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1.

INTRODUCTION

1.1 Thermo-hygrometric conditions and the conservation of the architectural heritage.

The preventive conservation of heritage is crucial so that future generations can know the
identity traits of their culture [1]. Therefore, the monitoring and analysis of specific
environmental conditions [2] and their impact on architectural heritage, as well as future

vulnerabilities due to global warming [3], are currently a challenge.

There are numerous studies that analyze both the impact of environmental conditions on
architectural heritage [4,5] and the conditioning of interior spaces to favor the preservation of
objects (e.g., objects that belong to exhibitions) [6,7]. In both cases, there are national and
international guidelines and standards that establish the interior air conditioning conditions of
these buildings for such purposes, such as UNI 10829 Standard [8], UNE EN 15757 [9], ASHRAE
STANDARD 55-2020[10] or the British PAS 198 [11]. Likewise, EN 15759-1 [12] also considers
the possibility of using heating systems to achieve thermal comfort and for the optimal

conservation of heritage elements.

In addition to international standards, numerous studies have carried out thermo-hygrometric
monitoring of architectural heritage in recent decades, resulting in a very useful tool to assess
the state of conservation of the building and to know the causes of the degradation in order to
determine a future restoration intervention or to establish preventive conservation criteria,
ruling out the use of destructive techniques. Thus, long-term studies of up to 20 years duration
[13,14] and studies in which monitoring is limited to one year [15] have been published. In this
regard, itis common to evaluate at least annual monitoring periods that are complemented by
thermal models on which different estimates of environmental conditions are established.
Environmental monitoring and simulation tools make it possible to establish estimates of

different factors, such as the modification of operational patterns, thermal comfort [16-18], or
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energy conservation measures [19]. However, the impact of climate change, the basis of
numerous investigations related to cities [20,21] has been sparsely discussed in reference to
preventive conservation of heritage and long-term adverse aspects, which could become very

significant [22,23].

1.2 Relative humidity and temperature influence in the preservation of historical
plasterwork.

There are studies about how ambient conditions could affect constructive materials [24—28] but
are insufficient with respect to gypsum or plasterwork. In this sense, it is worth highlighting the
importance of follow-up campaigns to identify possible risks for the conservation of the
plasterwork, prevent irreversible damage and advance conservation strategies. However, to
account for all the possible damage mechanisms, a comprehensive methodology should be
used to evaluate some risk indexes based on ambient temperature (T) and relative humidity
(RH) measurements.

Gypsum, due to its porous microstructure formed by crystalline groups of hydrated calcium
sulfate, can incorporate water molecules inside, in the form of water vapor or even in the form
of liquid water, when environmental conditions favor capillary condensation. Furthermore,
gypsum has the ability to eliminate this water when environmental conditions change, reducing

the content of water vapor in contact with the material [29].

Variations in T and RH can induce phase transitions. In general, gypsum (CaSO,-2H,0)
dehydration occurs in dry environments [30], which is the reason why temperature below 40°C
is desirable for the correct preservation of plasterwork. However, there may be situations of
high temperatures combined with high relative humidity in which there are no alterations in the
mineral phases of the gypsum [31]. In this regard, Winkler & Wilhelm (1970) indicated the
relationship that must exist between ambient temperature and relative humidity to transform

gypsum (CaSO,-2H.0) into bassanite (CaSO,-0.5H,0) [31], In this case, the material is likely to
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lose stability if exposure to these unfavorable environmental conditions is prolonged over time

[32] (Fig. 1-A, 1-B).
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Fig. 1 (A) T-HR ratio for gypsum-bassanite transformation at 1 atmosphere pressure [31] and (B) Relationship
between the relative humidity and the moisture content of the gypsum [33].
However, this transformation is part of a reversible process in plasterwork, which means that a
rehydration would allow the recovery of the initial properties as long as the dehydration had
not been prolonged in time until it remained constant, due to a change in climatic conditions,

causing the mechanical weakening of the plasterwork [32].

Additionally, gypsum has low hygroscopicity [33,34] and medium-low solubility [35] that do not
represent a direct risk in the preservation of plasterwork [36]. However, it is important to
control the environmental conditions because the condensation of moisture on the surface of
the plasters favors the alteration of the polychrome binders and their possible detachment [33].
The adsorption hygroscopicity of gypsum with 80% RH is only 4 g/kg (0.4%) [33], reaching a
high adsorption hygroscopicity only by capillary saturation (99% RH) [34]. Likewise, humidity
favors the nesting of biotic organisms and the alteration derived from their activity [33].
Therefore, an RH close to or greater than 9o% weakens the structure of the plasterwork and
favors the proliferation of microorganisms and biological agents, as well as the fixation of

environmental pollutants.[37-39] (Fig. 01-B).
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The concentration of water vapor inside rooms can produce condensation dampness in the
sufficiently cold walls, which can generate the appearance of molds or small fungi in the plaster
decorations in the absence of ventilation [29]. The appearance of mold or the growth of
organisms would therefore be another factor that accelerate the degradation of plasterwork
[40]. However, and taken into account that this fact depends on the type of support, the
conditions of temperature and humidity, the ventilation and the type of microorganism in
question, what has been stated by Tsongas&Rioroan (2016) [41] has been followed; they
indicate that below a relative equilibrium humidity of 80% -85% the growth and proliferation

of most fungi is hindered.

Temperatures below 0°C could imply the start of freezing and expansion processes of the
water, swelling the material and causing irreversible damage to the plasterwork. In this regard,
a saturation modulus of less than 75% indicates that the ratio of open pores to total pores is low
enough so that the material does not have frost problems [42]. However, in the case study
presented, this lower limit temperature does not pose any risk since it will hardly be reached at

these latitudes.

The alterations suffered by the polychromies present on the plasterwork as a result of the loss
of cohesion due to the humidity of the plaster could also be taken into consideration [43]. In the
pictorial layers on plasterwork, generally made in tempera, the presence of humidity implies
the alteration of the binders. On the other hand, in the cases in which re-polichromies with oils
and waxes or gilded in later times are identified, the presence of humidity can prevent the

perspiration of the layers and, therefore, accelerate the degradation processes.

The craquelure or stiffening of the pictorial layers that cover a large part of the plasterwork
surface begins at low temperatures [27], favoring their partial detachments, being the range of

recommended temperatures for the correct preservation of the polychromies 10-24°C [8].

1.3. Aim of this study
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The influence of environmental conditions on the conservation of plasterwork plays a main role.
Given this circumstance, the expected climate change in hot regions could lead to a variation in
conservation conditions. In this sense, it should be noted that in the scientific literature there
are few studies aimed at analyzing the impact of climate change on conservation risk, despite
the fact that estimates show that the impact may be significant [22,44]. It is assumed that, in
hot regions, the high temperatures expected throughout the 21st century may affect exterior
cladding. For this reason, the study of historical plasterwork of great heritage value located in
a warm region is addressed. The chosen case study is the Real Alcazar of Seville (RAS) and was
based on the following aspects: (i) the annual monitoring of the environmental parameters T
and RH, (ii) the estimation of hourly values in future scenarios using artificial intelligence and

(iii) the use of the threshold values for the conservation of plasterwork defined in the literature.

METHODOLOGY

The methodological framework of this research is summarized in Fig. 2. As it can be seen, in
this study a measurement process was carried out of an external point of the case study, while
the external climate of the city was also monitored. Through these two approaches, the
estimates for the years 2050 and 2080 were obtained using different methods. All these sets of
environmental data were analyzed to evaluate the conservation risk of the historic plasterwork

of the RAS.
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Fig. 2. Flowchart of the steps followed in the study.

2.1 Case study: The Palace of Pedro | (Real Alcazar of Seville)

The RAS was considered an Asset of Cultural Interest by the Spanish state in 1831 and declared
a World Heritage Site by UNESCO in 1987°. The complex is composed by different buildings
built between the 10th and 18th centuries, among which the Palace of Pedro | (1356-1366)
stands out [45] for the compositional richness of its decorations such as plasterwork [2] [3],

ceramic tiles [4] [49] and carpentry [50,51] (Fig. 3).

1 RI-51-0001067 according to Law 16/1985, of June 25, on Spanish Historical Heritage

2 http://whc.unesco.org/en/list/383 (Viewed in March 2021)
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Fig. 3 Images of the Palace of Pedro I: (A and B) Courtyard of the Dolls, (C) Bedroom of the Moorish Kings, (D)

Courtyard of the Maidens.

