Mitigating climate change damage on heritage structures by
continuous conservation management using thermal
monitoring

Abstract

Climate change and anthropogenic causes represent a multidisciplinary problem in urban
environments, specifically in the destruction of historical elements of enormous value. Although
conventional methods are based on comprehensive conservation measures and periodic
inspection, these urban elements sometimes lie in a state of neglect due to lack of means to carry
out continuous monitoring. The present work develops a replicable and easy-to-apply multi-
analytical methodology, which proposes the use of standard monitoring to automatically diagnose
the elements of heritage buildings. It is based on the development of an inverse characterization
model of the thermal response in a known state of conservation through standard monitoring. The
use of standard monitoring as a development variable will facilitate its obtaining. The
methodology involves characterising energy response to environmental excitations measured
against what is deemed to be a baseline state of conservation. Anomalies detected in the
comparison of the baseline to subsequent real-time measurements would alert the need to bring
scheduled on-site inspections forward with an affordable cost. The methodology developed was
validated on a real urban element. The findings revealed a good fit between calculated and
experimental data, with mean absolute errors of under 1°C in both seasons. The proposal can be

applied in other fields such as preventive maintenance.

Keywords: heritage buildings, impact of climate; preventive conservation, inverse model;
historic preservation



Nomenclature

Variable/Acronym/ | Description Units
Abbreviation
UNESCO United Nations Educational, Scientific and Cultural i
Education

J International System — energy units - Joule -

kg International System< — mass units - kilograms -

m? International System — surface units — square meters -

K International System — temperature units — Kelvin -

W International System — power units — Watt -

m International System — length units — meter -
Qsp—i Heat flux due to solar irradiation on Surface i W/m?
Qcv—i Heat flux due to air convection on Surface i W/m?
Qrp—i Heat flux due to longwave radiation exchange in Surface i W/m?

Qcp Heat conduction in the interior of the wall W/m?

T; The representative temperature of the Surface i °C

a; The absorptivity of the surface i -
Ipp_i The incident global radiation on the surface i W/m?
hey—i Heat convection coefficient on Surface i W/K-m?

Tair The representative temperature of the air °C
hrp—i Radiation coefficient W/K-m?
Tro The mean radiant temperature °C




Tsky The sky temperature °C
o The Stefan-Boltzmann constant adopts a value of 5.67-107 | W/m?-K*
& The surface’s longwave emittance -
k The mean thermal conductivity W/m-K
L The wall thickness of the element m
a;, b;, d;, aa;, The coefficients of the baseline model -
bb;, dd;,
Texc; The temperature of external excitations on the surface i °C
ESKY Sky emissivity -
Tpew The dew-point temperature of outdoor air K
Feioudiness The cloudiness factor -
Ey Constant cloudiness parameter: 3 in summer and 5 in -
winter.
Erry; Uncertainty of surface temperature calculated i °C
o(X) The standard deviations of variable X
Ti—estimated Final estimation of the baseline model for the temperature °C

of surface i




1 Introduction

The contemporary approach to protecting, conserving and safeguarding the enormous historical
and social value enshrined in the cultural heritage calls for furthering its use as a social heritage
element and element for sustainable development (ICOMOS, 2005). Since this legacy is exposed
to natural and anthropic risks (Silva et al., 2020a) that may compromise its integrity or accelerate
its deterioration (Camuffo, n.d.), the definition of preventive conservation and maintenance
strategies is of paramount importance (Icomos, 2000; Report, 2001). In light of the many heritage
elements concerned and the paucity of government and/or private funding to ensure their
conservation, more sustainable preservation based on prevention and continuous monitoring
should be introduced (Canada, n.d.). Authors like Oliveira et al. test in their research the acute
problem faced by the heritage elements. On the one hand, they studied the problem of atmospheric
contaminations joined with bad conservation (Oliveira et al., 2020). In another hand, the
acceleration of degradation due to the effects of nanoparticle deposition (Oliveira et al., 2019a,
2019b). The results of these authors (Silva et al., 2020a, 2020d) are even more alarming since
they quantify the health risk posed by these particles for the people who visit these elements.

