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A B S T R A C T   

Heritage preservation presents uncertainties in the global warming context. Both predicting the performance of 
environmental variables within the built environment and assessing the preservation conditions of heritage el-
ements are today something of a challenge. Based on current monitorings, this study uses artificial intelligence to 
predict environmental performance in future scenarios. In addition, heritage elements are assessed according to 
threshold preservation values. The Chapel of the University of Seville was chosen as case study, applying both the 
threshold values from UNI 10829 and the performance index (PI) to assess the indoor environmental conditions. 
A total of 9 environmental treatment zones were identified according to temperature and humidity. To estimate 
the variables, the multilayer perceptron (MLP) was monitored and applied considering the time series of A2 
future scenarios in each decade of the 21st century. The current MLP performances were analysed, thus showing 
a progressive reduction of the PI inside the church: at the end of the century, PI values oscillated between 6.6 and 
6.8% in wooden objects, and between 1.8 and 2.3% in paintings. The results also showed a progressive increase 
in the number of hours and distance with respect to the optimal preservation values in the zones with a greater 
temperature and relative humidity, with cooling and dehumidification being the most effective strategies. This 
study represents a progress towards the most appropriate heritage preservation strategies by using an extrapo-
lated methodology considering the climate change effect.   

1. Introduction 

Cultural heritage, whether tangible or intangible, is a legacy from 
countries and inhabitants for future generations [1]. Tangible cultural 
heritage includes historic buildings [2] and their heritage elements (e.g., 
paintings or frescoes). These tangible elements are non-renewable re-
sources [3]. Their preservation for future generations is therefore among 
the main challenges of the professionals of the sector [4,5]. 

These existing heritage elements inside historic buildings could be 
often affected by the indoor microclimate [6]. Thus, microclimate 
significantly influences the possible deterioration of heritage elements, 
mainly due to the oscillations of temperature and relative humidity [7]. 
In addition, each material requires different temperature and relative 
humidity conditions, so the many materials in the indoor space should 
be considered when controlling the microclimate. Heritage elements 
have been appropriately preserved in some types of historic buildings, 
such as churches, so their indoor microclimate is supposed to be 

acceptable. However, aspects such as the use of HVAC systems [8,9], 
occupancy [10,11] or the existing damages in the envelope [12] could 
change indoor microclimate conditions. Although HVAC systems could 
be an appropriate measure to improve the microclimate in historic 
buildings under inappropriate conditions, they are usually used for 
users’ thermal comfort [13]. In this regard, Lucchi [14] detected that the 
operational patterns of HVAC systems focused on thermal comfort could 
be incompatible with the preservation thresholds of each material. In 
Spain, most churches use HVAC systems only to guarantee users’ ther-
mal comfort [15]. However, this does not prevent from using this type of 
measures for preservation. Moreover, EN 15759-1 considers the possi-
bility of using heating systems both for thermal comfort and 
preservation. 

In the last decade, many studies have been focused on analysing both 
the impact of the indoor microclimate on the preservation of heritage 
elements and the establishment of measures to preserve them. Among 
the studies based on a long monitoring is Bonacina et al. [16]. For 20 
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years, these authors conducted a monitoring to assess the preservation 
state of several heritage elements in the Scrovegni Chapel in Italy. The 
results showed the aspects that HVAC systems should guarantee to 
maintain the indoor microclimate. Nevertheless, the time cost required 
to draw conclusions could make the implementation of the monitoring 
methodology in the whole heritage-built environment something of a 
challenge. This type of studies could be performed with shorter moni-
toring campaigns. Rubeis et al. [12] made a multiobjective analysis in a 
damaged church through a monitoring lasting 1 year. Afterwards, the 
building was thermally modelled to estimate the indoor microclimate in 
view of both the variation of the operational conditions or the use of 
HVAC systems. This simulation process was reproduced by other authors 
[17–19] to obtain the improvement achieved by modifying the building. 

However, in-situ monitorings allow to know aspects of the indoor 
microclimate that could be limited in the simulation processes. Aspects 
such as the variation of the thermal gradient in height could be difficult 
to be obtained in simulation processes. Varas-Muriel and Fort [20] 
assessed the microclimate in the Lady of the Assumption Church (Spain) 
to analyse the effect of a radiant floor heating system in the preservation 
of indoor materials. The monitoring through balloons with probes 
allowed the thermal gradient to be characterized like with CFD analyses. 
A similar methodology was used by Aste et al. [21] to characterize the 
Duomo’s indoor microclimate (the Cathedral of Milan) through balloons 
with probes. The results showed that the stratification of temperatures in 
height were lower than 0.5 ◦C, except in the zones close to the gaps, most 
influenced by outdoor conditions. 

In addition, the possibilities that could be achieved by restoring the 
envelope have also been addressed. Cardinale et al. [22] analysed the 
indoor conditions of the Matera Cathedral (Italy) before and after its 
restoration (a radiant floor heating system was included). The results 
showed that the integrated incorporation of a heating system, together 
with the restoration of the rest of the building, obtained appropriate 
indoor microclimate conditions both for preservation and thermal 
comfort. Likewise, it is crucial to consider the expected impact of the 
operational pattern of the building due to the impact of its occupants. 
Camuffo et al. [23] analysed the variation of the indoor microclimate in 
the church of Rocca Pietore when religious celebrations took place. The 
use of heating systems in masses increased the temperature in the upper 
part of the church, thus emerging condensations in the cold walls and 
degrading heritage elements. 

Other studies focused on both the establishment of new data analysis 
methodologies and the design of new monitoring processes of indoor 
microclimate: (i) Silva and Henriques [24] analysed San Cristobal 
Church, in Portugal, focusing on the limitations of EN 15757 by applying 
it climates that are not cold. Consequently, an application methodology 
of the standard was used in mild climates, such as those in the central 
zone in Portugal; (ii) Anaf and Schalm [25] monitored the indoor 
microclimate of a church in Belgium to assess the peak and drop hours 
existing in the temperature and relative humidity time series. The 
analysis by frequency ranges allowed the existing danger due to the 
fluctuations of the indoor microclimate to be defined; (iii) Basto et al. 
[26] developed a measurement instrument to measure both environ-
mental variables and the width of the crack; and (iv) García-Diego and 
Zarzo [27] applied probes in the frescoes to measure the surface 
hygrothermal conditions. 

Moreover, the studies by Spolnik et al. [28], Chatoutsidou et al. [29], 
and Bencs et al. [30] showed the influence of heating systems on the 
dispersion of outdoor pollutant particles, thus becoming a new factor to 
be considered in the preservation analysis. Likewise, Kalamees et al. 
[31] analysed the impact of the indoor microclimate in naturally 
ventilated churches in cold climates. The results showed a high mould 
formation risk in these churches. 