Environmental conditions have a direct influence on the conservation of materials, favoring
degradation processes over time. In the case of plasterworks, the alterations are mainly
manifested on the surface, which is the physically and mechanically weakest area, favoring
deterioration, loss of material and the appearance of stains (Fig. 4). Moisture defects are caused
by physical mechanisms, causing bulging, blisters, detachments, stains and even erosions and
fissures. But moisture, normally infiltrated, develops a synergistic effect with chemical agents
that gives rise to the appearance of injuries, as it can dissolve certain soluble salts contained in
plasterwork, transporting them to the outside, evaporating the water in contact with the lower
vapor pressure atmosphere and recrystallizing the salts, leading to efflorescence and crypto-

efflorescence [29].
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Fig. 4 Deterioration in RAS plasterwork: water eepage (A), direct action of rain (B), detachment after oxidation of
the metallic element (C), disintegration of the material (D).
This work aims to establish a relationship between the environmental parameters (T - RH) and
the preservation of historical plasterwork that allows to easily detect if the conditions of
conservation for the material are optimal or not, and to know how they have influenced, and
how they are influencing the process of degradation of the plasterwork. The study focuses on
the Courtyard of the Maidens - the ground floor of the Palace of Pedro I- because there is the
largest sample of plasterwork and the oldest since some are from the 14th century [52]. A
complete characterization of these plasterworks and their polychromies could be found on

previous works by other authors [46,47].

Additionally, the preventive conservation of the heritage is evaluated in future climate
scenarios for the specific case of study and, once the climate model has been calibrated, it could
be extrapolated to analogous climates to evaluate the long-term projection of the

climatological conditions and its possible influence on the conservation of the plasterwork.
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The control and regulation of environmental parameters within a reference interval around
average values or typical seasonal cycles of the historical RAS climate will reduce the risk of

physical-mechanical damage and will also allow to establish mitigation actions.

On the ground floor of the Palace, the interior areas are not physically closed by carpentry or
locksmiths and are permanently open; there are large access arches that allow transit between
different rooms, as well as between these and the outdoor spaces.

In this way, two areas according to exposure to environmental conditions could be defined. An
area that includes those plasterworks that receive direct incidence of solar radiation has been
considered (yellow zone) (Fig. 5-A), and another zone with those plasterworks not exposed to
direct sunlight and with a higher relative humidity (red zone), being the most representative

and unfavorable case in terms of the environmental parameters (Fig. 5-B).

MAIN ENTRANCE
PALACE OF PEDRO |
v

- Tt

20 U

=,

]
COURTYARD OF THE MAIDENS
]
]

.E

Fig. 5 A) Solar path on 03/20/2020 in the geographical coordinates corresponding to the Palace of Pedro |

(Retrieved from https://www.sunearthtools.com/) B) Two different zones on the ground floor of the Pedro | Palace

according to sunlight.

Additionally, it has been possible to verify that the humidity and temperature values measured
in the interior rooms of the Palace of Pedro | [36] are very similar to those obtained in the
southeast gallery of the Courtyard of the Maidens (exterior) because this area does not receive

the direct incidence of solar radiation (Fig. 5-A).
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2.2. Measurement procedure

To determine ambient temperature and relative humidity conditions, a Lascar
thermohygrometer, model EL-USB 2 LCD with two recording channels, within the range -35°C

to 80°C and 0% RH to 100% RH, with a resolution of + 0.5°C and + 3% RH was used.

In this case, the measurements have been carried out over a period of one year, at
uninterrupted one-hour intervals from March 2020 to February 2021 with a thermo-hygrometer

placed in the southeast gallery of the Courtyard of the Maidens (Fig. 6).

The outdoor measurements were obtained through the AEMET (State Meteorological Agency
in Spain). The meteorological station used was the one located in Seville. This meteorological
station is equipped with a VAISALA HMP45D probe with a measuring range from —40 to 60 °C
and —0.8to 100% RH, and an accuracy of + 0.2°Cand + 2% RH. The measurement data obtained

are also from one-hour intervals.

To determine the interval of variation of RH by months, the average of the minimum and
maximum daily humidities has been calculated and the monthly arithmetic means of these
values have been obtained. These data have been studied following the indications of the UNE-

EN 15757: 2011 standard[g].
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MAIN ENTRANCE
PALACE OF PEDRO |

Fig. 6 Location of the monitoring equipment on the ground floor of the Pedro | Palace.

2.3. Obtaining future climate data

According to the data obtained during the annual monitoring, two approaches have been
carried out to obtain future time series: (i) estimation of future outdoor climate data through
the EPW morphing process of the climate zone of the case of study, and (ii) the estimation of

the time series of the interior point through the application of data mining algorithms.

2.3.1. Morphing from the EPW of the climate zone of the case study

The first of them was based on the climatic files provided by the Spanish Technical Building
Code (CTE)[53] for the climate zone of Seville, Csa (Mediterranean) according to Koppen —
Geiger classification [54]. In the first place, T and RH data resulting from the monitoring have
been entered in the Seville climate archive to be able to carry out the evaluation of future
scenarios. Secondly, T and RH data measured outdoors have been compared with those
existing in the CTE to see if it is feasible to establish considerations, not only in the case of study
but also in plasterwork in similar "subtropical dry-summer" climates. The calibration criteria of

the Federal Energy Management Program (FEMP)[55], ASHRAE GUIDELINE Standard 14-2002
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[56], [57] and the International Performance Measurement and Verification Protocol (IPMVP)
[58] have been followed. This validation process makes it possible to verify if the results of the
estimations for the climate zone of Seville are related to the real values monitored with a

margin of error. For this, the following formulas are used:
MBE = 2= (=0 (1)

MBE = E=1M2) (2)

1 3R, (mi=s)

m n-p

NMBE = (3)

In order to scale the results of the Mean Bias Error (MBE) (Equation 1), Normalized Mean Bias
Error (NMBE) is used by dividing MBE by the mean of measured values (i), giving the global
difference between the real values and the predicted ones (Equation 2); In these equations m;
is the measured value, s;is the simulated one and n the number of measured data points. The
Coefficient of Variation of the Root Mean Square Error CV (RMSE) measures the variability of

the errors between measured and simulated values (Equation 3).

The limit values associated with these parameters vary depending on whether they are hourly
or monthly. Considering that the environmental variables are hourly, the limit values are

between -10% and 10% in NMBE and less than 30% in CV (RMSE) [56,57].

To estimate future climate scenarios in the climate zone, the CCWorldWeatherGen tool from
the UK Met Office Hadley Center Coupled Model 3 HadCM3 has been used. Through a morphing
process, this tool generates weather files adapted to climate change from any location in the
world and creates files compatible with most building performance simulation programs [59].
The morphing of the climate files has been carried out for scenario A2 of greenhouse gas

emissions according to the IPCC [60], resulting in climate scenario files for years 2050 and 208o0.
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2.3.2. Estimation of future time series of the case study

The data mining approach of this study was performed using the M5P algorithm. This algorithm
allows estimating the time series for the years 2050 and 2080 in the measured interior point of
the case study. The MsP algorithm (also known as M5') is an evolution of the Classification and
regression tree (CART) [61,62]. Unlike CART, M5P combines decision trees with multivariate
regression; a decision tree is built following the same inverted tree structure offered by CART,
but a multiple linear regression (MLR) model is fitted on each sheet (Equation 4). Therefore, the
algorithm works by developing an MLR model in each subregion (Fig. 7). In the process of
developing the MsP algorithm tree, instead of maximizing the information gain, the internal
variation of the subsets for the class values of each branch is minimized. Once the model is built,
pruning reduces overfitting. The advantages of the models generated by this algorithm are that
they efficiently handle large amounts of numerical variables and are robust in the absence of
values in the instances of the analyzed dataset [63,64]. Thus, its use for the characterization of

different aspects of buildings has increased in recent years [65,66].

Vg = Bo + ZV-1(Bix;) + € (4)

Where B, is the independent term, 3; are the regression coefficients, x; are the predictor

variables, and ¢ is the error.

