spain, case study, Sustain. Cities Soc. 44 (2019) 395-405,
https://doi.org/10.1016/j.5¢s.2018.09.034.

M. Dowson, A. Poole, D. Harrison, G. Susman, Domestic UK retrofit challenge:
barriers, incentives and current performance leading into the Green Deal, Energy
Pol. 50 (2012) 294-305, https://doi.org/10.1016/j.enpol.2012.07.019.

R. Galvin, M. Sunikka-Blank, Economic viability in thermal retrofit policies:
learning from ten years of experience in Germany, Energy Pol. 54 (2013) 343-351,
https://doi.org/10.1016/j.enpol.2012.11.044.

A. Vilches, A. Barrios Padura, M. Molina Huelva, Retrofitting of homes for people in
fuel poverty: approach based on household thermal comfort, Energy Pol. 100 (2017)
283-291, https://doi.org/10.1016/j.enpol.2016.10.016.

U.T. Aksoy, M. Inalli, Impacts of some building passive design parameters on
heating demand for a cold region, Build. Environ. 41 (2006) 1742-1754, https://
doi.org/10.1016/j.buildenv.2005.07.011.

J. Yuan, C. Farnham, K. Emura, Optimal combination of thermal resistance of
insulation materials and primary fuel sources for six climate zones of Japan, Energy
Build. 153 (2017) 403-411, https://doi.org/10.1016/j.enbuild.2017.08.039.

M. Martin, A. Villalba, A. Inés Fernandez, C. Barreneche, Development of new nano-
enhanced phase change materials (NEPCM) to improve energy efficiency in
buildings: lab-scale characterization, Energy Build. 192 (2019) 75-83, https://doi.
org/10.1016/j.enbuild.2019.03.029.

F. Orsini, P. Marrone, F. Asdrubali, M. Roncone, G. Grazieschi, Aerogel insulation in
building energy retrofit. Performance testing and cost analysis on a case study in
Rome, Energy Rep. 6 (2020) 56-61, https://doi.org/10.1016/j.egyr.2020.10.045.
Q. Al-Yasiri, M. Szabé, Incorporation of phase change materials into building
envelope for thermal comfort and energy saving: a comprehensive analysis, J. Build.
Eng. 36 (2021), https://doi.org/10.1016/j.jobe.2020.102122.

K. Saafi, N. Daouas, Energy and cost efficiency of phase change materials integrated
in building envelopes under Tunisia Mediterranean climate, Energy 187 (2019),
https://doi.org/10.1016/j.energy.2019.115987.

J. Ramalho de Freitas, E. Grala da Cunha, Thermal bridges modeling in South Brazil
climate: three different approaches, Energy Build. 169 (2018) 271-282, https://doi.
org/10.1016/j.enbuild.2018.03.044.

H. Ge, V.R. McClung, S. Zhang, Impact of balcony thermal bridges on the overall
thermal performance of multi-unit residential buildings: a case study, Energy Build.
60 (2013) 163-173, https://doi.org/10.1016/j.enbuild.2013.01.004.

D. Bienvenido-Huertas, Analysis of the relationship of the improvement of facades
and thermal bridges of Spanish building stock with the mitigation of its energy and
environmental impact, Energies 13 (2020), https://doi.org/10.3390/en13174499.
P. Catrini, D. Curto, V. Franzitta, F. Cardona, Improving energy efficiency of
commercial buildings by Combined Heat Cooling and Power plants, Sustain. Cities
Soc. 60 (2020), https://doi.org/10.1016/j.scs.2020.102157.

K.K.W. Wan, D.H.W. Li, J.C. Lam, Assessment of climate change impact on building
energy use and mitigation measures in subtropical climates, Energy 36 (2011)
1404-1414, https://doi.org/10.1016/j.energy.2011.01.033.

G.N. Spyropoulos, C.A. Balaras, Energy consumption and the potential of energy
savings in Hellenic office buildings used as bank branches - a case study, Energy
Build. 43 (2011) 770-778, https://doi.org/10.1016/j.enbuild.2010.12.015.

A. Hamburg, K. Kuusk, A. Mikola, T. Kalamees, Realisation of energy performance
targets of an old apartment building renovated to nZEB, Energy 194 (2020), https://
doi.org/10.1016/j.energy.2019.116874.

The Government of Spain, Royal Decree 314/, Approving the Spanish Technical
Building Code Madrid, Spain 2006.