Further to a review by Ivan et al. (Fung et al., 2017), the number of scientific papers on historic
building conservation has mushroomed of late. Zahirah et al. (Azizi et al., 2016) classified these
papers by type of measures addressed: adaptation of historical buildings to a new use; or mere
comprehensive rehabilitation. A third but no less important category, however, is the problem
posed by the conservation of severely exposed historic heritage (Douglas-Jones et al., 2016) such
as defensive walls and/or archaeological sites. Victoria et al. (Jenkins, 2018) showed that interest
in the subject has been heightened with the advent of scientific and technical developments in
building conservation. Marco et al. (Filippi, 2015), in turn, proposed a series of indicators to
encourage renovation of pre-1945 buildings. According to their findings, rehabilitation can be
broached as readily in historic as in conventional buildings, although heritage values must be
borne in mind in the former.

So, Chiara et al. (Bertolin and Loli, 2018) concluded that the envelopes of these heritage elements
must be addressed separately. Heritage element envelopes afford protection against
environmental and anthropogenic excitations in buildings with a given use and constitute a key
element in all types of intervention. On the one hand, the aesthetic values of envelopes must be
preserved, particularly in singular buildings such as museums (Lucchi, 2018), fortress (Morillas
etal., 2018; Silva et al., 2020b, 2020c), churches or historic cities (Morillas et al., 2019). Morillas
et al. (Morillas et al., 2019, 2018) employ detailed techniques to characterize the interior of the
solid media and diagnose the causes of degradation of different structures. Thanks to the methods
they propose, it is possible to design the optimal solution for the rehabilitation of these elements.
For its part, Silva et al. (Silva et al., 2020c, 2020b) studied in detail the effect of air pollution on
fortress-type elements. On the other hand, Vasiliki et al. (Pachta and Papayianni, 2017) conducted
an in-depth study of the materials that can be used in ecclesiastic buildings to minimise the impact
on the initial construction. Their paper described the difficulties involved and the benefits of
improving these structures with a view to their long-term conservation. Therefore, as Hugo et al.
(Santos et al., 2017) stressed, building aesthetics are not only a parameter deemed by United
Nations Educational, Scientific and Cultural Education (UNESCO) to be non-modifiable but
define such heritage elements’ cultural essence. Hulya et al. (Yiiceer and Ipekoglu, 2012)
discussed the importance of the outer envelopes of historic heritage elements and proposed a
methodology for upgrades deploying today’s techniques and materials. On the other, neither the
initial construction techniques nor the original materials should be overlooked. The primary
problem lies in the outer surfaces. Xin-Yi et al. (Qian et al., 2015) analysed the issues encountered
when cleaning and conserving the outermost layer of the envelope and the need to ensure its



protection against pollutant toxicity. Their paper identified the pursuit of natural surface
treatments as a line of research on the rise. Such treatments are applied to surfaces at scheduled
intervals or on an ad hoc basis where necessary and call for a continuous inspection by qualified
technicians. Carmen et al. (Salazar-Hernandez et al., 2015) proposed a chemical surface treatment
that can be adapted to surface typologies and described experiments that attested to its good
performance. Nonetheless, as in the preceding case, the technique requires continuous heritage
element monitoring to define the timing of the next intervention.