O Attribute
MLR

Output

Fig. 7. Scheme of an M5P model.
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The approach designed had a configuration of 6 input variables corresponding to the hourly
values of temperature, relative humidity, dew point temperature, horizontal infrared radiation
intensity, global horizontal radiation, and direction normal solar irradiance, diffuse horizontal
solar irradiance of the time series of the outer point of Seville. The output variables correspond
to the relative humidity and the temperature at the interior point of the case study. For each

output variable a different M5P was designed.

The training of each M5P model was carried out using the data from the current scenario. Once
the models were trained, time series of the years 2050 and 2080 were estimated. It is worth
noting that the M5sP models were validated using the coefficient of determination and the MBE

index as statistical parameters.

RESULTS AND DISCUSSION
3.1 Thermo-hygrometric conditions of the Palace of Pedro |

The results obtained from the monitoring carried out between March 2020 and February 2021

in the southeast gallery of the Courtyard of the Maidens are shown in Fig. 8 and table 1:
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Fig. 8 Environmental conditions in the southeast corner of the Courtyard of the Maidens from March 2020 to

8 & §

February 2021.

The measurement of the T and RH parameters is relevant mainly for the study of the
fluctuations and thermal jumps that may occur during the day-night hours or during the
different seasons of the year. In this regard, it is observed that the most pronounced thermal

jumps between day and night hours do not exceed 5°C (July and August), a fact that -by itself-
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does not represent any risk in terms of material expansion. Finally, a high RH in winter is
recorded and must be controlled with adequate ventilation, although it is within the acceptable

range for the correct preservation of plasterwork.

Table 1. Summary of environmental parameters from 01/03 /2020 to 28 / 02/2021.

RELATIVE HUMIDITY (%) TEMPERATURE (° C)
Months Min. Values Max. values Min. Values Max. values
registered registered A registered registered A
Average SD Average SD (max-min) " Average SD Average SD (max-min)

Feb 20 55.3 11,001 73.8 9,454 18.5 14 1,319 18.1 1,577 4.1
Ap. 20 60.6 6,672 777 4.79 17.1 15.7 1,534 19.2 1,558 3.5
May 20 43.3 10,818 64.1 9,947 20.8 21.3 2,337 26.1 2,832 4.8
Jun 20 41.4 5,608 62 7.87 20.6 22.3 2,434 27.3 2,314 5
Jul. 20 38 5,877 56 7.43 18 27.6 1,448 31.8 1,328 4.2
Aug. 20 38 8,637 56.5 7,966 18.5 26.3 1,675 30.5 1,581 4.2
Sept. 20 44.1 9,493 58.3 8,287 14.2 24 1.9 27.4 2,105 3.4
Oct. 20 49.3 12,985 63.1 11,674 13.8 18.1 1,996 21.3 2,136 3.2
Nov. 20 70 8,459 78.6 7,134 8.6 15.6 1,964 17.9 1,965 2.3
Dec. 20 74.2 10,822 84.4 8,133 10.2 11.4 2,366 13.7 1,935 2.3
Jan. 21 75.2 9,545 86.1 8,141 10.9 8.6 3,493 11.2 3,093 2.6
Feb. 21 774 5,562 83.1 5,129 5.7 12.9 1,127 15.1 0.854 2.2
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Fig. 9 Graphical representation of ambient condition (T and RH) from 01/03 /2020 to 28 / 02/2021.

From a detailed analysis of the measurements obtained (Table 1 and Fig 9), the risk due to high
RH is concentrated from November to February, both inclusive; being January the most
unfavorable month since 27.02% of the measurements recorded during that month exceed the
limit of 9o% RH. Likewise, the risk of dehydration of the gypsum and transformation into

bassanite (CaSO,-1/2H,0) occurs from May to October, both inclusive; being July and August
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the most critical months for such purposes. It is worth to highlight that a 56.71% of the

measurements recorded in the year remain below the limit established in the matrix (Fig. 10).

The data obtained correspond to a total of 8,760 measurements, of which only 11.76% are
outside the limits established in the matrix that relates thermo-hygrometric conditions with the

mineralogical phases of calcium sulfate, depending on their degree of hydration.
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Fig. 10 Dispersion graph of the measurements from 01/03 /2020 to 28 / 02/2021 at the southeast corner of the
Courtyard of the Maidens.

Regarding the type of risk detected, it can be seen in Fig. 10 how it is mainly distinguished
between risk due to internal structural transformations (associated with the summer months)
and risk due to high RH (associated with the winter months). The 7.95% of the hourly records
correspond to measurements that are below the curve established by Winkler& Wilhelm [31],
while the risk due to a high RH corresponds to 3.65% and the risk due to a low T corresponds to
only 10 observations throughout the year, so the current climatic conditions in the Courtyard of

the Maidens are favorable in this sense.
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Fig. 12 Monthly representation of the hourly measurements obtained in the Courtyard of the Maidens from March
2020 to February 2021.

However, the results obtained from monitoring the climate of the city of Seville show different
trends in conservation risks (Fig. 11). As it can be seen, although the most prominent risks are
once again that of internal transformations in summer and high RH in winter, there is a greater
number of observations that remain within these risks. Thus, the observations at risk of internal
transformations correspond to values between 348 and 360 in July and August, while in the
Courtyard of the Maidens the values were 229 and 168, respectively. Likewise, it was also
detected how the risk due to high RH extends to a greater number of months than in the case

of the Courtyard of the Maidens and with a significantly higher number of observations.
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Fig. 12 Monthly representation of the hourly measurements obtained in Seville from March 2020 to February 2021.
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Therefore, significant variations are detected in the results obtained with the two approaches.
While the approach to the analysis of the Courtyard of the Maidens point (with a clear
microclimate) presents less severe conditions for the conservation of plasterwork, outside the
conditions would be different, presenting a greater risk due to the climate in these elements.
Likewise, the variability detected between the two approaches shows the great variation that
the analysis approaches of the influence of climate can present on the conservation of
plasterwork. Thus, the use of a joint approach to the outdoor climate and microclimates in this
type of case study allows us to show a broader perspective of the risk of conservation of

plasterwork.

3.2 Calibration of outdoor measurements. The climate file of Seville.

Despite the possible risks detected in the current scenario, climate change can generate a
change in the conservation conditions of plasterwork. For that, the future time series for the
two previously validated approaches used were estimated in this study. In the case of the
outdoor climate approach, T and RH parameters measured during the outdoor monitoring are
compared with T and RH data extracted from the CTE for the climate zone of Seville Csa
(Mediterranean). As the environmental variables analyzed are hourly, the limit values are
between -10% and 10% in NMBE and less than 30% in CV (RMSE). According to Table 2, it is
detected that the CV (RMSE) values are within the established error limits. However, it is
detected that T is slightly higher (0.88%) than the limits in the NMBE and in matters related to
RH the value exceeds the limit in the NMBE by 6.40% (Table 2). From these results we can

establish the following considerations:

In the first place, considering that a measurement is being compared under specific
environmental conditions with a typical meteorological year according to the criteria
established in the CTE and based on the available meteorological stations, the level of

approximation is good, especially if we consider the CV (RMSE).
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Table 2. Calibration of measured data in RAS compared to CTE. Limit values according to ASHRAE Guideline1.

Variable NMBE [%] CV (RMSE) [%6]
Obtained values Limitvalues Obtainedvalues Limitvalues

Temperature (T) 11.03 +10 25.34 30

Relative humidity (RH) 15.52 +10 27.08 30

Therefore, to make predictions for climate scenarios on the case study, it is necessary to use
the actual measured values of T and RH. However, in order to establish considerations on
similar Csa dry-summer subtropical or Mediterranean climates, we can consider the
approximation to the real measurements as acceptable, recommending the verification of the

specific microclimatic conditions using procedures similar to the one used.

In the case of the interior point approach, future estimates were obtained by M5P algorithm.
Table 3 shows the values associated with each M5P model, while Fig. 13 shows the cloud of
points between the actual and estimated values of the training and validation phase. As it can
be seen, the coefficient of determination ranged between 74% and 87%, while the mean error
ranged between 2.6°C and 8% RH in each variable. The estimates were more limited in the RH
variable in a similar way to that detected in other studies for estimating future time series of RH
[14]. In any case, the results can be considered valid to have a knowledge of the future time

series expected in the addressed case study.

Table 3. Performance obtained by the M5P models in the training and validation phase.