Churches have been widely used as case studies; however, other 
types of case studies have also been analysed. Andretta et al. [32] ana-
lysed the results obtained from the monitorings made both in summer 
and winter in the Classense Library in Ravenna, Italy. The results 

showed that the indoor microclimate conditions were not appropriate in 
most rooms of the library to preserve old books. In another study focused 
on libraries, Diulio et al. [33] analysed the most influential parameters 
to preserve 11 libraries in La Plata (Argentina). The results showed that 
some factors significantly influence the preservation of indoor spaces, e. 
g., the adjacent area to other spaces and the insulation level. Palace 
complexes have also been analysed. Torres-González et al. [34] assessed, 
among other aspects, the hygrothermal conditions in the microclimate 
around the plasterwork of the upper frieze in the Toledanos Room, in the 
Real Alcazar of Seville. In addition, museums have been widely used as 
case studies: (i) Sciurpi et al. [35] assessed the microclimate of the 
exhibition halls in La Specola museum in Florence; these exhibition halls 
were affected by overheating problems. The use of solar control glasses 
improved the indoor microclimate conditions; and (ii) another similar 
study, García-Diego et al. [36], analysed the most appropriate sampling 
conditions to characterize the indoor microclimate in the Sorolla room 
in the Pio V museum in Valencia (Spain). The results showed that the 
hourly sampling implied to know the fulfilment of the preservation 
conditions set by various standards. In these cases, the use of a classi-
fication system of the microclimate [37], management [38,39], and 
remote control [40] allows preservation, thermal comfort, and energy 
efficiency to be balanced. 

However, the possible climate change impact on cultural heritage 
has been scarcely studied, although the impact is estimated to be sig-
nificant [41] due to aspects such as the temperature rise, the variability 
of rainfalls and humidity, and the emergence of phenomena [42]. This 
requires proper management of heritage buildings with the risk of 
climate change [43]. Some studies have analysed the possible climate 
change effects from the perspective of damages in the building envelope 
or structure. Sevieri et al. [44] assessed the risk of typhoons in the roofs 
of cultural heritage assets, whereas García-Sánchez et al. [45] and 
Ezcurra and Rivera-Collazo [46] assessed the impact of the sea level rise 
on heritage buildings located on the coast. Verticchio et al. [47] assessed 
the indoor microclimate of a painting located in both a museum and a 
dwelling in various periods in Valencia. The projections were considered 
in two specific years of the ENSEMBLES-A1B scenario. The results 
showed a greater chemical risk for the material in spring. Prieto et al. 
[48,49] analysed the climate change effect on heritage buildings located 
in cold climate zones in Chile. The analysis was based on determining 
the functional useful life of the building in relation to climate change 
using the fuzzy logic methodology developed in subsequent works [50]. 
The results showed that, in cold regions, climate change could improve 
the useful life of these buildings. However, in warm zones, climate 
change implies a greater impact. The studies conducted in other scopes 
related to the climate change impact on buildings have shown that the 
greatest influence of the outdoor climate modification takes place in 
warm zones [51,52]. The characteristics of the indoor microclimate in 
churches could be significantly different from those in cold zones [53]. 
Moreover, the indoor microclimate state of the building could be defi-
cient in a current context and highly dependent of the outdoor climate. 
De Rubeis et al. [12] showed that damaged historic buildings or historic 
buildings with a deficient state are more exposed to outdoor climate 
variations. Thus, climate change could impact this type of buildings. The 
objective of this study was the analysis of the climate change impact on 
the preservation of heritage elements of historic buildings with a defi-
cient indoor microclimate. Climate change impact is expected to be 
greater in warm climate zones, so a case study located in a warm climate 
zone (the south of Spain) was analysed. For this purpose, the study 
predicted the indoor microclimate using artificial intelligence models. 
This use is based on the potential of using statistical models to make 
future estimates of the indoor microclimate. Thus, this study offers a 
new approach to the indoor microclimate analysis by considering both 
the climate change impact on the indoor microclimate and the possi-
bility of using artificial intelligence models. Likewise, a methodology to 
analyse the preservation threshold values of UNI 10829 based on both 
environmental treatment zones and the Euclidean distance is suggested, 
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thus knowing the required air conditioning strategies. The key contri-
butions of this document can be summarized as follows:  

- Characterization of the climate change impact on the preservation of 
heritage elements in case studies with a deficient microclimate. 

- Development of a methodology based on both environmental treat-
ment zones and the Euclidean distance to determine environmental 
treatment strategies accurately. 

- Study of the possibility of using artificial intelligence models to es-
timate the time series of the indoor microclimate. A methodology 
different from those based on energy simulation models could be 
established to characterize the microclimate in other scenarios. 

2. Methodology 

2.1. Case study 

This study was aimed to assess the possible preservation risk in 
historic buildings with a deficient indoor microclimate in the current 
state. A case study located in a warm climate zone in the current scenario 
was selected due to the greater climate change impact expected in these 
regions [54,55]. 

The case study was the Chapel of the University of Seville (Fig. 1). 
The church was built between 1756 and 1763 in the complex of the old 

tobacco factory, which is today the headquarter of the University of 
Seville. The church has a floor plan in the shape of a Greek cross. The 
transepts are connected to the central nave through a rectangular door, 
and the latter is free of obstructions [56]. The façade is made of solid 
brick (with variable thickness in each orientation) and plaster cladding. 
The windows are monolithic glass. Regarding the operational pattern, 
ordinary services (masses) are held from Monday to Friday at 1:30 p.m. 
and 8:00 p.m., Saturdays at 8:00 p.m., and Sundays at 11:30 a.m. and 
1:00 p.m. Likewise, tourists visit the building every day of the week. 

Since 1966 there is a constant need for preservation actions in the 
heritage works of the building. One of the most important works inside 
the church is the sculpture of the Christ of the Good Death. This sculp-
ture was restored in 1983, 1994, 2004, and 2018. These constant in-
terventions are a sign that the heritage works inside the building are 
being quickly deteriorating. For this reason, environmental conditions 
could significantly influence their rapid degradation. In addition, this 
situation could have consequences because of the many historic and 
artistic heritage works inside the building. 

Regarding the climate of Seville, the city is in the B4 climatic zone 
according to the classification of the Spanish Building Technical Code 
[57]. Thus, this area is characterized by mild winters, while summers 
correspond to the severest climatic typology in Spain. In summer, tem-
perature values greater than 40 ◦C are obtained. 

2.2. Assessment of the environmental conditions inside the church 

The appropriate environmental conditions of the indoor microcli-
mate in the church to preserve heritage elements were assessed with the 
threshold values from UNI 10829 [58]. For this purpose, the type of 
elements in the church were defined. The heritage elements inside the 
church can be divided into two types: wooden objects and paintings. 
Table 1 shows the threshold values of temperature and relative humidity 
to preserve these elements appropriately. 