L.M. Lépez-Ochoa, J. Las-Heras-Casas, L.M. Lépez-Gonzélez, P. Olasolo-Alonso,
Towards nearly zero-energy buildings in Mediterranean countries: energy
Performance of Buildings Directive evolution and the energy rehabilitation
challenge in the Spanish residential sector, Energy 176 (2019) 335-352, https://
doi.org/10.1016/j.energy.2019.03.122.

S. Attia, P. Eleftheriou, F. Xeni, R. Morlot, C. Ménézo, V. Kostopoulos, M. Betsi, I.
Kalaitzoglou, L. Pagliano, M. Cellura, M. Almeida, M. Ferreira, T. Baracu, V.
Badescu, R. Crutescu, J.M. Hidalgo-Betanzos, Overview and future challenges of
nearly zero energy buildings (nZEB) design in Southern Europe, Energy Build. 155
(2017) 439-458, https://doi.org/10.1016/j.enbuild.2017.09.043.

D. Bienvenido-Huertas, M. Oliveira, C. Rubio-Bellido, D. Marin, A comparative
analysis of the international regulation of thermal properties in building envelope,
Sustainability 11 (2019) 5574, https://doi.org/10.3390/su11205574.

16

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Journal of Building Engineering 43 (2021) 102829

K. Verichev, M. Zamorano, M. Carpio, Assessing the applicability of various climatic
zoning methods for building construction: case study from the extreme southern
part of Chile, Build. Environ. (2019) 160, https://doi.org/10.1016/j.buildenv.2019.
106165.

K. Verichev, M. Carpio, Climatic zoning for building construction in a temperate
climate of Chile, Sustain. Cities Soc. 40 (2018) 352-364, https://doi.org/10.1016/j.
5¢s.2018.04.020.

D. Bienvenido-Huertas, D. Sanchez-Garcia, C. Rubio-Bellido, J.A. Pulido-Arcas,
Analysing the inequitable energy framework for the implementation of nearly zero
energy buildings (nZEB) in Spain, J. Build. Eng. (2020), https://doi.org/10.1016/j.
jobe.2020.102011.

D. Bienvenido-Huertas, Do unemployment benefits and economic aids to pay
electricity bills remove the energy poverty risk of Spanish family units during
lockdown? A study of COVID-19-induced lockdown, Energy Pol. 150 (2021),
https://doi.org/10.1016/j.enpol.2020.112117.

C. Sanchez-Guevara Sanchez, A. Mavrogianni, F.J. Neila Gonzélez, On the minimal
thermal habitability conditions in low income dwellings in Spain for a new
definition of fuel poverty, Build. Environ. 114 (2017) 344-356, https://doi.org/10.
1016/j.buildenv.2016.12.029.

D. Irac, J. Lopez, Euro area structural convergence? A multi-criterion cluster
analysis, Int. Econ. 143 (2015) 1-22, https://doi.org/10.1016/j.inteco.2015.01.
005.

D. Bienvenido-Huertas, F. Farinha, M.J. Oliveira, E.M.J. Silva, R. Lanca, Challenge
for planning by using cluster methodology: the case study of the algarve region,
Sustainability (2020) 12, https://doi.org/10.3390/s5u12041536.

P. Chévez, D. Barbero, 1. Martini, C. Discoli, Application of the k-means clustering
method for the detection and analysis of areas of homogeneous residential
electricity consumption at the Great La Plata region, Buenos Aires, Argentina,
Sustain. Cities Soc. 32 (2017) 115-129, https://doi.org/10.1016/j.5¢s.2017.03.019.
J. Xiong, R. Yao, S. Grimmond, Q. Zhang, B. Li, A hierarchical climatic zoning
method for energy efficient building design applied in the region with diverse
climate characteristics, Energy Build. 186 (2019) 355-367, https://doi.org/10.
1016/j.enbuild.2019.01.005.

D. Bienvenido-Huertas, D. Sdnchez-Garcia, C. Rubio-Bellido, Comparison of energy
conservation measures considering adaptive thermal comfort and climate change in
existing Mediterranean dwellings, Energy 190 (2020), https://doi.org/10.1016/j.
energy.2019.116448.

D. Sanchez-Garcia, C. Rubio-Bellido, M. Tristancho, M. Marrero, A comparative
study on energy demand through the adaptive thermal comfort approach
considering climate change in office buildings of Spain, Build. Simul. (2019) 1-13,
https://doi.org/10.1007/s12273-019-0560-2.

D. Sénchez-Garcia, C. Rubio-Bellido, J.J.M. del Rio, A. Pérez-Fargallo, Towards the
quantification of energy demand and consumption through the adaptive comfort
approach in mixed mode office buildings considering climate change, Energy Build.
187 (2019) 173-185, https://doi.org/10.1016/j.enbuild.2019.02.002.