Approach Output variable Determination coefficient (R2) MBE
MscP 1 Temperature (T) 86.53% 2.6
MsP 2 Relative Humidity (RH) 74.93% 8.0

TEMPERATURE PREDICTED VALUE (°C}
RH PREDICTED VALUE (%

0 5 2 5 E E 0
TEMPERATURE ACTUAL VALUE (°C) RH ACTUAL VALUE (%)
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Fig. 13 Point clouds between the actual and estimated values in the training and validation phase.

3.3. Forecast of ambient temperature and humidity conditions in 2050 and 2080

Estimates of the time series in 2050 and 2080 of the two approaches make it possible to analyze
the conservation risk in plasterwork with respect to the thresholds used in this study (Fig. 14).
It can be seen how the behavior of the time series are different in both point clouds. While in
the outdoor climate represents how the data are characterized by RH close to zero, in the case
of the courtyard, higher lower values are detected. This can be seen more clearly with the values
of the quartiles of the distributions. In the case of the exterior point in 2050, the minimum value
of RH was 1% in 2050 and 2080, while in the Courtyard of the Maidens it was 19% in 2050 and
13% in 2080. Likewise, the quartiles show higher values in the Courtyard of the Maidens: (i) the
first quartile (Q1) of the outer point obtained RH values of 34% in 2050 and 28% in 2080, while
the inner point of the case study obtained values of 48% in 2050 and 45% in 2080; (i) the second
quartile (Q2) of the outer point obtained RH values of 49% in 2050 and 45% in 2080, while the
inner point of the study case obtained values of 58% in 2050 and 54% in 2080; and (iii) the third
quartile (Q3) of the outer point obtained RH values of 62% in 2050 and 60% in 2080, while the

inner point of the study case obtained values of 71.5% in 2050 and 68.5 % in 2080.
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Fig. 14 Estimation of the climatic conditions of Seville (according to CTE) and RAS (own data in 2020 and

estimation in 2050 and 2080 using M5P algorithm).

These variations in the time series distributions imply a different risk assessment in each
combination of approach and year (Fig. 14), following the trends detected in the current
scenario. Thus, the risk due to a very low RH indicated in Fig. 15 is corroborated. The results
obtained by morphing the EPW reveal that the months with the lowest RH and highest ambient
T will be August, September and October, leaving 99.58% of the estimates foreseen for the
month of September 2080, below the optimal RH and at high ambient T. This risk due to high
T combined with low RH is also appreciated in the estimation using the Ms5P but less

accentuated and mainly framed in the months of June, July and August.
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ASSESMENT OF AMBIENT CONDITIONS IN THE CLIMATE ZONE ESTIMATED BY EPW
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Fig. 15. Monthly representation of the risks obtained with the two approaches in future scenarios.

Thus, the results obtained indicate that the environmental conditions of the Mediterranean
climate will tend towards a considerable increase in T that will be accompanied by lower RH,
favoring the dehydration of materials such as plaster and the mechanical weakening of coatings
in general. This trend is less pronounced in the case of the estimates obtained for the RAS
because, although there is a slight increase in T, RH does not drop by 20%, which may be
positive for the preservation of the plasterwork, as it would indicate that probably dehydration
of the material occurs accompanied by its subsequent rehydration, maintaining mechanical

performance[32].

In addition, the estimates obtained indicate that, over time, the appearance of humidity stains,
the softening of the surface, the appearance of mold or the cracking of the polychromes of the

RAS plasterwork, mainly caused by high HR, would be reduced. notably.

In any case, the differences obtained between the two approaches show the great variability
that future estimates may obtain when evaluating the conservation risk in plasterwork. This
aspect may mean that considering a single approach does not allow all possible behavioral
scenarios to be encompassed. Thus, the joint analysis with climatic data in free field and with
existing microclimate data in the case of study allows to know in detail the possible future

ambient conditions. In this sense, the results obtained in free field could be representative for
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the spaces in the study case that have plasterwork and do not have their own microclimate,
such as the facade of the Palace of Pedro I. However, environments with a more unique
microclimate, such as the Courtyard of the Maidens, may have different variations in the level

of conservation.

CONCLUSIONS

This paper highlights that the impact of climate change on architectural heritage must be
considered in the long-term management of the RAS. Plasterwork executed in the 14th century
may not withstand future extreme climate conditions and risks associated with climate change
should, therefore, be identified and quantified to facilitate relevant preservation measures. A
long-term strategy to adapt to climate change must be based on risk assessment, adaptation
measures, and monitoring. In this way, advanced simulations can be used to predict the future
ambient conditions and its effect not only on historic buildings but also on plasterwork.

However, due to the high degree of uncertainty in simulations, this approach is not sufficient.

This study establishes limits within a matrix that indicate the optimal conditions for better
preservation of historical plasterwork. According to the obtained results based on the analysis
of the environmental conditions (RH and T) during a period of one year with a frequency of 1h
has allowed to verify that less than 12% of the measurements (n: 8760) exceed the limits of that
matrix, not being a long-term exposure and, therefore, not assuming a risk for the preservation

of the material.

The measurements have been compared with those collected by the CTE (B4) and the AEMET
and, by calculating the quadratic error, it has been possible to predict that the environmental
conditions that will occur in the Pedro | Palace in future -years 2050 and 2080 - will be, a priori,

favorable for the preservation of historical plasterwork. The data allow us to foresee a greater



©CO~NOOOTA~AWNPE

number of periods of high temperatures and low relative humidity; however, it has been
estimated that the mechanical performance of the material would not be significantly affected
by dehydration processes due to they are not long-terms periods. The long-term climate data
matrix obtained makes it possible to clearly establish that the climatic conditions inside the
building are significantly more favorable than those outside, with a lower risk of alteration due

to dehydration of the plaster.

Although the climatic conditions are not particularly severe in their impact on plasterwork,
there is a clear trend towards more unfavorable conditions in certain periods of the year, which
means that maintenance and preservation measures are planned for both, plasterwork and

plaster mortar coatings of relevant buildings, in dry-summer subtropical climate.

The methodological process developed, which is based on periodical measurements which
have been compared with data collected by the CTE (B4) and the AEMET, in order to establish
a projection of long-term material performance may applied in the conservation intervention
of the RAS and even in other similar buildings located in dry-summer subtropical climate.
Results allow to establish an effective maintenance program that implies detailed review of
each element, periodic reports of the controls and actions carried out and, specific corrective
actions to fix mobile pieces or repair damage caused by external agents. This maintenance
program and the meteorological data obtained in this work will also determine priority criteria

for conservation and restoration interventions.
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Table 1. Summary of environmental parameters from 01/03 /2020 to 28 / 02/2021.

RELATIVE HUMIDITY (%) TEMPERATURE (° C)

Min. Values Max. values Min. Values Max. values

Months registered registered A registered registered A
Averag sD Averag sp (rr:frl\); Averag sp Averag sp (m%

e e e e
Feb 20 55.3 11,001 73.8 9,454 185 14 1,319 18.1 1,577 4.1
Ap. 20 60.6 6,672 7.7 4.79 17.1 15.7 1,534 19.2 1,558 35
May 20 43.3 10,818 64.1 9,947 20.8 21.3 2,337 26.1 2,832 4.8
Jun 20 41.4 5,608 62 7.87 20.6 22.3 2,434 27.3 2,314 5
Jul. 20 38 5,877 56 7.43 18 27.6 1,448 31.8 1,328 4.2
Aug. 20 38 8,637 56.5 7,966 185 26.3 1,675 30.5 1,581 4.2
Sept. 20 44.1 9,493 58.3 8,287 14.2 24 1.9 27.4 2,105 3.4
Oct. 20 49.3 12,985 63.1 11,674 13.8 18.1 1,996 21.3 2,136 3.2
Nov. 20 70 8,459 78.6 7,134 8.6 15.6 1,964 17.9 1,965 2.3
Dec. 20 74.2 10,822 84.4 8,133 10.2 114 2,366 13.7 1,935 2.3
Jan. 21 75.2 9,545 86.1 8,141 10.9 8.6 3,493 11.2 3,093 2.6

Feb. 21 77.4 5,562 83.1 5,129 5.7 12.9 1,127 15.1 0.854 2.2
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Table 2 Click here to access/download;Table;Table 2.docx %

Table 2. Calibration of measured data in RAS compared to CTE. Limit values according to ASHRAE

Guidelinel4.
NMBE [%)] CV (RMSE) [%]
Variable Obtained Limit Obtained Limit
values values values values
Temperature (T) 11.03 +10 25.34 30
Relative humidity 15.52 +10 27.08 30

(RH)
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Table 3. Performance obtained by the M5P models in the training and validation phase.