The analysis of the indoor environment quality level could be 
simplified by the performance index (PI) proposed by Corgnati et al. 
[59]. PI is the proportion of the number of monitored observations 
within the preservation limits (Eq. (1)). Thus, PI allows the quality level 
of the indoor microclimate to be quantified to preserve heritage ele-
ments. Likewise, the indoor environment quality could be classified by 
PI. Corgnati et al. [59] established four types. The three first correspond 
to PI values greater than 80% and are related to an appropriate indoor 
environment quality (Table 2). Thus, values lower than 80% could be 
related to an indoor microclimate that prevents from preserving heritage 
elements. PI values between 80 and 100% obtain various classification 

Fig. 1. Case study.  

Table 1 
Upper and lower limit values of temperature and relative humidity to appro-
priately preserve heritage elements according to UNI 10829.  

Artwork Temperature [◦C] Relative humidity [%] 

Lower limit Upper limit Lower limit Upper limit 

Wooden objects 19 24 50 60 
Paintings 19 24 45 55  

Table 2 
Classification classes of the indoor microclimate accord-
ing to the value of PI.  

Range of values Class 

PI ≥ 90 A 
85 ≤ PI < 90 B 
80 ≤ PI < 85 C 
PI < 80 Not classified  
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levels. The criterion of using one class or another should be previously 
agreed by curators to establish design strategies [12,60]. Although this 
approach allows indoor climate to be quantified, some curators see 
complexity in the indicator as a time series of monitored or estimated 
data should be statistically analysed [5]. Nevertheless, many studies are 
based on the analysis of PI [12,33,60–62]. 

PI = 100
n
N

(1)  

Where n is the number of observations between the upper and lower 
limits of temperature and relative humidity, and N is the total number of 
monitored observations. 

The analysis of PI could be complemented with the variance indi-
cator included in UNI 10829. The variance indicator is the ratio of ob-
servations outside the preservation thresholds. Although this type of 
approach is in line with UNI 10829 and PI, it could make the detailed 
analysis of the requirements of the indoor microclimate for an appro-
priate preservation something of a challenge. The reason is that it does 
not analyse if the problem presented by the indoor microclimate is based 
on low temperatures or on a high relative humidity. Thus, this study 
presents an analysis methodology based on 9 environmental treatment 
zones (Fig. 2). These zones are used based on the results obtained by 
Corgnati and Filippi [60] and by climate analysis tools such as Climate 
Consultant [63]. These zones allow the requirements for the indoor 
microclimate to be known, so correction strategies could be considered. 
Table 3 describes all these zones. Z-5 corresponds to the zone that fulfils 
the threshold values established by UNI 10829 for each material. 
Moreover, the percentage of observations in each zone could be deter-
mined. However, this aspect could not reflect the impact of environ-
mental conditions on the appropriate preservation of heritage elements. 
For this reason, the distance of each observation is determined to the 
closest preservation point. In addition, a quantification is carried out 
through the Euclidean distance. Table 3 shows the Euclidean distances 
used in each zone, varying according to the closest preservation point. In 
Z-1, the closest preservation point corresponds to the coordinate of the 
lower values of both temperature and relative humidity established in 
UNI 10829, and in Z-9 are the upper values established in UNI 10829. 

2.3. Estimating environmental variables 

The indoor microclimate of the church was analysed in both the 
current and future scenario. The monitoring of the indoor microclimate 
was combined with the estimate of the hourly values of the various 
scenarios through artificial neural networks (Fig. 3). Artificial neural 
networks are a statistical model hardly developed by heritage studies 
[64,65] but used by environmental characterization studies [66,67]. 

Artificial neural networks are made up of neurons that constitute data 
processing units. The artificial neural network can give an output value 
by processing the input information it receives. These models are used to 
solve linear and nonlinear problems [68,69]. Thus, complex problems 
are addressed, both classification [70,71] and regression [72–74]. 
Multilayer perceptrons (MLPs) are a type of artificial neural networks. 

Fig. 2. Environmental treatment zones according to temperature and rela-
tive humidity. 

Table 3 
Descriptions of the environmental treatment zones according to temperature 
and relative humidity.  

Treatment 
zones 

Comment Equation (i)  

Z-1 Zone with the 
environmental 
temperature and 
the relative 
humidity below the 
lower limits. 

di =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Tlow,limit − Ti)
2
+ (RHlow,limit − RHi)

2
√

(2) 

Z-2 Zone with the 
relative humidity 
between the limits 
established, but 
with the 
environmental 
temperature below 
the lower limit 

di =
⃒
⃒Tlow,limit − Ti

⃒
⃒ (3) 

Z-3 Zone with the 
environmental 
temperature below 
the lower limit, and 
the relative 
humidity over the 
upper limit 

di =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Tlow,limit − Ti)
2
+ (RHup,limit − RHi)

2
√

(4) 

Z-4 Zone with the 
environmental 
temperature 
between the limits 
established, but 
with the relative 
humidity below the 
lower limit 

di =
⃒
⃒RHlow,limit − RHi

⃒
⃒ (5) 

Z-5 Zone within the 
preservation limits 
established by UNI 
10829   

Z-6 Zone with the 
environmental 
temperature 
between the limits 
established, but 
with the relative 
humidity over the 
upper limit 

di =
⃒
⃒RHup,limit − RHi

⃒
⃒ (6) 

Z-7 Zone with the 
environmental 
temperature over 
the upper limit, and 
the relative 
humidity below the 
lower limit 

di =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Tup,limit − Ti)
2
+ (RHlow,limit − RHi)

2
√

(7) 

Z-8 Zone with the 
relative humidity 
between the limits 
established, but 
with the 
environmental 
temperature over 
the upper limit 

di =
⃒
⃒Tup,limit − Ti

⃒
⃒ (8) 

Z-9 Zone with the 
environmental 
temperature and 
the relative 
humidity over the 
upper limits 

di =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Tup,limit − Ti)
2
+ (RHup,limit − RHi)

2
√

(9)  

(i ) Ti and RHi are the value of indoor temperature and relative humidity in the 
observation i. 
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MLPs are among the models obtaining the best results because of their 
universal approximation capacity [75–77]. One of the most important 
aspect is their architecture. In general terms, the architecture of MLPs is 
usually divided into three layers (Fig. 4): (i) an input layer, (ii) one or 
several intermediate layers, and (iii) and output layer. Each layer has a 

series of neurons interconnected with those in the following layer. The 
neurons of the input layer correspond to the input variables, and the 
neuron of the output layer correspond to the class or attribute to be 
estimated. The output value of each neuron is obtained by both adding 
the values of the input neurons weighted with synaptic weights and 
applying an activation function (Eq. (10)). These connections are 
propagated to the output layer (Eq. (11)), thus obtaining the value 
estimated by the multilayer perceptron (ŶMLP). This study used a 
sigmoidal activation function (Eq. (12)) in the whole architecture of the 
MLPs. The advantage of this type of function is that it compresses an 
infinite input set into a finite output set. 