The requirements before appear to suggest the need for preventive conservation focused on the
outer surface of heritage elements, i.e., on the surface in contact with environmental and
anthropogenic excitations. Preventive conservation applied to cultural heritage elements is
understood to mean systematic and continuous action (Moioli et al., 2018). The respective model
should identify, assess, detect and monitor heritage elements to eliminate or minimise the risk of
deterioration, tackling the underlying cause to prevent degeneration, loss or costly rehabilitation
(Fregonese et al., 2018). Herraez et al. (Plan and Preventive, 2011) defined the stages of
preventive conservation: multidisciplinary analysis to assess heritage characteristics, state of
conservation, use and management; analysis and proposal of urgent measures to minimise or
mitigate risks; definition of risk incidence control and follow-up mechanisms before proposing
systematic maintenance measures; and a protocol for continuous review. The literature on cultural
heritage conservation from that perspective is expanding, with most articles based on case studies
defining methodologies, standards, monitoring tools, measurement strategies and software
(Bonora et al., 2019). Research on monitoring has been geared to controlling geomorphological
risk and its effects on structural behaviour (Gentile and Saisi, 2013; Romero et al., 2018), with a
growing number of papers on temperature and relative humidity. Gina et al. (Crevello et al., 2015)
developed a method focusing on the need for continuous monitoring as an automatic diagnostic
mechanism for detecting further damage to heritage elements.

According to the foregoing, any conservation procedure is incomplete in the absence of
continuous heritage element monitoring and a procedure for analysing the experimental data by
measuring the state of the historic heritage element’s surface, before or after an intervention. Such
monitoring of the surrounding microclimate and heritage elements’ thermal response entails
advantages when designing a protocol for automatic control and follow-up of heritage element
conservation. Authors applying non-invasive techniques stress the advantages of preventive
control and planning geared to mitigating risk factors (Fregonese et al., 2018; Mesas-Carrascosa
et al., 2016; Varas-muriel and Fort, 2018). For that, a current that appears in the literature is that
based primarily on the surface and air temperature and relative humidity is the approach most
frequently described in the literature reviewed. It is due to be simple, non-invasive monitoring
and with an affordable cost. Kordatos et al. (Kordatos et al., 2013) and Young et al. (Jo and Lee,
2014) performed continuous thermographic real-time monitoring to analyse conservation in
murals, concluding that surface temperature is a sufficiently reliable parameter for diagnosing the
condition of heritage elements. . So, many technological solutions are in place for the wireless
monitoring of historic heritage elements and have been discussed by Josiah et al. (Hester et al.,
2017). Such solutions are not non-invasive, however, nor do they establish mechanisms for data
processing or data-based diagnosis. This type of methodologies requires many measurements.
However, authors like Prieto et al. (Prieto et al., 2017) demonstrate that the results are satisfactory.

The literature review reveals the lack of inspection of these heritage elements by public
institutions and the importance of reinforcing it. Oliveira et al. (Oliveira et al., 2020, 2019a)
it quantifies the rapid degradation that priceless items are undergoing in Rome (Italy) or Granada
(Italy); and the need to implement maintenance techniques. This is due to the lack of resources
and the lack of knowledge of the personnel in charge of this responsibility. Also, the review shows



the use of thermal evaluation techniques since the thermal parameters (density, specific heat,
conductivity, emissivity, etc.) are linked to the state of the property, both on the surface and inside
it. Therefore, intending to develop a replicable and easy-to-apply methodology, this work
proposes the use of standard monitoring to automatically diagnose the elements of historical
heritage. This methodology is based on the development of an inverse characterization model of
the thermal response of the heritage elements in a known state of conservation through standard
monitoring. The use of standard monitoring will facilitate its obtaining and its remote control.
The selected input variables are easily obtainable guarantees the integration of the proposal in any
typology of heritage elements. For these reasons, the main aim of this paper is to develop a
complementary conservation method for historic heritage elements. This method is based on a
thermal baseline model. This model is obtained by inverse thermal techniques through
experimental data of the element. Once the model is identified, the model serves as a reference
for the comparison between the real-time measurements of the thermal conditions of the well's
surface and the surrounding microclimate. This comparison was able to create alarms for the asset
manager to communicate the need for an "on-site" inspection of the item. The proposed method
does not replace the current conservation mechanisms, but because of its low cost and ease of
implementation, it provides a solution to the lack of monitoring of the state of conservation of
historic heritage elements.