Approach Output variable Determination coefficient (R2) MBE
M5P 1 Temperature (T) 86.53% 2.6
M5P 2 Relative Humidity (RH) 74.93% 8.0
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ABSTRACT:

In this study, an analysis of the environmental conditions in a Csa climatic zone for the
conservation of plasterwork of the Real Alcazar of Seville is carried out. The measurements
obtained from in-situ monitoring are compared with the measurements provided by AEMET
(State Meteorological Agency in Spain) during the reference year and the study is completed
by estimating future environmental conditions using two alternative approaches: a morphing

process from the EPW of the climatic zone and the application of M5P data mining algorithms.

An optimal temperature range is established for the conservation of the plasterwork that
prevents their dehydration or the freezing of water particles contained. The transformation of
gypsum into bassanite, the risks associated with exposures to high relative humidity and the
consequences of the slight hygroscopicity of the material and the environmental conditions
that must be developed to favor the growth of mold on the surface or the cracking of
polychromies that embellish these plaster decorations on numerous occasions are analyzed.
The results obtained allow us to establish preventive conservation measures not only on the
plasterwork but also on the Real Alcazar of Seville and that architectural heritage located in the

subtropical dry-summer climate.
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1.

INTRODUCTION

1.1 Thermo-hygrometric conditions and the conservation of the architectural heritage.

The preventive conservation of heritage is crucial so that future generations can know the
identity traits of their culture [1]. Therefore, the monitoring and analysis of specific
environmental conditions [2] and their impact on architectural heritage, as well as future

vulnerabilities due to global warming [3], are currently a challenge.

There are numerous studies that analyze both the impact of environmental conditions on
architectural heritage [4,5] and the conditioning of interior spaces to favor the preservation of
objects (e.g., objects that belong to exhibitions) [6,7]. In both cases, there are national and
international guidelines and standards that establish the interior air conditioning conditions of
these buildings for such purposes, such as UNI 10829 Standard [8], UNE EN 15757 [9], ASHRAE
STANDARD 55-2020[10] or the British PAS 198 [11]. Likewise, EN 15759-1 [12] also considers
the possibility of using heating systems to achieve thermal comfort and for the optimal

conservation of heritage elements.

In addition to international standards, numerous studies have carried out thermo-hygrometric
monitoring of architectural heritage in recent decades, resulting in a very useful tool to assess
the state of conservation of the building and to know the causes of the degradation in order to
determine a future restoration intervention or to establish preventive conservation criteria,
ruling out the use of destructive techniques. Thus, long-term studies of up to 20 years duration
[13,14] and studies in which monitoring is limited to one year [15] have been published. In this
regard, itis common to evaluate at least annual monitoring periods that are complemented by
thermal models on which different estimates of environmental conditions are established.
Environmental monitoring and simulation tools make it possible to establish estimates of

different factors, such as the modification of operational patterns, thermal comfort [16-18], or



energy conservation measures [19]. However, the impact of climate change, the basis of
numerous investigations related to cities [20,21] has been sparsely discussed in reference to
preventive conservation of heritage and long-term adverse aspects, which could become very

significant [22,23].

1.2 Relative humidity and temperature influence in the preservation of historical
plasterwork.

There are studies about how ambient conditions could affect constructive materials [24—28] but
are insufficient with respect to gypsum or plasterwork. In this sense, it is worth highlighting the
importance of follow-up campaigns to identify possible risks for the conservation of the
plasterwork, prevent irreversible damage and advance conservation strategies. However, to
account for all the possible damage mechanisms, a comprehensive methodology should be
used to evaluate some risk indexes based on ambient temperature (T) and relative humidity
(RH) measurements.

Gypsum, due to its porous microstructure formed by crystalline groups of hydrated calcium
sulfate, can incorporate water molecules inside, in the form of water vapor or even in the form
of liquid water, when environmental conditions favor capillary condensation. Furthermore,
gypsum has the ability to eliminate this water when environmental conditions change, reducing

the content of water vapor in contact with the material [29].

Variations in T and RH can induce phase transitions. In general, gypsum (CaSO,-2H,0)
dehydration occurs in dry environments [30], which is the reason why temperature below 40°C
is desirable for the correct preservation of plasterwork. However, there may be situations of
high temperatures combined with high relative humidity in which there are no alterations in the
mineral phases of the gypsum [31]. In this regard, Winkler & Wilhelm (1970) indicated the
relationship that must exist between ambient temperature and relative humidity to transform

gypsum (CaSO,-2H.0) into bassanite (CaSO,-0.5H,0) [31], In this case, the material is likely to



lose stability if exposure to these unfavorable environmental conditions is prolonged over time

[32] (Fig. 1-A, 1-B).

A) 70 B) 20
60 Gypsum = 5
— ke ]
R 59 (CasS0,4-2H,0) 2
> [=
= 8
T c
= 40 3 10 4
g g 10
T 30 . 3
> Bassanite 2
=
< 20 (CaS0,4-0.5H,0) & %1
= g
10 <
0 4
o bHa—r—-r—-7T——7"—"—""F—"—" "7+ | I | |
0 10 20 30 40 50 60 0 20 40 60 80 100
Temperature (°C) RH [%]

Fig. 1 (A) T-HR ratio for gypsum-bassanite transformation at 1 atmosphere pressure [31] and (B) Relationship
between the relative humidity and the moisture content of the gypsum [33].
However, this transformation is part of a reversible process in plasterwork, which means that a
rehydration would allow the recovery of the initial properties as long as the dehydration had
not been prolonged in time until it remained constant, due to a change in climatic conditions,

causing the mechanical weakening of the plasterwork [32].

Additionally, gypsum has low hygroscopicity [33,34] and medium-low solubility [35] that do not
represent a direct risk in the preservation of plasterwork [36]. However, it is important to
control the environmental conditions because the condensation of moisture on the surface of
the plasters favors the alteration of the polychrome binders and their possible detachment [33].
The adsorption hygroscopicity of gypsum with 80% RH is only 4 g/kg (0.4%) [33], reaching a
high adsorption hygroscopicity only by capillary saturation (99% RH) [34]. Likewise, humidity
favors the nesting of biotic organisms and the alteration derived from their activity [33].
Therefore, an RH close to or greater than 9o% weakens the structure of the plasterwork and
favors the proliferation of microorganisms and biological agents, as well as the fixation of

environmental pollutants.[37-39] (Fig. 01-B).



The concentration of water vapor inside rooms can produce condensation dampness in the
sufficiently cold walls, which can generate the appearance of molds or small fungi in the plaster
decorations in the absence of ventilation [29]. The appearance of mold or the growth of
organisms would therefore be another factor that accelerate the degradation of plasterwork
[40]. However, and taken into account that this fact depends on the type of support, the
conditions of temperature and humidity, the ventilation and the type of microorganism in
question, what has been stated by Tsongas&Rioroan (2016) [41] has been followed; they
indicate that below a relative equilibrium humidity of 80% -85% the growth and proliferation

of most fungi is hindered.

Temperatures below 0°C could imply the start of freezing and expansion processes of the
water, swelling the material and causing irreversible damage to the plasterwork. In this regard,
a saturation modulus of less than 75% indicates that the ratio of open pores to total pores is low
enough so that the material does not have frost problems [42]. However, in the case study
presented, this lower limit temperature does not pose any risk since it will hardly be reached at

these latitudes.

The alterations suffered by the polychromies present on the plasterwork as a result of the loss
of cohesion due to the humidity of the plaster could also be taken into consideration [43]. In the
pictorial layers on plasterwork, generally made in tempera, the presence of humidity implies
the alteration of the binders. On the other hand, in the cases in which re-polichromies with oils
and waxes or gilded in later times are identified, the presence of humidity can prevent the

perspiration of the layers and, therefore, accelerate the degradation processes.