Fig. 3. Flowchart with the steps followed in the research.  

Fig. 4. Basic scheme of the MLPs designed.  

Table 4 
Input and output variables considered in the MLPs.  

Input variables Output variables 

Month, hour, Tout , RHout , Tdp− out  log 10Tind; log 10 RHind   

Fig. 5. Measurement points.  
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yk = σ
(
∑d

j=1
w(1)

kj xj +w(1)
k0 x0

)

(10)  

Ŷ MLP = σ
(
∑M

k=1
w(2)

lk σ
(
∑d

j=0
w(1)

kj xj

)

+w(2)
l0 y0

)

(11)  

σ =
1

1 + e− x (12)  

Where xj are the input values, w(1)
k0 and x0 are the weight and the value of 

the bias neuron in the input layer, w(2)
l0 and y0 are the weight and the 

input value of the bias neuron in the hidden layer, w(1)
kj are the weights of 

the hidden layer, w(2)
lk are the weights of the output layer, yk is the output 

value of a neuron in the hidden layer, and σ is the activation function. 

The estimate given by the multilayer perceptron depends on the 
values of the synaptic weights. Therefore, the main objective of the al-
gorithm is to select the value of the weights to reduce the error of the 
estimates. For this purpose, a learning algorithm is applied to a training 
dataset. In this study, the multilayer perceptrons were trained by 
backpropagation [78]. This type of learning first selects a random 
assignment of values to the synaptic weights, then a series of data is 
randomly included, and finally the error obtained between the output 
value of the model and the actual output value is analysed. The values of 
the synaptic weights are adjusted, and the process is repeated with the 
different instances of the dataset until the end of the process. 

In the training of the multilayer perceptron, the appropriate training 
algorithm that minimizes the error function associated with the model 
should be selected. The Broyden-Fletcher-Goldfarb-Shanno (BFGS) [79] 
algorithm was used in this research work. This type of method has a 
significant advantage over Newton’s method because they are faster and 
consume less resources by not requiring the direct calculation of the 
Hessian and its inverse. For this purpose, approximations of the inverse 
of the Hessian are calculated at each iteration. 

The goal of these models was to estimate the hourly values of tem-
perature and relative humidity inside the church in the scenarios 
considered. Thus, models with an input structure composed of outdoor 
climate variables which could be easily obtained were considered. 
Table 4 shows the input and output variables considered in the MLPs. 
The input variables were variables that could be obtained from the 
monitoring of the outdoor climate or from the obtaining of prediction 
time series of the climate in a region: outdoor temperature (Tout), out-
door relative humidity (RHout), and outdoor dew temperature (Tdp− out). 
The use of outdoor climate variables could be an interesting option to 

Table 5 
Technical specifications of the equipment used.  

Equipment/ 
Probe 

Variable Measurement 
range 

Accuracy Limit value of 
EN 15758 and 
EN 16242 

HOBO U12- 
012 

Temperature From − 20 to 
+70 ◦C 

±0.35 ◦C ±0.5 ◦C  

Relative 
humidity 

From 5 to 95% ±2.5% ±2.5% 

VAISALA 
HMP45D 

Temperature From − 20 to 
+60 ◦C 

±0.2 ◦C ±0.5 ◦C  

Relative 
humidity 

From 0.8 to 
100% 

±1% ±2.5%  

Fig. 6. Point clouds of the hourly outdoor temperature and relative humidity values obtained from the outdoor climate. The 2015–2019 values were measured with 
VAISALA HMP45D, and the 2030–2100 values were obtained with METEONORM. 
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characterize the indoor microclimate as meteorological data from 
meteorological agencies were used [80]. The output variables were the 
indoor temperature and the indoor relative humidity. Individual models 
were developed for each output variable (i.e., an MLP to estimate the 
indoor temperature, and another to estimate the indoor relative hu-
midity). In addition, various MLPs were considered for the measurement 
points analysed. To obtain better estimate results, the output variable 
was logarithmically changed. 

To develop the MLPs, a dataset is crucial for the training and testing. 
For this purpose, the case study was monitored to obtain a training 
dataset. Tests previously conducted in the church showed two very 
different points (Fig. 5): P1 corresponded to the zone of the altar and the 

sculpture of the Christ of the Good Death, and P2 corresponded to the 
nave of the church. The climate existing in P2 was homogeneous both in 
the central area of the church and in the transepts. These two points 
were monitored with HOBO U12-012 probes that measured the tem-
perature and the relative humidity (Table 5). HOBO U12-012 fulfils the 
requirements set in both EN 15758 [81] (uncertainty of 0.5 ◦C) and EN 
16242 [82] (uncertainty of 2.5%). In addition, the small size of the 
probes prevented users from stealing or misconfiguring it. These probes 
were placed in locations difficult to access (Fig. 5). The monitoring was 
carried out from 1 August 2017 (12:00 p.m.) to 24 July 2018 (22:00 p. 
m.), with a data acquisition interval of 1 h. Moreover, the outdoor 
temperature and the relative humidity were also monitored. For this 
purpose, the hourly data compiled by VAISALA HMP45D, a meteoro-
logical weather station that belongs to the Spanish Meteorological 
Agency (AEMET in Spanish), were used. VAISALA HMP45D has accu-
racy values that fulfil the limit values of both EN 15758 and EN 16242 
(Table 5). 

The dataset used for the training and testing of the MLPs was 
composed of the monitored data. As there were two measurement 
points, an MLP for P1 (MLP-P1) and another for P2 (MLP-P2) were 
developed. Moreover, the dataset was composed of observations from 
each hourly value recorded. The output variable corresponded to the 
hourly value of the indoor microclimate that each MLP aims to estimate. 
Thus, the MLP was used to estimate the time series of the indoor 
microclimate. The training and testing were performed by dividing the 
dataset (8,579 observations): 75% for the training, and 25% for the 
testing. A 10-fold cross validation was used to train MLPs, thus reducing 
the bias and the variance of the model [83]. At this point, the most 

Fig. 7. Point clouds between the actual and the estimated value in the time serie monitored.  

Table 6 
Performance of the estimate obtained, and comparison with the limit values 
from ASHRAE Guideline 14.  