K. Verichev, M. Zamorano, M. Carpio, Effects of climate change on variations in
climatic zones and heating energy consumption of residential buildings in the
southern Chile, Energy Build. 215 (2020), https://doi.org/10.1016/j.enbuild.2020.
109874.

Spanish Institute of Statistics, Activity, Unemployment and Employment Rates by
Region and Gender, 2020 https://www.ine.es/jaxiT3/Datos.htm?t = 3996#!tabs-
tabla.

Spanish Institute of Statistics, Labor force survey, 2020. https://www.ine.es/dynt3/
inebase/index.htm?padre = 979&capsel = 979.

S. Tirado Herrero, L. Jiménez Meneses, J.L. Lopez Fernandez, E. Perero Van Hove,
V.M. Irigoyen Hidalgo, P. Savary, Poverty, Vulnerability and Energy Inequality.
New Approaches to Analysis, 1a, Madrid, 2016.

Spanish Institute of Statistics, Census of Population and Housing, 2011 https://
www.ine.es/censos2011_datos/cenl1_datos_resultados.htm.

J.A. Hartigan, M.A. Wong, Algorithm AS 136: a k-means clustering algorithm, J.
Roy. Stat. Soc.Series C (Appl. Stat.) 28 (1979) 100-108.

L. Kaufman, P.J. Rousseeuw, Finding Groups in Data: an Introduction to Cluster
Analysis, John Wiley & Sons, 2009.

C. Deb, S.E. Lee, Determining key variables influencing energy consumption in
office buildings through cluster analysis of pre- and post-retrofit building data,
Energy Build. 159 (2018) 228-245, https://doi.org/10.1016/j.enbuild.2017.11.
007.

X. Gao, A. Malkawi, A new methodology for building energy performance
benchmarking: an approach based on intelligent clustering algorithm, Energy Build.
84 (2014) 607-616, https://doi.org/10.1016/j.enbuild.2014.08.030.

R. Arambula Lara, G. Pernigotto, F. Cappelletti, P. Romagnoni, A. Gasparella,
Energy audit of schools by means of cluster analysis, Energy Build. 95 (2015)
160-171, https://doi.org/10.1016/j.enbuild.2015.03.036.

N. Gaitani, C. Lehmann, M. Santamouris, G. Mihalakakou, P. Patargias, Using
principal component and cluster analysis in the heating evaluation of the school
building sector, Appl. Energy 87 (2010) 2079-2086, https://doi.org/10.1016/j.
apenergy.2009.12.007.

S. Fazlollahi, L. Girardin, F. Maréchal, Clustering urban areas for optimizing the
design and the operation of district energy systems, in: J.J. Kleme$, P.S. Varbanov,
P.Y. Liew (Eds.), Computer Aided Chemical Engineering, Elsevier, 2014, pp.
1291-1296.

S. Zhan, Z. Liu, A. Chong, D. Yan, Building categorization revisited: a clustering-
based approach to using smart meter data for building energy benchmarking, Appl.
Energy 269 (2020), https://doi.org/10.1016/j.apenergy.2020.114920.

D. Sanchez-Garcia, D. Bienvenido-Huertas, J.A. Pulido-Arcas, C. Rubio-Bellido,
Analysis of energy consumption in different European cities: the adaptive comfort