The craquelure or stiffening of the pictorial layers that cover a large part of the plasterwork
surface begins at low temperatures [27], favoring their partial detachments, being the range of

recommended temperatures for the correct preservation of the polychromies 10-24°C [8].

1.3. Aim of this study



The influence of environmental conditions on the conservation of plasterwork plays a main role.
Given this circumstance, the expected climate change in hot regions could lead to a variation in
conservation conditions. In this sense, it should be noted that in the scientific literature there
are few studies aimed at analyzing the impact of climate change on conservation risk, despite
the fact that estimates show that the impact may be significant [22,44]. It is assumed that, in
hot regions, the high temperatures expected throughout the 21st century may affect exterior
cladding. For this reason, the study of historical plasterwork of great heritage value located in
a warm region is addressed. The chosen case study is the Real Alcazar of Seville (RAS) and was
based on the following aspects: (i) the annual monitoring of the environmental parameters T
and RH, (ii) the estimation of hourly values in future scenarios using artificial intelligence and

(iii) the use of the threshold values for the conservation of plasterwork defined in the literature.

METHODOLOGY

The methodological framework of this research is summarized in Fig. 2. As it can be seen, in
this study a measurement process was carried out of an external point of the case study, while
the external climate of the city was also monitored. Through these two approaches, the
estimates for the years 2050 and 2080 were obtained using different methods. All these sets of
environmental data were analyzed to evaluate the conservation risk of the historic plasterwork

of the RAS.
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Fig. 2. Flowchart of the steps followed in the study.

2.1 Case study: The Palace of Pedro | (Real Alcazar of Seville)

The RAS was considered an Asset of Cultural Interest by the Spanish state in 1831 and declared

a World Heritage Site by UNESCO in 1987°. The complex is composed by different buildings

built between the 10th and 18th centuries, among which the Palace of Pedro | (1356-1366)

stands out [45] for the compositional richness of its decorations such as plasterwork [2] [3],

ceramic tiles [4] [49] and carpentry [50,51] (Fig. 3).

1 RI-51-0001067 according to Law 16/1985, of June 25, on Spanish Historical Heritage

2 http://whc.unesco.org/en/list/383 (Viewed in March 2021)



Fig. 3 Images of the Palace of Pedro I: (A and B) Courtyard of the Dolls, (C) Bedroom of the Moorish Kings, (D)

Courtyard of the Maidens.

Environmental conditions have a direct influence on the conservation of materials, favoring
degradation processes over time. In the case of plasterworks, the alterations are mainly
manifested on the surface, which is the physically and mechanically weakest area, favoring
deterioration, loss of material and the appearance of stains (Fig. 4). Moisture defects are caused
by physical mechanisms, causing bulging, blisters, detachments, stains and even erosions and
fissures. But moisture, normally infiltrated, develops a synergistic effect with chemical agents
that gives rise to the appearance of injuries, as it can dissolve certain soluble salts contained in
plasterwork, transporting them to the outside, evaporating the water in contact with the lower
vapor pressure atmosphere and recrystallizing the salts, leading to efflorescence and crypto-

efflorescence [29].



Fig. 4 Deterioratio in RAS plasterwork: water eepage (A), direct action of rain (B), detachment after oxidation of
the metallic element (C), disintegration of the material (D).
This work aims to establish a relationship between the environmental parameters (T - RH) and
the preservation of historical plasterwork that allows to easily detect if the conditions of
conservation for the material are optimal or not, and to know how they have influenced, and
how they are influencing the process of degradation of the plasterwork. The study focuses on
the Courtyard of the Maidens - the ground floor of the Palace of Pedro I- because there is the
largest sample of plasterwork and the oldest since some are from the 14th century [52]. A
complete characterization of these plasterworks and their polychromies could be found on

previous works by other authors [46,47].

Additionally, the preventive conservation of the heritage is evaluated in future climate
scenarios for the specific case of study and, once the climate model has been calibrated, it could
be extrapolated to analogous climates to evaluate the long-term projection of the

climatological conditions and its possible influence on the conservation of the plasterwork.



The control and regulation of environmental parameters within a reference interval around
average values or typical seasonal cycles of the historical RAS climate will reduce the risk of

physical-mechanical damage and will also allow to establish mitigation actions.

On the ground floor of the Palace, the interior areas are not physically closed by carpentry or
locksmiths and are permanently open; there are large access arches that allow transit between
different rooms, as well as between these and the outdoor spaces.

In this way, two areas according to exposure to environmental conditions could be defined. An
area that includes those plasterworks that receive direct incidence of solar radiation has been
considered (yellow zone) (Fig. 5-A), and another zone with those plasterworks not exposed to
direct sunlight and with a higher relative humidity (red zone), being the most representative

and unfavorable case in terms of the environmental parameters (Fig. 5-B).
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Fig. 5 A) Solar path on 03/20/2020 in the geographical coordinates corresponding to the Palace of Pedro |

(Retrieved from https://www.sunearthtools.com/) B) Two different zones on the ground floor of the Pedro | Palace

according to sunlight.

Additionally, it has been possible to verify that the humidity and temperature values measured
in the interior rooms of the Palace of Pedro | [36] are very similar to those obtained in the
southeast gallery of the Courtyard of the Maidens (exterior) because this area does not receive

the direct incidence of solar radiation (Fig. 5-A).


https://www.sunearthtools.com/

2.2. Measurement procedure

To determine ambient temperature and relative humidity conditions, a Lascar
thermohygrometer, model EL-USB 2 LCD with two recording channels, within the range -35°C

to 80°C and 0% RH to 100% RH, with a resolution of + 0.5°C and + 3% RH was used.

In this case, the measurements have been carried out over a period of one year, at
uninterrupted one-hour intervals from March 2020 to February 2021 with a thermo-hygrometer

placed in the southeast gallery of the Courtyard of the Maidens (Fig. 6).

The outdoor measurements were obtained through the AEMET (State Meteorological Agency
in Spain). The meteorological station used was the one located in Seville. This meteorological
station is equipped with a VAISALA HMP45D probe with a measuring range from —40 to 60 °C
and —0.8to 100% RH, and an accuracy of + 0.2°Cand + 2% RH. The measurement data obtained

are also from one-hour intervals.

To determine the interval of variation of RH by months, the average of the minimum and
maximum daily humidities has been calculated and the monthly arithmetic means of these
values have been obtained. These data have been studied following the indications of the UNE-

EN 15757: 2011 standard[g].
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Fig. 6 Location of the monitoring equipment on the ground floor of the Pedro | Palace.

2.3. Obtaining future climate data

According to the data obtained during the annual monitoring, two approaches have been
carried out to obtain future time series: (i) estimation of future outdoor climate data through
the EPW morphing process of the climate zone of the case of study, and (ii) the estimation of

the time series of the interior point through the application of data mining algorithms.

2.3.1. Morphing from the EPW of the climate zone of the case study

The first of them was based on the climatic files provided by the Spanish Technical Building
Code (CTE)[53] for the climate zone of Seville, Csa (Mediterranean) according to Koppen —
Geiger classification [54]. In the first place, T and RH data resulting from the monitoring have
been entered in the Seville climate archive to be able to carry out the evaluation of future
scenarios. Secondly, T and RH data measured outdoors have been compared with those
existing in the CTE to see if it is feasible to establish considerations, not only in the case of study
but also in plasterwork in similar "subtropical dry-summer" climates. The calibration criteria of

the Federal Energy Management Program (FEMP)[55], ASHRAE GUIDELINE Standard 14-2002



[56], [57] and the International Performance Measurement and Verification Protocol (IPMVP)
[58] have been followed. This validation process makes it possible to verify if the results of the
estimations for the climate zone of Seville are related to the real values monitored with a

margin of error. For this, the following formulas are used:
MBE = 2= (=0 (1)

MBE = E=1M2) (2)

1 3R, (mi=s)

m n-p

NMBE = (3)

In order to scale the results of the Mean Bias Error (MBE) (Equation 1), Normalized Mean Bias
Error (NMBE) is used by dividing MBE by the mean of measured values (i), giving the global
difference between the real values and the predicted ones (Equation 2); In these equations m;
is the measured value, s;is the simulated one and n the number of measured data points. The
Coefficient of Variation of the Root Mean Square Error CV (RMSE) measures the variability of

the errors between measured and simulated values (Equation 3).