Point Variable NMBE [%]  CVRMSE 
[%]  

Value 
obtained 

Limit 
value 

Value 
obtained 

Limit 
value 

P1 Indoor 
temperature 

− 1.03 ±10 5.43 30 

Indoor relative 
humidity 

− 1.77 ±10 7.48 30 

P2 Indoor 
temperature 

− 0.87 ±10 4.64 30 

Indoor relative 
humidity 

− 2.74 ±10 8.67 30  
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appropriate architecture for each MLP was determined. For this purpose, 
the optimization of the MLPs were previously analysed by assessing 
architectures ranging between 1 and 2 hidden layers, with a number of 
neurons for each layer between 2 and 10. 

To assess the performance of the MLPs, the criteria included in 
ASHRAE Guideline 14–2014 [84] to validate the simulation models 
were used. This validation process allows to verify that the estimate 
results are adjusted to the actual values with a margin of error. For this 
purpose, ASHRAE Guideline 14–2014 uses two error statistical param-
eters (Eqs. 13 and 14: the normalised mean bias error (NMBE) and the 
coefficient of variation of the root mean square error (CV(RMSE)). 
NMBE and CV(RMSE) are parameters like those traditionally used in 
data mining analyses, such as mean absolute error (MAE) or root mean 
square error (RMSE), so their use is suitable to validate the estimate 
models. Likewise, this aspect allowed comparisons to be made with the 
performance values obtained by studies based on energy simulation 
models. The limit values related to these parameters vary according to 
whether they are hourly or monthly limit values. The input and output 
variables of the MLPs are hourly, so the limit values are between − 10% 
and 10% in NMBE and lower than 30% in CV(RMSE) [84,85]. 

NMBE =
1
m

⋅
∑n

i=1(mi − si)

n − p
(13)  

CV(RMSE)= 100 ⋅
1
m

⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(mi − si)
2

n − p

√

(14) 

After the MLPs of the indoor temperature and the indoor relative 

humidity of each point were obtained, the indoor environmental vari-
ables of temperature and relative humidity were estimated in the 
various scenarios. For the current scenario, the years 2015, 2016, 2017, 
2018 and 2019 were analysed, and for the future scenario, each decade 
of the 21st century after the performance of this study was analysed. An 
hourly time serie of the outdoor environmental variables that were used 
as input in the MLPs (temperature, dew temperature, and relative hu-
midity) was required. The data obtained by VAISALA HMP45D were 
also used to obtain outdoor hourly data between 2015 and 2019 (Fig. 6). 
The values of the distributions of the monitored outdoor climate vari-
ables were consistent with the type of climate in Seville. Thus, the 
maximum temperature values oscillated between 40.8 and 44.0 ◦C, with 
minimum values between 0.1 and 1.5 ◦C. The values of the quartiles 
oscillated between 12.7 and 13.5 ◦C in the first quartile (Q1), between 
17.2 and 19.2 ◦C in the second quartile (Q2), and between 23.3 and 
25.9 ◦C in the third quartile. The interquartile range was therefore 
similar in the temperature time series of the current scenario. In addi-
tion, the outdoor relative humidity had a similar trend in the similarity 
of the quartile values. 

However, measured data were not available for the future scenarios, 
so estimates of the future climate were used. The A2 scenario was used 
as it is among the most unfavourable climate change scenarios devel-
oped by the Intergovernmental Panel on Climate Change [86–90]. This 
scenario considers a heterogeneous world with very marked de-
mographic and economic increases, thus implying a temperature in-
crease between 2 and 5.4 ◦C in 2100. Given its unfavourable 
characteristics, this scenario has been widely used to analyse the climate 
change impact on the built environment [86–90]. Moreover, 

Fig. 8. Hourly values obtained each year in P1 of the indoor environmental variables, and delimitation of the optimal preservation zones for wooden objects. The 
green lines represent the upper and lower limits of the indoor temperature and the indoor relative humidity. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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METEONORM was used to generate hourly climate data in the A2 sce-
nario. METEONORM is a software made up of 8,325 weather stations 
spread all over the planet. With these references, METEONORM allows 
spatial interpolations and stochastic meteorological data to be generated 
[91]. Future time series are estimated by METEONORM using an 
average of the 18 climate models included in the 2007 report of the 
Intergovernmental Panel on Climate Change. The models used are 
averaged for the periods 2011–2030, 2046–2065, and 2080–2099. 
Through linear interpolations, METEONORM allows the values of each 
decade of the 21st century to be obtained. METEONORM obtained data 
in 2030, 2040, 2050, 2060, 2070, 2080, 2090 and 2100, so the evolution 
of the indoor microclimate in the church throughout the century was 
known in detail. These data were characterized by an increase in the 
values of the temperature quartiles. In this regard, while values of 14.5, 
19.8 and 26 ◦C were obtained in 2030 in Q1, Q2, and Q3, respectively, 
these quartiles increased between 2.5 and 3.7 ◦C in 2100. With the 
MLPs, therefore, this study analysed the time series of the indoor 
microclimate in the church in 5 years of the current scenario and 
throughout the 21st century, thus obtaining the performance expected 
in the indoor microclimate with no improvement strategies. 

3. Results and discussion 

3.1. MLP performance 

The performance of the MLPs was analysed before studying the in-
door microclimate of the church. The analysis was based on the 
assessment of the statistical parameters considered in the result 

validation processes simulated by ASHRAE Guideline 14: NMBE and CV 
(RMSE). The determination coefficient was also assessed. As mentioned 
in the methodology section, the architecture of the MLPs oscillated be-
tween 1 and 2 hidden layers, analysing a combination of neurons that 
oscillated between 2 and 10 in each layer. In this optimization process of 
the architecture, it was detected that the architecture of 2 layers with 6 
neurons in the first layer and 4 in the second layer obtained the best 
estimates: in the training phase, the determination coefficient was 
95.54% in MLP-P1 (temperature), 89.40% in MLP-P1 (RH), 96.99% in 
MLP-P2 (temperature), and 90.98% in MLP-P2 (RH). Thanks to these 
results, satisfactory results of the determination coefficient were also 
obtained in the testing phase, with values that oscillated between 
85.88% and 96.57%. However, the viability of the estimates could be 
assessed by fulfilling the error parameters established in ASHRAE 
Guideline 14. Fig. 7 shows the point clouds between the actual and the 
estimated values of the output variable of each MLP, and Table 6 shows 
the values obtained in NMBE and CV(RMSE). The values of NMBE and 
CV(RMSE) fulfilled the criteria established in ASHRAE Guideline 14, 
with an average distance to the closest limit value of 8.40% in NMBE and 
23.445% in CV(RMSE). Nonetheless, some limitations were detected in 
the point clouds. Firstly, the estimated values for the indoor relative 
humidity presented a ceiling of 70.31% in P1 and 65.92% in P2 because 
of the low data density in the time series monitored in this range of 
values. Thus, values greater than 70% in P1 corresponded to 3.1% of the 
dataset, and values greater than 65% in P2 corresponded to 5.1%. 
Therefore, this lower density contributed to a worse estimate in this 
range of values. Secondly, no estimated values were obtained in the 
interval between 29.5 and 30 ◦C in P2 (i.e., the estimated values for this 