2 Method

The core of this methodology is defined and validated as a procedure to develop a baseline model.
This model is used to estimate the thermal response of cultural elements to weather excitations in
reference conditions. Reference conditions are defined by the personnel responsible for the
maintenance of the property and refer to an optimal state of conservation. Conservation state that
is considered a reference for this inverse characterization to be performed. The identification of
the model requires sensors for air temperature, surface temperature, radiation, and humidity.
These variables allow knowing the response of the elements and characterizing the climatic
excitations of their environment (Gallego-Cartagena et al., 2020). These sensors will be fixed to
the asset and their data will be recorded electronically using GPRS technology. Then, the
conservation officer will have the actual measured response of the element and the estimation
made by the characterization model. This estimation should be identical with the measured value
if the historical element is in the reference conditions. Since the weather variation (summer,
winter etc...) is considered by the developed mathematical model. Therefore, the proposed
procedure hypothesizes that the differences between the measured and estimated value are due to
changes in the state of conservation of the property. This difference becomes the key performance
indicator that allows conservation personnel to establish the need for a visual inspection of the
real state of conservation (Gémez-Plata et al., 2019; Murillo A. et al., 2020).

Hence, the proposed methodology can serve as a method of continuous monitoring and
conservation management. Also, it is a low-cost and agile solution that allows the creation of
distance control. It let to be replicated in all historical elements that are managed by the same
institution. For example, the number of elements in Granada is greater than a million.

The methodology applied in this work to achieve the objectives is outlined in Figure 1.
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Figure 1. Overview of the three steps of the methodology

The first step of methodology (see Figure 1) is analysing of historical elements: state of
conservation and weather conditions. The required climatic conditions are dry air temperature,
relative humidity, and incident radiation (global and direct). In turn, the state of conservation of
the element can be done as it appears in the literature in works such as that of Silva et al. (Silva
et al., 2020d). The result of this step is the definition of reference conditions: the initial state of
the cultural heritage elements and climatic excitations. If the state of conservation is not correct,
you should first carry out an intervention to improve it. These interventions could be physical
cleaning, chemical treatments to eliminate deposited particles or growth of plant species, among
others. This happens with the case study shown in section 4. Also, model inputs include local
climate parameters and comprehensive information on the historic heritage element. Any
restoration, as appropriate, must have been performed before launching the procedure. Since the
proposed mathematical model will estimate the thermal response of the element under these
reference conditions (step 2 in Figure 1). If differences appear between the measured values and
the model estimates under reference conditions (step 3 in Figure 1), it can be said that something
is happening to the element.

The second step of Figure 1 contains actions to define the required monitoring, its installation,
analysis and verification of measurements and communications. But above all, the establishment
of the measured values that constitute the reference situation. These measures values are used to
calibrate the baseline model and to establish a reference period in which the heritage element is
in optimal condition (reference conditions). The period should be defined to cover seasonal
variations, at least summer and winter. The reference period data are used to build the baseline
model, subsequently applied to estimate the thermal response for comparison to the readings
recorded over time. Consequently, the evaluation of the quality of the measured data and the
obtaining of the model coefficients are obtained during stage 2. This stage 2 concludes when the
baseline model has been validated. For this, a different sample of experimental data from the one
used for the identification of the model must be used and validated both in winter and in summer
due to the possible variation in climatic conditions, especially radiation.

Finally, the model for the historic heritage element in reference conditions is available, it is
possible to compare the model estimation of surface temperatures under the measured excitations
in real-time and the measured value of surface temperatures. That comparison (step 3 in Figure



1), based on error bands, delivers the diagnosis on which a maintenance protocol for this type of
structures can be designed. Where the measurements lie within the reference range the heritage
element is deemed to be in good condition. If anomalies are detected, the system alerts to the need
for on-site inspection. That is, the personnel in charge of the conservation of these elements must
review the differences obtained between the measured value and the one estimated by the model.
And they should decide when to carry out an "in situ" inspection of the element. But, the results
of this paper provide an easy-to-implement, low-cost methodology for rapid detection. And above
all, it facilitates the work of conservation entities. Just like previous authors (Gredilla et al., 2019;
Islam et al., 2019; Ramirez et al., 2020, 2019; Rojas et al., 2019; Saikia et al., 2018; Wilcox et al.,
2015), the methodology used will assist in future strategies for the evaluation and recovery of
important constructions exposed to climate change and atmospheric pollution. Therefore stage 3
consists of the implementation of the baseline together with the error band in a management
system. An example of the application of this step is described in section 4.5.