The limit values associated with these parameters vary depending on whether they are hourly
or monthly. Considering that the environmental variables are hourly, the limit values are

between -10% and 10% in NMBE and less than 30% in CV (RMSE) [56,57].

To estimate future climate scenarios in the climate zone, the CCWorldWeatherGen tool from
the UK Met Office Hadley Center Coupled Model 3 HadCM3 has been used. Through a morphing
process, this tool generates weather files adapted to climate change from any location in the
world and creates files compatible with most building performance simulation programs [59].
The morphing of the climate files has been carried out for scenario A2 of greenhouse gas

emissions according to the IPCC [60], resulting in climate scenario files for years 2050 and 208o0.



2.3.2. Estimation of future time series of the case study

The data mining approach of this study was performed using the M5P algorithm. This algorithm
allows estimating the time series for the years 2050 and 2080 in the measured interior point of
the case study. The MsP algorithm (also known as M5') is an evolution of the Classification and
regression tree (CART) [61,62]. Unlike CART, M5P combines decision trees with multivariate
regression; a decision tree is built following the same inverted tree structure offered by CART,
but a multiple linear regression (MLR) model is fitted on each sheet (Equation 4). Therefore, the
algorithm works by developing an MLR model in each subregion (Fig. 7). In the process of
developing the MsP algorithm tree, instead of maximizing the information gain, the internal
variation of the subsets for the class values of each branch is minimized. Once the model is built,
pruning reduces overfitting. The advantages of the models generated by this algorithm are that
they efficiently handle large amounts of numerical variables and are robust in the absence of
values in the instances of the analyzed dataset [63,64]. Thus, its use for the characterization of

different aspects of buildings has increased in recent years [65,66].

Vg = Bo + ZV-1(Bix;) + € (4)

Where B, is the independent term, 3; are the regression coefficients, x; are the predictor

variables, and ¢ is the error.

O Attribute
MLR
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Fig. 7. Scheme of an M5P model.



The approach designed had a configuration of 6 input variables corresponding to the hourly
values of temperature, relative humidity, dew point temperature, horizontal infrared radiation
intensity, global horizontal radiation, and direction normal solar irradiance, diffuse horizontal
solar irradiance of the time series of the outer point of Seville. The output variables correspond
to the relative humidity and the temperature at the interior point of the case study. For each

output variable a different M5P was designed.

The training of each M5P model was carried out using the data from the current scenario. Once
the models were trained, time series of the years 2050 and 2080 were estimated. It is worth
noting that the M5P models were validated using the coefficient of determination and the MBE

index as statistical parameters.

RESULTS AND DISCUSSION
3.1 Thermo-hygrometric conditions of the Palace of Pedro |

The results obtained from the monitoring carried out between March 2020 and February 2021

in the southeast gallery of the Courtyard of the Maidens are shown in Fig. 8 and table 1:
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Fig. 8 Environmental conditions in the southeast corner of the Courtyard of the Maidens from March 2020 to

February 2021.

The measurement of the T and RH parameters is relevant mainly for the study of the
fluctuations and thermal jumps that may occur during the day-night hours or during the
different seasons of the year. In this regard, it is observed that the most pronounced thermal

jumps between day and night hours do not exceed 5°C (July and August), a fact that -by itself-



does not represent any risk in terms of material expansion. Finally, a high RH in winter is
recorded and must be controlled with adequate ventilation, although it is within the acceptable

range for the correct preservation of plasterwork.

Table 1. Summary of environmental parameters from 01/03 /2020 to 28 / 02/2021.

RELATIVE HUMIDITY (%) TEMPERATURE (° C)
Months Min. Values Max. values Min. Values Max. values
registered registered A registered registered A
Average SD Average SD (max-min) " Average SD Average SD (max-min)

Feb 20 55.3 11,001 73.8 9,454 18.5 14 1,319 18.1 1,577 4.1
Ap. 20 60.6 6,672 777 4.79 17.1 15.7 1,534 19.2 1,558 3.5
May 20 43.3 10,818 64.1 9,947 20.8 21.3 2,337 26.1 2,832 4.8
Jun 20 41.4 5,608 62 7.87 20.6 22.3 2,434 27.3 2,314 5
Jul. 20 38 5,877 56 7.43 18 27.6 1,448 31.8 1,328 4.2
Aug. 20 38 8,637 56.5 7,966 18.5 26.3 1,675 30.5 1,581 4.2
Sept. 20 44.1 9,493 58.3 8,287 14.2 24 1.9 27.4 2,105 3.4
Oct. 20 49.3 12,985 63.1 11,674 13.8 18.1 1,996 21.3 2,136 3.2
Nov. 20 70 8,459 78.6 7,134 8.6 15.6 1,964 17.9 1,965 2.3
Dec. 20 74.2 10,822 84.4 8,133 10.2 11.4 2,366 13.7 1,935 2.3
Jan. 21 75.2 9,545 86.1 8,141 10.9 8.6 3,493 11.2 3,093 2.6
Feb. 21 774 5,562 83.1 5,129 5.7 12.9 1,127 15.1 0.854 2.2
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Fig. 9 Graphical representation of ambient condition (T and RH) from 01/03 /2020 to 28/ 02/2021.

From a detailed analysis of the measurements obtained (Table 1 and Fig 9), the risk due to high
RH is concentrated from November to February, both inclusive; being January the most
unfavorable month since 27.02% of the measurements recorded during that month exceed the
limit of 9o% RH. Likewise, the risk of dehydration of the gypsum and transformation into

bassanite (CaSO,-1/2H,0) occurs from May to October, both inclusive; being July and August



the most critical months for such purposes. It is worth to highlight that a 56.71% of the

measurements recorded in the year remain below the limit established in the matrix (Fig. 10).

The data obtained correspond to a total of 8,760 measurements, of which only 11.76% are
outside the limits established in the matrix that relates thermo-hygrometric conditions with the

mineralogical phases of calcium sulfate, depending on their degree of hydration.
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Fig. 10 Dispersion graph of the measurements from 01/03 /2020 to 28 / 02/2021 at the southeast corner of the
Courtyard of the Maidens.

Regarding the type of risk detected, it can be seen in Fig. 10 how it is mainly distinguished
between risk due to internal structural transformations (associated with the summer months)
and risk due to high RH (associated with the winter months). The 7.95% of the hourly records
correspond to measurements that are below the curve established by Winkler& Wilhelm [31],
while the risk due to a high RH corresponds to 3.65% and the risk due to a low T corresponds to
only 10 observations throughout the year, so the current climatic conditions in the Courtyard of

the Maidens are favorable in this sense.
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Fig. 12 Monthly representation of the hourly measurements obtained in the Courtyard of the Maidens from March
2020 to February 2021.

However, the results obtained from monitoring the climate of the city of Seville show different
trends in conservation risks (Fig. 11). As it can be seen, although the most prominent risks are
once again that of internal transformations in summer and high RH in winter, there is a greater
number of observations that remain within these risks. Thus, the observations at risk of internal
transformations correspond to values between 348 and 360 in July and August, while in the
Courtyard of the Maidens the values were 229 and 168, respectively. Likewise, it was also
detected how the risk due to high RH extends to a greater number of months than in the case

of the Courtyard of the Maidens and with a significantly higher number of observations.
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Fig. 12 Monthly representation of the hourly measurements obtained in Seville from March 2020 to February 2021.



Therefore, significant variations are detected in the results obtained with the two approaches.
While the approach to the analysis of the Courtyard of the Maidens point (with a clear
microclimate) presents less severe conditions for the conservation of plasterwork, outside the
conditions would be different, presenting a greater risk due to the climate in these elements.
Likewise, the variability detected between the two approaches shows the great variation that
the analysis approaches of the influence of climate can present on the conservation of
plasterwork. Thus, the use of a joint approach to the outdoor climate and microclimates in this
type of case study allows us to show a broader perspective of the risk of conservation of

plasterwork.