Fig. 9. Hourly values obtained each year in P2 of the indoor environmental variables and delimitation of the optimal preservation zones for wooden objects. The 
green lines represent the upper and lower limits of the indoor temperature and the indoor relative humidity. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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range of actual values were greater) because of the low density of actual 
data in this interval (0.83% of the observations in the dataset). However, 
the estimates obtained in this range were appropriate, with an average 
error of 0.75 ◦C. Despite these limitations, the performance obtained 
with the MLPs was acceptable. In this regard, the use of energy simu-
lation models in other studies obtained performance values between 8% 
and 24% [18] and between 14.56% and 15% [12] in CV(RMSE). These 
values were greater than those obtained with the MLPs. The MLPs 
designed for the variables of temperature and relative humidity in P1 
and P2 were therefore useful to make estimates according to the criteria 
established in ASHRAE Guideline 14. In addition, the MLPs could be 
used as a method to estimate the indoor values in view of the variation of 
the input variables. 

3.2. Assessment of the performance index 

The MLPs obtained appropriate performances to estimate the indoor 
environmental values. These methods were used to estimate the indoor 
microclimate both in the current scenario (i.e., 2015, 2016, 2017, 2018 
and 2019) and in the future scenario (i.e., 2030, 2040, 2050, 2060, 
2070, 2080, 2090 and 2100). On the other hand, the hourly data of the 
time series were used to assess the PI in the two main points of the 
church with the limit values established in the UNI 10829 (for both 
wooden objects and paintings). Figs. 8–11 show the hourly concentra-
tion values in each year within the appropriate preservation limits. The 
hourly concentration values within the appropriate environmental 
conditions corresponded to a fraction of the hours of the year, but 
temperature or relative humidity values outside the appropriate 

preservation limits were obtained in many hours of the year. However, 
the type of material and its limit values influenced the PI. Fig. 12 shows 
the PI values obtained in each years analysed, distinguishing in each line 
the value obtained by combining the measurement point and material. 
Thus, red points correspond to wooden objects, and blue points to 
paintings, while the continuous line corresponds to P1, and the dashed 
line to P2. The limit values for wooden objects obtained greater PI values 
than for paintings, with values oscillating between 0.85 and 6.15% in 
P1, and between 4.72 and 7.85% in P2. Despite the slight improvement 
of the wooden objects in comparison with the paintings, the conditions 
of the indoor microclimate were not appropriate to preserve the heritage 
elements. Thus, the constant actions taken to preserve the existing 
wooden sculptures are understandable. In this regard, the PI values in 
the current scenario (2015–2019) were as follows: (i) between 9.4 and 
11.3% in the wooden objects in P1; (ii) between 10.5 and 12.7% in the 
wooden objects in P2; (iii) between 5.4 and 9.7% in the paintings in P1; 
and (iv) between 4.6 and 8% in the paintings in P2. These values were 
far from the minimum value recommended by Corgnati et al. [59]: 80% 
for the indoor environment. On the other hand, the PI will be progres-
sively reduced inside the church throughout the 21st century because of 
the foreseeable climate change impact. In this regard, the PI values 
presented per decade an average decrease of 0.92% in the wooden ob-
jects and of 0.71% in the paintings, obtaining at the end of the century PI 
values between 6.6 and 6.8% in the wooden objects, and between 1.8 
and 2.3% in paintings. This progressive decrease showed the vulnera-
bility of the appropriate preservation of heritage elements. The variation 
in the outdoor climate would affect indoor microclimate. In cold cli-
matic zones, this change covers a greater percentage of hours in the 

Fig. 10. Hourly values obtained each year in P1 of the indoor environmental variables and delimitation of the optimal preservation zones for paintings. The green 
lines represent the upper and lower limits of the indoor temperature and the indoor relative humidity. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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preservation thresholds [47]. However, many hours are outside the 
preservation thresholds in warm areas. This aspect becomes important if 
the indoor microclimate is already deficient in the current state since the 
displacement of the time series due to climate change could increase the 

preservation risk. 

Fig. 11. Hourly values obtained each year in P2 of the indoor environmental variables and delimitation of the optimal preservation zones for paintings. The green 
lines represent the upper and lower limits of the indoor temperature and the indoor relative humidity. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 12. PI evolution in each measurement point according to the type of material.  
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3.3. Assessment of the environmental treatment zones 

Climate change is expected to worsen the indoor microclimate con-
ditions in the historic buildings already presenting a deficient state in 
the current scenario. Consequently, actions should be taking in the in-
door microclimate if there are low values in the PI, thus avoiding a 
progressive worsening throughout the 21st century. However, it is 
crucial to analyse the zones that are going to vary the annual hours 
outside the limit values. As mentioned in the methodology section, this 
study considered 9 environmental zones according to their location with 
respect to the preservation limits defined in UNI 10829 (with Z-5 being 
the zone which fulfilled the appropriate limits of temperature and 
relative humidity). Fig. 13 shows the distribution of the annual per-
centage of hours in the 9 zones. The percentage of hours varied both in 
the current and future scenario. In the current scenario, Z-1, Z-2, Z-7, 
and Z-8 obtained percentage reductions in the number of hours in those 
zones. Between 2015 and 2019, there was a reduction between 1.44 and 
3.70% in Z-1, between 3.57 and 4.47% in Z-2, between 0.13 and 1.63% 
in Z-7, and between 0.78 and 2.23% in Z-8. Nonetheless, the oscillatory 
character of the outdoor climate implied that, in some of the years 
corresponding to the current scenario, the percentage of hours increased 
in these zones in comparison with the previous year, although the 
general tendency in the current scenario was the reduction of the per-
centage of hours. This reduction in Z-1, Z-2, Z-7, and Z-8 implied an 
increase in the other zones, with Z-3 being the zone with the greatest 
increase. Regarding climate change, the percentage of hours presented a 
clear reduction tendency in the zones with low relative humidity values 

(Z-1, Z-4, and Z-7). Thus, the percentage of hours in these zones was 
reduced between 0.34 and 3.58%, obtaining at the end of the century 
values that oscillated between 0.14 and 4.98% in the wooden objects, 
and between 0 and 0.15% in the paintings. Given this progressive ten-
dency of obtaining greater temperature and relative humidity values in 
the hours of the year, concentrated in the right upper part of the plots of 
the point clouds (Figs. 8–11), the percentage of hours in Z-9 clearly 
increased between 4.44 and 5.32% in the wooden objects, and between 
6.88 and 8.06% in the paintings. Likewise, there was a greater preva-
lence of the hours of the year in the other two zones with a relative 
humidity greater than the limit value recommended by UNI 10829 (Z-3 
and Z-6), with increases between 1.89 and 8.44% in the wooden objects, 
and between 1.60 and 4.76% in the paintings. This aspect was already 
shown in the current scenario because the building presented a great 
concentration of hourly records with high relative humidity. The in-
crease of the minimum values in the relative humidity time series in the 
future, together with the maintenance of the quartile values, increased 
the percentage of hours with high relative humidity. Therefore, it is 
expected that microclimates with high relative humidity will maintain 
this trend with the scenario analysed. 