In this case of this paper, the element is a historical defensive structure. However, the method can
be applied to a multitude of types of elements. In this work, it has been decided to work on the
historical defensive structures due to the high level of neglect in which they are found, at least in
the case of Granada. There are more details about the validation case in section 4. Also, section 3
develops the theoretical foundations of the model, as well as the main hypotheses established.
Finally, discussion of the work carried out in section 5 and the main conclusions obtained in
section 6 are exposed.

3 Theory
3.1 Baseline model fundamentals

As noted, the procedure proposed requires a model for the thermal characterisation of defensive
structures based on their orientation, geometry, and surrounds, as well as surface temperature and
other features of the local climate. A review of the literature failed to identify a single inverse
characterisation model (i.e., a model in which the parameters are obtained empirically) designed
to that purpose. Studies on building enclosures that can be extrapolated to such structures have
been described, however. The main advantages of the most common approach in physical
modelling based on differential equations include simplicity and ready comprehensibility,
although they call for information on a series of very complex parameters identified from
empirical measurements. Figure 2 depicts the concept on which the proposed baseline is based.
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Figure 2. Standard thermal excitation in defensive structures

External excitation of surface 1 and 2 in Figure 2 are the effects of air convection, solar irradiation,
and longwave radiation exchange with surroundings in the asset. Assuming the variable measured
to be the surface temperature on both sides of the structure, the model should be built around that
parameter. That entails drawing up an energy balance on each side of the heritage element (Eq. 1
and 2) and assuming that the temperatures measured on each surface (T and T) are representative
of the temperature of a fraction of the mass of the element. Eq. 1 and 2 are transient energy balance
consider a surface element as a capacity system (Bergman and Incropera, 2011)

my - cp-dT;/dt = Qsg_1 — Qcv-1 — Qrp—1 — Qcp Eq. 1

my - cp - dT,/dt = Qsg_3 — Qcy—2 — Qrp—2 + Qcp Eq.2

where m; and m> (kg/m?) are enclosure surface density; and Cp (J/kg'K) is the specific heat
defined in keeping with the composition of the element. Eq. 1 and 2 shows the variation of the
temperature of the surface layer of the element as a function of the different heat fluxes that are
present in environmental conditions. Each of them will be described in the following lines. Each
of the heat fluxes present in equations 1 and 2 have been modelled taking the basic hypotheses of
calculating heat transfer by conduction, convection, and radiation phenomena. These hypotheses
have been assumed because they are present in most of the specialized books on the subject
(Bergman and Incropera, 2011; Cengel Afshin J, n.d.; Lienhard and Lienhard, 2011)

The solar heat absorbed, Osz(Qsg—1and Qgg_5 in eq. 1 and 2), is defined in Equation 3:

Qsg—i = ;" Igp—; Eq.3



where «; is absorptivity of the surface i studied and Ixz (W/m?) the incident radiation, taking
heritage element and surrounding object shading into account.

Heat convection, Ocr (Qcy—-1and Q- —, ineq. 1 and 2) on each surface is defined as in Equation 4:

Qcv—-i = hey—i* (Tar — T}) Eq. 4

where hgy_; (W/K-m?), the heat convection coefficient may vary on the two sides of the heritage
element, whereas the outdoor air temperature, 7.z, is the representative temperature of the air. T;
is the temperature of the studied surface (T or T»). The main hypothesis considered is that the
convective transfer coefficient is very stable and can be considered invariant.