https://doi.org/10.3390/en10101506
https://doi.org/10.1016/j.enbuild.2016.06.062
https://doi.org/10.1016/j.enbuild.2017.06.073
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref13
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref13
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref14
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref14
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref15
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref15
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref15
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref16
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref16
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref17
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref17
https://doi.org/10.1016/j.scs.2018.09.034
https://doi.org/10.1016/j.enpol.2012.07.019
https://doi.org/10.1016/j.enpol.2012.11.044
https://doi.org/10.1016/j.enpol.2016.10.016
https://doi.org/10.1016/j.buildenv.2005.07.011
https://doi.org/10.1016/j.buildenv.2005.07.011
https://doi.org/10.1016/j.enbuild.2017.08.039
https://doi.org/10.1016/j.enbuild.2019.03.029
https://doi.org/10.1016/j.enbuild.2019.03.029
https://doi.org/10.1016/j.egyr.2020.10.045
https://doi.org/10.1016/j.jobe.2020.102122
https://doi.org/10.1016/j.energy.2019.115987
https://doi.org/10.1016/j.enbuild.2018.03.044
https://doi.org/10.1016/j.enbuild.2018.03.044
https://doi.org/10.1016/j.enbuild.2013.01.004
https://doi.org/10.3390/en13174499
https://doi.org/10.1016/j.scs.2020.102157
https://doi.org/10.1016/j.energy.2011.01.033
https://doi.org/10.1016/j.enbuild.2010.12.015
https://doi.org/10.1016/j.energy.2019.116874
https://doi.org/10.1016/j.energy.2019.116874
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref35
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref35
https://doi.org/10.1016/j.energy.2019.03.122
https://doi.org/10.1016/j.energy.2019.03.122
https://doi.org/10.1016/j.enbuild.2017.09.043
https://doi.org/10.3390/su11205574
https://doi.org/10.1016/j.buildenv.2019.106165
https://doi.org/10.1016/j.buildenv.2019.106165
https://doi.org/10.1016/j.scs.2018.04.020
https://doi.org/10.1016/j.scs.2018.04.020
https://doi.org/10.1016/j.jobe.2020.102011
https://doi.org/10.1016/j.jobe.2020.102011
https://doi.org/10.1016/j.enpol.2020.112117
https://doi.org/10.1016/j.buildenv.2016.12.029
https://doi.org/10.1016/j.buildenv.2016.12.029
https://doi.org/10.1016/j.inteco.2015.01.005
https://doi.org/10.1016/j.inteco.2015.01.005
https://doi.org/10.3390/su12041536
https://doi.org/10.1016/j.scs.2017.03.019
https://doi.org/10.1016/j.enbuild.2019.01.005
https://doi.org/10.1016/j.enbuild.2019.01.005
https://doi.org/10.1016/j.energy.2019.116448
https://doi.org/10.1016/j.energy.2019.116448
https://doi.org/10.1007/s12273-019-0560-2
https://doi.org/10.1016/j.enbuild.2019.02.002
https://doi.org/10.1016/j.enbuild.2020.109874
https://doi.org/10.1016/j.enbuild.2020.109874
https://www.ine.es/jaxiT3/Datos.htm?t=3996#!tabs-tabla
https://www.ine.es/jaxiT3/Datos.htm?t=3996#!tabs-tabla
https://www.ine.es/dynt3/inebase/index.htm?padre=979&capsel=979
https://www.ine.es/dynt3/inebase/index.htm?padre=979&capsel=979
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref54
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref54
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref54
https://www.ine.es/censos2011_datos/cen11_datos_resultados.htm
https://www.ine.es/censos2011_datos/cen11_datos_resultados.htm
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref56
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref56
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref57
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref57
https://doi.org/10.1016/j.enbuild.2017.11.007
https://doi.org/10.1016/j.enbuild.2017.11.007
https://doi.org/10.1016/j.enbuild.2014.08.030
https://doi.org/10.1016/j.enbuild.2015.03.036
https://doi.org/10.1016/j.apenergy.2009.12.007
https://doi.org/10.1016/j.apenergy.2009.12.007
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref62
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref62
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref62
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref62
https://doi.org/10.1016/j.apenergy.2020.114920

D. Bienvenido-Huertas et al.

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

control implemented model (ACCIM) considering representative concentration
pathways (RCP) scenarios, Appl. Sci. 10 (2020) 1-24, https://doi.org/10.3390/
app10041513.

S. Dominguez-Amarillo, J.J. Sendra, 1. Oteiza, La envolvente térmica de la vivienda
social. El caso de Sevilla, 1939 a 1979, Editorial CSIC, Madrid, 2016.

C. Garcia Véazquez, La obsolescencia de las tipologias de vivienda de los poligonos
residenciales construidos entre 1950 y 1976: desajustes con la realidad sociocultural
contempordanea, Inf. Construccién 67 (2015), https://doi.org/10.3989/ic.14.045.
B. Serrano-Lanzarote, L. Ortega-Madrigal, A. Garcia-Prieto-Ruiz, L. Soto-Francés, V.
M. Soto-Francés, Strategy for the energy renovation of the housing stock in
Comunitat Valenciana (Spain), Energy Build. 132 (2016) 117-129, https://doi.org/
10.1016/j.enbuild.2016.06.087.

D. Bienvenido-Huertas, Analysis of the impact of the use profile of HVAC systems
established by the Spanish standard to assess residential building energy
performance, Sustainability (2020) 12, https://doi.org/10.3390/5u12177153.

N. Nakicenovic, R. Swart, Special Report on Emissions Scenarios. A Special Report
of Working Group III of the Intergovernmental Panel on Climate Change Cambridge,
United Kingdom 2000.