The variation of the percentage of hours should be complemented by 
analysing the distance of those hours with the optimal preservation 
values. Both the degree of severity of the hourly values in each zone and 
the demand level could therefore be analysed when establishing an 
environmental conditioning of the indoor space. Figs. 14–17 show the 
distance distributions obtained in each environmental treatment zone. 
Thus, climate change will vary the distances of each zone. Z-1, Z-4 and Z- 

Fig. 13. Stacked area chart with the percentage of the hours of the year in the various preservation zones.  
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7 presented a downward tendency throughout the 21st century: (i) in Z- 
1, the distributions presented a reduction at the end of the century be-
tween 0.10 and 0.46 in Q1, between 0.08 and 0.79 in Q2, and between 
0.67 and 2.46 in Q3, and between 2.94 and 5.12 in the maximum values; 
(ii) in Z-4, the reductions were between 0.28 and 0.80 in Q1, between 
0.78 and 1.23 in Q2, between 1.65 and 2.51 in Q3, and between 2.73 
and 5.78 in the maximum values; and (iii) in Z-7, the reductions were 
between 0.02 and 1.82 in Q1, between 0.13 and 2.56 in Q2, between 
0.22 and 4.25 in Q3, and between 1.83 and 4.50 in the maximum values. 
Regarding Z-4 and Z-7 in relation to the preservation of paintings, none 
of the hourly values were within these zones from 2050. 

Despite the reduction of the distance in the zones with the least 
relative humidity, climate change increased the quartile values of the 
distance distributions in the zones with the greatest relative humidity (Z- 
3 and Z-6) and with the greatest temperature and relative humidity (Z-8 
and Z-9). In Z-3, the variation was the least significant, with increases 
oscillating between 0.16 and 0.97 in Q1, between 0.36 and 1.00 in Q2, 
between 0.30 and 0.89 in Q3, and between 0.48 and 0.94 in the 
maximum values. Likewise, Z-8 presented an intermediate increase 
tendency (with values oscillating between 0.50 and 0.92 in Q1, between 
0.48 and 0.65 in Q2, and between 0.48 and 1.06 in Q3), whereas Z-6 and 
Z-9 (corresponding to the zones with the greatest relative humidity) 

obtained the greatest increase values (between 0.58 and 2.36 in Q1, 
between 0.60 and 1.82 in Q2, between 0.90 and 1.87 in Q3, and between 
0.49 and 1.90 in the maximum values). Thus, it is expected that climate 
change imply a progressive tendency of increasing the distribution of the 
distances in the zones with relative humidity greater than the limit 
value, particularly in the zone with the relative humidity and the tem-
perature greater than the values recommended by the standard. In 
addition, climate change impact was lower in the zones with lower 
temperature values (e.g., Z-2). This aspect suggests the low effectiveness 
of implementing heating systems to improve the conditioning of the 
indoor microclimate throughout the 21st century. Some studies have 
reported a decrease in the heating energy demand in various regions of 
the European continent [51,86], so the heating strategies currently 
adopted in historic buildings are expected to be progressively less 
effective. The use of systems controlling the high temperature and the 
high relative humidity (through cooling and dehumidification pro-
cesses) could obtain appropriate PI values according to the criteria 
established by Corgnati et al. [59] (Table 7). The use of cooling and 
dehumidification could obtain a PI between 92.48 and 96.78% at the 
end of the century, with an average progressive increase between 0.24 
and 0.75%. Thus, the classification of the optimal conditions (A) by 
Corgnati et al. [59] would be obtain in the last quarter of the 21st 

Fig. 14. Boxplots with the distance distributions obtained each year in P1 for the wooden objects.  
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century in the case of the wooden objects, and in the case of the paint-
ings, that classification could be obtained in the current scenario. As a 
result, this type of strategies should be adopted in the historic buildings 
located in warm zones that present an inappropriate indoor microcli-
mate in the current scenario to preserve heritage elements, thus guar-
anteeing an optimal preservation of the heritage elements for future 
generations. 

Given the similarities of Seville’s climate with other regions (e.g., 
southern European countries), the optimal HVAC strategies determined 
in the study could be applied. In this regard, a trend towards both a 
decrease in the use of heating systems and an increase in the use of 
cooling and dehumidification systems would allow better performance 
index values to be achieved. Likewise, the low value of observations 
detected in low temperature areas also suggests a progressive loss of the 
energy conservation measures based on the improvement of the enve-
lope. Except when considering an improvement in the periodic thermal 
properties [92], the improvement of the thermal properties would not 
improve the performance index. In this regard, other studies focused on 
the effectiveness of effective building design measures have shown the 
limitations associated with effective designs traditionally used in warm 
regions [93,94]. The use of environmental conditioning strategies based 
on cooling and dehumidification would therefore allow appropriate 

performance to be achieved. 

4. Conclusions 

This study aimed to assess the climate change impact on the pres-
ervation risk of the heritage elements in historic buildings located in 
warm zones and under deficient environmental conditions in the current 
scenario. The characteristics of the indoor microclimate of a case study 
in Seville were analysed both in the current scenario (2015, 2016, 2017, 
2018 and 2019) and throughout the 21st century (2030, 2040, 2050, 
2060, 2070, 2080, 2090 and 2100). An estimate methodology of the 
hourly variables of each year was used through artificial neural net-
works, and a new analysis methodology of the environmental treatment 
zones based on the limits included in UNI 10829 was used. The following 
conclusions can be drawn according to the results obtained: 

• The use of multilayer perceptrons could be an appropriate method-
ology to estimate the indoor microclimate in view of the variation of 
the outdoor variables, without using simulation models. The results 
obtained in NMBE and CV(RMSE) were satisfactory according to the 
criteria established by ASHRAE Guideline 14, with determination 

Fig. 15. Boxplots with the distance distributions obtained each year in P2 for the wooden objects.  

D. Bienvenido-Huertas et al.                                                                                                                                                                                                                  



Building and Environment 200 (2021) 107959

15

coefficients between 85.88 and 96.99% in the training and testing 
phases.  