Orp(Qgrp—_1and Qgp_, in eq. 1 and 2), longwave radiation exchange is defined as in Equation 5:

Qrp-i = hgp—i* (Trp — T}) Eq.5

where Trp (K), the mean radiant temperature assuming a form factor of 0.5, is defined in terms of
the sky temperature Tsxy (K) and the ground or adjacent surface temperature 7.4z, assumed to be
the same as the temperature of the surrounding air. Mean radiant temperature is found with
Equation 6 and the radiation coefficient, izp.; (W/K-m?), with Equation 7.

Trp = Tarr + Tsky /2 Eq. 6
hrp-i =40 & ((Trp +T;)/2)* Eq.7

where o, the Stefan-Bolzman constant, adopts a value of 5.67-107 W/m*K* g and & is the
surface’s longwave emittance. It is assumed that the radiant exchange can be linearized since the
error made is lower than 3% (Cengel Afshin J, n.d.).

Heat conduction, Qcpin eq. 1 and 2, between the two surfaces is found with Equation 8:

Qcp = k- (T —T3)/L Eq. 8
where L (m) is the wall thickness and £ mean thermal conductivity (W/m-K).

The described system of equations (1 through 8) describes a physical model of the heritage
element. Finding the parameters involved (convection coefficient, absorbance) from measured
data calls for complex and variable calculation. The model was therefore re-structured in terms
of transfer functions (Diaz et al., 2018; Stephenson and Mitalas, 1971), as shown in Equations 9
and 10:

T,(t) =Y0a;  To(t =)+ X2, b - Texc (t — i) + i, d; - Ty (t — 1) Eq.9
Ty(t) =X oaa; - Ti(t —i) + X2, bb; - Texc,(t — i) + X1 dd; - To(t — i) Eq. 10

where T() is the temperature of one of the surfaces, 7>(?) the temperature of the other and Txci(?)
an equivalent temperature referred to the radiant and convective excitations to which each surface
is exposed. Two surfaces have been taken to show the theoretical foundations of the baseline for
a certain asset. In the other hand, calculation of the excitation temperature (Texc; in surface 1
and Texc, in surface 2) is described in the following section.



The model coefficients, which refer to the physical parameters in Equations 1 and 2, are assumed
to be invariable over time. Coefficients @; and b; are associated with temperature model 1, and aa;,
and bb; with model 2 excitations. Coefficients di and dd; denote model dependence on its prior
response (earlier time intervals) due to system inertia.

As Equations 9 and 10 show, finding the surface temperature on one side depends on the
temperature found for the other. The two expressions are consequently interlinked and must be
solved as a system of equations with two unknowns.

The model is dynamic not only because of the nature of the input excitations but also of its
dependence on the prior response elicited by the target variable. The number of prior time
intervals is optimised for each specific system.

The assumptions embedded in the model are listed below.

- As the target variable varies widely throughout the day, the hour is the optimal time
interval and step-time.

- Given the use of constant coefficients and concomitant model invariance, separate models
are initially deemed to be required for summer and winter to accommodate climate
differences.

- While implicit in the thermal capacity of the enclosure and the surface temperatures, the
effect of indoor relative humidity is stable over time.

- The model coefficients defined for a given reference period establish the model’s best fit
for that period.

The section below describes the calculations proposed to find the equivalent excitation
temperature and the respective coefficients.

3.2 Thermal excitation

As explained earlier, outdoor excitations include convection heat exchange with the surrounding
air, solar radiation absorbed and longwave radiation exchange. The equivalent temperature
defined in Equation 11 encompasses all three:

hey-i(®) Tair(®)+hrp-i(£) TrRD () a;
hey-i(€)+hgrp-i(t) hey-i(€)+hgrp-i(t)

Tgxci(t) = “Ipp—i(t) Eq. 11

Calculating the excitation temperature of each surface entails working with the unknown variables
discussed above, which can also be estimated from coefficients b; and bb; in Equations 9 and 10
more readily, for they correct the parameter values.

The values adopted were as follows.

- Further to Kirchoff’s law, a single value was used for emissivity and absorptivity for the
surfaces involved. The Lienhard et al. (Lienhard and Lienhard, 2011) approximations for
these complex functions of temperature, angle and wavelength are generally agreed to be
reasonable.