H. Yassaghi, N. Mostafavi, S. Hoque, Evaluation of current and future hourly
weather data intended for building designs: a Philadelphia case study, Energy Build.
199 (2019) 491-511, https://doi.org/10.1016/j.enbuild.2019.07.016.

M.F. Jentsch, P.A.B. James, L. Bourikas, A.B.S. Bahaj, Transforming existing
weather data for worldwide locations to enable energy and building performance
simulation under future climates, Renew. Energy 55 (2013) 514-524, https://doi.
org/10.1016/j.renene.2012.12.049.

S. Fatichi, V.Y. Ivanov, E. Caporali, Simulation of future climate scenarios with a

17

[73]

[74]

[75]

[76]

[77]

[78]

Journal of Building Engineering 43 (2021) 102829

weather generator, Adv. Water Resour. 34 (2011) 448-467, https://doi.org/10.
1016/j.advwatres.2010.12.013.

L. Bellia, A. Pedace, F. Fragliasso, The role of weather data files in Climate-based
Daylight Modeling, Sol. Energy 112 (2015) 169-182, https://doi.org/10.1016/j.
solener.2014.11.033.

S. Hatwaambo, P.C. Jain, B. Perers, B. Karlsson, Projected beam irradiation at low
latitudes using Meteonorm database, Renew. Energy 34 (2009) 1394-1398, https://
doi.org/10.1016/j.renene.2008.09.011.

M.M. Osman, H. Sevinc, Adaptation of Climate-Responsive Building Design
Strategies and Resilience to Climate Change in the Hot/arid Region of Khartoum,
Sudan, vol. 47, Sustainable Cities and Society, 2019, https://doi.org/10.1016/j.scs.
2019.101429.

M. Kameni, A. Yvon, O. Kalameu, S. Asadi, R. Choudhary, S. Reiter, Impact of
climate change on demands for heating and cooling energy in hospitals : an in-depth
case study of six islands located in the Indian Ocean region, Sustain. Cities Soc. 44
(2019) 629-645, https://doi.org/10.1016/].5¢s.2018.10.031.

M.-V. Belmonte, C. Diaz-L6pez, J. Gavilanes, E. Millan, Introducing passive
strategies in the initial stage of the design to reduce the energy demand in single-
family dwellings, Build. Environ. 197 (2021) 107832, https://doi.org/10.1016/j.
buildenv.2021.107832.

L. Garcia-Ceballos, J.R. de Andres-Diaz, M.A. Contreras-Lopez, Life cycle study of
different constructive solutions for building enclosures, Sci. Total Environ. 626
(2018) 1167-1174, https://doi.org/10.1016/j.scitotenv.2018.01.109.


https://doi.org/10.3390/app10041513
https://doi.org/10.3390/app10041513
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref65
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref65
https://doi.org/10.3989/ic.14.045
https://doi.org/10.1016/j.enbuild.2016.06.087
https://doi.org/10.1016/j.enbuild.2016.06.087
https://doi.org/10.3390/su12177153
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref69
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref69
http://refhub.elsevier.com/S2352-7102(21)00687-2/sref69
https://doi.org/10.1016/j.enbuild.2019.07.016
https://doi.org/10.1016/j.renene.2012.12.049
https://doi.org/10.1016/j.renene.2012.12.049
https://doi.org/10.1016/j.advwatres.2010.12.013
https://doi.org/10.1016/j.advwatres.2010.12.013
https://doi.org/10.1016/j.solener.2014.11.033
https://doi.org/10.1016/j.solener.2014.11.033
https://doi.org/10.1016/j.renene.2008.09.011
https://doi.org/10.1016/j.renene.2008.09.011
https://doi.org/10.1016/j.scs.2019.101429
https://doi.org/10.1016/j.scs.2019.101429
https://doi.org/10.1016/j.scs.2018.10.031
https://doi.org/10.1016/j.buildenv.2021.107832
https://doi.org/10.1016/j.buildenv.2021.107832
https://doi.org/10.1016/j.scitotenv.2018.01.109

	Climate classification for new and restored buildings in Andalusia: Analysing the current regulation and a new approach based on k-means
	1. Introduction
	2. Methodology
	2.1. Study zone
	2.2. Approaches of the climate zones analysed
	2.3. Case studies and climate data

	3. Results and discussion
	4. Conclusions
	CRediT authorship contribution statement
	Acknowledgments
	References


	fld108: 
	fld109: 
	fld159: 
	fld201: 
	fld231: 
	fld232: 
	fld240: 
	fld253: 
	fld261: 
	fld269: 
	fld276: 
	fld280: 
	fld284: 
	fld288: 
	fld307: 