3.2 Calibration of outdoor measurements. The climate file of Seville.

Despite the possible risks detected in the current scenario, climate change can generate a
change in the conservation conditions of plasterwork. For that, the future time series for the
two previously validated approaches used were estimated in this study. In the case of the
outdoor climate approach, T and RH parameters measured during the outdoor monitoring are
compared with T and RH data extracted from the CTE for the climate zone of Seville Csa
(Mediterranean). As the environmental variables analyzed are hourly, the limit values are
between -10% and 10% in NMBE and less than 30% in CV (RMSE). According to Table 2, it is
detected that the CV (RMSE) values are within the established error limits. However, it is
detected that T is slightly higher (0.88%) than the limits in the NMBE and in matters related to
RH the value exceeds the limit in the NMBE by 6.40% (Table 2). From these results we can

establish the following considerations:

In the first place, considering that a measurement is being compared under specific
environmental conditions with a typical meteorological year according to the criteria
established in the CTE and based on the available meteorological stations, the level of

approximation is good, especially if we consider the CV (RMSE).



Table 2. Calibration of measured data in RAS compared to CTE. Limit values according to ASHRAE Guideline1.

Variable NMBE [%] CV (RMSE) [%6]
Obtained values Limitvalues Obtainedvalues Limitvalues

Temperature (T) 11.03 +10 25.34 30

Relative humidity (RH) 15.52 +10 27.08 30

Therefore, to make predictions for climate scenarios on the case study, it is necessary to use
the actual measured values of T and RH. However, in order to establish considerations on
similar Csa dry-summer subtropical or Mediterranean climates, we can consider the
approximation to the real measurements as acceptable, recommending the verification of the

specific microclimatic conditions using procedures similar to the one used.

In the case of the interior point approach, future estimates were obtained by M5P algorithm.
Table 3 shows the values associated with each M5P model, while Fig. 13 shows the cloud of
points between the actual and estimated values of the training and validation phase. As it can
be seen, the coefficient of determination ranged between 74% and 87%, while the mean error
ranged between 2.6°C and 8% RH in each variable. The estimates were more limited in the RH
variable in a similar way to that detected in other studies for estimating future time series of RH
[14]. In any case, the results can be considered valid to have a knowledge of the future time

series expected in the addressed case study.

Table 3. Performance obtained by the M5P models in the training and validation phase.

Approach Output variable Determination coefficient (R2) MBE
MscP 1 Temperature (T) 86.53% 2.6
MsP 2 Relative Humidity (RH) 74.93% 8.0

RH PREDICTED VALUE (%)

TEMPERATURE PREDICTED VALUE (°C}

o 5 10 15 20 B 20 s 30 40 50 60 7 80 0 100
TEMPERATURE ACTUAL VALUE (°C) RH ACTUAL VALUE (%)



Fig. 13 Point clouds between the actual and estimated values in the training and validation phase.

3.3. Forecast of ambient temperature and humidity conditions in 2050 and 2080

Estimates of the time series in 2050 and 2080 of the two approaches make it possible to analyze
the conservation risk in plasterwork with respect to the thresholds used in this study (Fig. 14).
It can be seen how the behavior of the time series are different in both point clouds. While in
the outdoor climate represents how the data are characterized by RH close to zero, in the case
of the courtyard, higher lower values are detected. This can be seen more clearly with the values
of the quartiles of the distributions. In the case of the exterior point in 2050, the minimum value
of RH was 1% in 2050 and 2080, while in the Courtyard of the Maidens it was 19% in 2050 and
13% in 2080. Likewise, the quartiles show higher values in the Courtyard of the Maidens: (i) the
first quartile (Q1) of the outer point obtained RH values of 34% in 2050 and 28% in 2080, while
the inner point of the case study obtained values of 48% in 2050 and 45% in 2080; (i) the second
quartile (Q2) of the outer point obtained RH values of 49% in 2050 and 45% in 2080, while the
inner point of the study case obtained values of 58% in 2050 and 54% in 2080; and (iii) the third
quartile (Q3) of the outer point obtained RH values of 62% in 2050 and 60% in 2080, while the

inner point of the study case obtained values of 71.5% in 2050 and 68.5 % in 2080.
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Fig. 14 Estimation of the climatic conditions of Seville (according to CTE) and RAS (own data in 2020 and

estimation in 2050 and 2080 using M5P algorithm).

These variations in the time series distributions imply a different risk assessment in each
combination of approach and year (Fig. 14), following the trends detected in the current
scenario. Thus, the risk due to a very low RH indicated in Fig. 15 is corroborated. The results
obtained by morphing the EPW reveal that the months with the lowest RH and highest ambient
T will be August, September and October, leaving 99.58% of the estimates foreseen for the
month of September 2080, below the optimal RH and at high ambient T. This risk due to high
T combined with low RH is also appreciated in the estimation using the Ms5P but less

accentuated and mainly framed in the months of June, July and August.
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Fig. 15. Monthly representation of the risks obtained with the two approaches in future scenarios.

Thus, the results obtained indicate that the environmental conditions of the Mediterranean
climate will tend towards a considerable increase in T that will be accompanied by lower RH,
favoring the dehydration of materials such as plaster and the mechanical weakening of coatings
in general. This trend is less pronounced in the case of the estimates obtained for the RAS
because, although there is a slight increase in T, RH does not drop by 20%, which may be
positive for the preservation of the plasterwork, as it would indicate that probably dehydration
of the material occurs accompanied by its subsequent rehydration, maintaining mechanical

performance[32].

In addition, the estimates obtained indicate that, over time, the appearance of humidity stains,
the softening of the surface, the appearance of mold or the cracking of the polychromes of the

RAS plasterwork, mainly caused by high HR, would be reduced. notably.

In any case, the differences obtained between the two approaches show the great variability
that future estimates may obtain when evaluating the conservation risk in plasterwork. This
aspect may mean that considering a single approach does not allow all possible behavioral
scenarios to be encompassed. Thus, the joint analysis with climatic data in free field and with
existing microclimate data in the case of study allows to know in detail the possible future

ambient conditions. In this sense, the results obtained in free field could be representative for



the spaces in the study case that have plasterwork and do not have their own microclimate,
such as the facade of the Palace of Pedro I. However, environments with a more unique
microclimate, such as the Courtyard of the Maidens, may have different variations in the level

of conservation.

CONCLUSIONS

This paper highlights that the impact of climate change on architectural heritage must be
considered in the long-term management of the RAS. Plasterwork executed in the 14th century
may not withstand future extreme climate conditions and risks associated with climate change
should, therefore, be identified and quantified to facilitate relevant preservation measures. A
long-term strategy to adapt to climate change must be based on risk assessment, adaptation
measures, and monitoring. In this way, advanced simulations can be used to predict the future
ambient conditions and its effect not only on historic buildings but also on plasterwork.

However, due to the high degree of uncertainty in simulations, this approach is not sufficient.

This study establishes limits within a matrix that indicate the optimal conditions for better
preservation of historical plasterwork. According to the obtained results based on the analysis
of the environmental conditions (RH and T) during a period of one year with a frequency of 1h
has allowed to verify that less than 12% of the measurements (n: 8760) exceed the limits of that
matrix, not being a long-term exposure and, therefore, not assuming a risk for the preservation

of the material.

The measurements have been compared with those collected by the CTE (B4) and the AEMET
and, by calculating the quadratic error, it has been possible to predict that the environmental
conditions that will occur in the Pedro | Palace in future -years 2050 and 2080 - will be, a priori,

favorable for the preservation of historical plasterwork. The data allow us to foresee a greater



number of periods of high temperatures and low relative humidity; however, it has been
estimated that the mechanical performance of the material would not be significantly affected
by dehydration processes due to they are not long-terms periods. The long-term climate data
matrix obtained makes it possible to clearly establish that the climatic conditions inside the
building are significantly more favorable than those outside, with a lower risk of alteration due

to dehydration of the plaster.

Although the climatic conditions are not particularly severe in their impact on plasterwork,
there is a clear trend towards more unfavorable conditions in certain periods of the year, which
means that maintenance and preservation measures are planned for both, plasterwork and

plaster mortar coatings of relevant buildings, in dry-summer subtropical climate.

The methodological process developed, which is based on periodical measurements which
have been compared with data collected by the CTE (B4) and the AEMET, in order to establish
a projection of long-term material performance may applied in the conservation intervention
of the RAS and even in other similar buildings located in dry-summer subtropical climate.
Results allow to establish an effective maintenance program that implies detailed review of
each element, periodic reports of the controls and actions carried out and, specific corrective
actions to fix mobile pieces or repair damage caused by external agents. This maintenance
program and the meteorological data obtained in this work will also determine priority criteria

for conservation and restoration interventions.
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