- Convection transfer coefficient 4.,; was calculated in terms of incident wind velocity
using the McAdams correlation (McAdams W, 1958), a solution frequently resorted to in
the literature (Malgorzata et al. (O’Grady et al., 2017)).

- Radiant transfer coefficient hyp was calculated as per Equation 7.



In another vein, the incident radiation on each surface calls for basic solar calculations, for the
parameter used is direct and diffuse incident radiation on a horizontal plane. As those calculations
are routine in solar technology assessments, the literature was reviewed, and the following
conclusions are drawn.
- The sun’s position (solar height and azimuth) can be estimated from a heritage element’s
location and the time of day (Hafez et al., 2018, 2017).
- The instantaneous incident radiation on the surface studied is found by projecting the
radiation measured using solar direction and surface cosines (Fernandez-Ahumada et al.,
2017; Hafez et al., 2018; Skouri et al., 2016).
Sky temperature is cited as an obstacle in all the papers reviewed. In some, such as (Maghrabi
and Clay, 2011), it was estimated experimentally, although it was most commonly found with
tested empirical models (Antonanzas-Torres et al., 2019; Evangelisti et al., 2019). The Aubinet
model (Aubinet, 1994), one of the most widely extended according to the preceding two
references, calculates sky temperature from Equations 12, 13 and 14.

Tsky = €9i&y * (Targ +273.15) — 273.15 Eq. 12
Sky emissivity gsxy, was found with Equation 13:

Tpew+273.15
Esky = FCloudiness ) (0-787 + 0.764In (DEZI;T) Eq. 13

where the dew-point temperature was calculated with the ASHRAE correlations (Ashrae, 1997)
for relative humidity and dry bulb temperature. Fcioudiness, the cloudiness factor, was defined as in
Equation 14:

Feioudiness = 1 + 0.024Ey — 0.0035(Ey?) + 0.00028(Ey*) Eq. 14
where Ey, cloudiness, was assumed to be a constant, with a value of 3 in summer and 5 in winter.

Hence, all the model’s independent variables could be estimated in terms of two excitation
temperatures, Tgxcq and Tgyco (Equation 11).

3.3 Model characterisation

The values for the model coefficients were found as follows.

1. The number of coefficients associated with system inertia was chosen (d; and dd; in
Equations 9 and 10) in keeping with the expected time constants and the step-time defined
in the model. It was defined as 1 (low thermal capacity or walls less than 0.5 m thick), 2
(standard value for walls less than 2 m thick) or 3 (walls with high thermal capacity or
over 3 m thick) for a step-time of 1 h, on the grounds of findings reported by Giuseppina
et al. (Ciulla et al., 2010), who made the number of poles in the transfer function
dependent upon the main constant in the system to be characterised.
2. The number of excitation-related (a;, b;, aa; and bb; in Equations 9 and 10) and system
inertia-related coefficients were established, along with one random coefficient.
3. Coefficient values were determined on a sub-sample of the experimental data gathered
during the reference period, in which the following requisites had to be met:
e Acceptable minimum square error
o Consistency of the signs adopted by the coefficients with the nature of the
excitation and the value of the respective steady-state.

If one of those two requisites was not met, item 2 above was repeated with a larger
number of numerators and the result compared to the preceding trial.

The models so characterised were then implemented, as shown in Figure 3.
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Figure 3. Example of a baseline model

Since the model was built and subsequently applied using experimental data, the uncertainty
associated with both it and the measured data was analysed. This uncertainty is estimated using
the Taylor series in eq. 15 and 16 (Coleman and Steele, 2018). Radiation and temperature were
the main model variables dependent upon measuring instruments. Although relative humidity was
also used, as it was confined to intermediate calculations the respective uncertainty was
disregarded. The standard deviations for the variables, governed by the respective measuring
instruments and included in the model were calculated since eq. 15:

aT1(t) aT1(D)] . aT1(D)] . aT1(t)
Errpy = |6T1ut 0 (Tour) + | - o(Ty) + | - o(lrr) + | =+ a(Ty) Eq. 15
aT,(t) aT,(t) aT,(t) aT,(t)
Errp, = |6T2u 0(Toye) + | 220 (Ty) + |6127 ~a(lrr) + |%T2| ~a(T,) Eq. 16
where