• The PI in historic buildings with a deficient environmental climate 
could be very low. In the case study analysed, the performance index 
in the current scenario obtained values between 4.6 and 12.71% 
according to the type of material. These values, which are far from 
the minimum recommendation (80%), constitute an inappropriate 
environmental climate, as well as an excessive risk to preserve her-
itage elements. Moreover, climate change is expected to progres-
sively reduce the performance index in this type of case studies. 
Thus, if current conditions are not appropriate, the preservation risk 
in heritage elements will be progressively increased throughout the 
21st century.  

• Moreover, climate change effect will not just reduce the performance 
index, but also vary the strategies to be adopted in the hours in which 
the environmental conditions are outside the preservation limits. For 
this purpose, the analysis of the environmental treatment zones, 
which was based on both the concepts of the percentage of hours (in 
an application similar to the performance index) and the distance to 
the optimal preservation point, reflected that the zones most influ-
enced by climate change will be those related to a high relative hu-
midity and those with the combinations of high temperature with a 

relative humidity in an appropriate preservation interval. This is a 
direct consequence of climate change effect that will imply a lower 
severity of the environmental conditioning zones with low temper-
ature and low relative humidity, so there is a need for establishing 
environmental conditioning measures based on the use of cooling 
and dehumidification strategies. 

To conclude, the results of this study are of interest to design 
appropriate environmental preservation strategies for the heritage ele-
ments of historic buildings in warm climate zones. First, the analysis 
methodology (based on both the use of artificial neural networks and the 
analysis of environmental treatment zones) characterizes the environ-
mental hourly values of various climate scenarios and defines the most 
appropriate type of strategy (cooling, heating, humidification or dehu-
midification). Thus, this is a very useful methodology for curators, ar-
chitects, and environmental engineers to assess the indoor microclimate 
in historic buildings. Moreover, the results of this study are of interest to 
develop financing policies to preserve historic buildings in warm climate 
zones. These results have shown that the most appropriate conditioning 
strategies to reduce the climate change impact should be based on the 
use of dehumidification and cooling strategies. Nonetheless, this 
research does not consider the possible impact on both energy 

Fig. 16. Boxplots with the distance distributions obtained each year in P1 for the paintings.  
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consumption and carbon dioxide emissions by using these two strate-
gies. For this reason, further steps should be focused on both the 
quantification of energy consumption by using dehumidification and 
cooling strategies and the possible implications for the decarbonisation 
goals predicted by the European Union. Likewise, this study does not 
consider the possible implications of the environmental control to pre-
serve users’ thermal comfort. Further studies should address this issue to 
guarantee a suitable indoor microclimate through the various uses 
predicted for HVAC systems according to EN 15759-1. 
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Fig. 17. Boxplots with the distance distributions obtained each year in P2 for the paintings.  

Table 7 
PI obtained with cooling and dehumidification strategies. The respective class 
according to the assessment method by Corgnati et al. [59] is also indicated.  

Year PI [%] 

P1  P2  

Wooden objects Paintings Wooden objects Paintings 

2015 82.10 (C) 89.60 (B) 82.49 (C) 89.16 (B) 
2016 86.52 (B) 93.33 (A) 87.00 (B) 94.03 (A) 
2017 79.36 87.60 (B) 80.58 (C) 87.32 (B) 
2018 83.78 (C) 90.45 (A) 83.95 (C) 90.54 (A) 
2019 88.24 (B) 95.50 (A) 89.03 (B) 95.59 (A) 
2030 84.75 (C) 91.15 (A) 85.87 (B) 91.52 (A) 
2040 86.06 (B) 92.31 (A) 86.74 (B) 92.65 (A) 
2050 87.04 (B) 92.89 (A) 88.14 (B) 93.54 (A) 
2060 88.77 (B) 94.01 (A) 89.41 (B) 94.33 (A) 
2070 90.26 (A) 95.62 (A) 90.62 (A) 96.21 (A) 
2080 90.78 (A) 96.02 (A) 91.35 (A) 96.38 (A) 
2090 92.69 (A) 97.19 (A) 93.05 (A) 97.48 (A) 
2100 92.48 (A) 96.47 (A) 92.87 (A) 96.78 (A)  
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[54] V. Pérez-Andreu, C. Aparicio-Fernández, A. Martínez-Ibernón, J.L. Vivancos, 
Impact of climate change on heating and cooling energy demand in a residential 
building in a Mediterranean climate, Energy 165 (2018) 63–74, https://doi.org/ 
10.1016/j.energy.2018.09.015. 

[55] A. Jiang, X. Liu, E. Czarnecki, C. Zhang, Hourly weather data projection due to 
climate change for impact assessment on building and infrastructure, Sustain. 
Cities Soc. 50 (2019), 101688, https://doi.org/10.1016/j.scs.2019.101688. 

[56] Pepe Becerra Leyendas de Sevilla: Capilla de La Universidad, -I. 
[57] The Government of Spain, Royal Decree 732/2019, of December 20, Which 

Modifies the Technical Building Code, Approved by Royal Decree 314/2006, of 
March 17, 2019. 

[58] Ente Nazionale Italiado di Unificazione, in: UNI 10829: 1999-Beni Di Interesse 
Storico e Artistico–Condizioni Ambientali Di Conservazione-Misurazione, Analisi, 
1999. 

[59] S.P. Corgnati, V. Fabi, M. Filippi, A methodology for microclimatic quality 
evaluation in museums: application to a temporary exhibit, Build. Environ. 44 
(2009) 1253–1260, https://doi.org/10.1016/j.buildenv.2008.09.012. 

[60] S.P. Corgnati, M. Filippi, Assessment of thermo-hygrometric quality in museums: 
method and in-field application to the “ Duccio Di buoninsegna” exhibition at 
Santa Maria Della Scala (Siena, Italy), J. Cult. Herit. 11 (2010) 345–349, https:// 
doi.org/10.1016/j.culher.2009.05.003. 

[61] K. Fabbri, M. Pretelli, Heritage buildings and historic microclimate without HVAC 
technology: Malatestiana library in Cesena, Italy, UNESCO memory of the world, 
Energy Build. 76 (2014) 15–31, https://doi.org/10.1016/j.enbuild.2014.02.051. 

[62] F. Sciurpi, A. Ghelli, L. Pierangioli, “La Specola” museum in florence: 
environmental monitoring and building energy simulation, Procedia Struct. Integr. 
29 (2020) 16–24, https://doi.org/10.1016/j.prostr.2020.11.134. 

[63] UCLA Energy Design Tools Group, Climate Consultant® Software V. 6, 0 Software 
Program© Regents of the University of California, 2018. 
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