- 0(Tyye), is the sensor-related standard deviation for outdoor temperature

- 0(Ty) and o(T,), are the standard deviations for (likewise sensor-related) surface
temperature

- oa(Irr), the standard deviation for radiation, was not a direct measurement but processed
from the readings recorded and found to be 50 W/m*

Error bandwidth was calculated as follows:

Ty —estimatea(t) = T1(t) £ Errpy Eq. 17
Ty—estimateda(t) = T2 () + Errpy Eq. 18

The method ultimately delivered an estimate of the expected surface temperature and the band
defining acceptable deviation. Readings outside that band were deemed to be anomalous and their
accumulation an indication of the need to ascertain the condition of the heritage element. The
following section describes a case study in which the methodology was applied.

4 Case study: results
4.1 Description of case study

The heritage element chosen was a section of the Zirid Wall around Cadima Citadel (Figure 4) in
the city of Granada. The wall surrounds San Nicolas Hill, enclosing an area of about 75 hectares.
The main part of the wall still standing stretches for 390 m along the northern flank. This section
houses the bab QaStar gate, better known as San Cecilio Chapel. One of the oldest surviving
elements, little is known about its initial form or any subsequent renovation. This element has



been chosen due to the challenge of validating the proposed methodology in a structure within an
urban area at risk due to anthropogenic agents and the growth of the city.

Figure 4. Case study: Zirid Wall, Granada. Source: PREFORTI Project and own development from Google Earth

Granada is a city of enormous cultural value (Oliveira et al., 2019a), hence the interest of the
authorities in having a preventive conservation methodology. Zirid wall was chosen because its
degradation has accelerated in recent years and it was challenging to demonstrate the usefulness
of the procedure here.

In the rammed earth technique used to build it, widespread in eleventh to fourteenth-century
construction, walls were erected by pounding soil into a mould consisting in two parallel,
vertically positioned boards spaced to the intended width of the wall and held together with
crossbars. The resulting box was then filled, lift-by-lift, with rammed soil or lime mortar. In the
case studied here, two construction techniques were deployed: concrete- and lime mortar-
rendered rammed earth, both depicted in Figure 5. These data are known because a detailed study
has been made of the current situation of the property and a series of tastings to find out its
composition. The methodology does not require knowledge of these data. However, they show
that the interior composition of elements with hundreds of years of existence is a variable full of
uncertainty and difficult to obtain.

Figure 5. Composition of the wall studied: concrete (a) and lime mortar-rendered rammed earth (b). Source:
PREFORTI Project

The incident radiation had consequently to be determined on both sides, further to the
methodology proposed. It is due to the different level of radiation in the function of the relative
position with the sun.



This case study exemplified the utility of the methodology to diagnose historic constructions.
Although much of the initial wall has disappeared, the remaining sections constitute one of the
most prominent heritage elements in this part of Granada’s historic neighbourhood. The structure
is listed as a cultural heritage element, the highest level of protection envisaged in Spanish
legislation (Estado, 1985), and lies in a quarter accorded UNESCO World Heritage Site status in
1994. Its preventive conservation would be favoured by the diagnosis and verification method
proposed here.

The condition of the various sections of the Cadima Citadel wall varies. In some, the full width
of the original structure is in nearly perfect condition, whereas in others it has disappeared
altogether or remains as a mere archaeological token. Those differences are due primarily to:

- Environmental damage induced by erosion attributable to temperature gradients and frost,
with concomitant intermediate or substantial mass loss; surface water runoff and leakage;
wind; geomorphological-mediated cracking, detachment and structural damage including
deep vertical cracks, fissures, hollowing and loss of shape; parasitic and medium-sized
plant life, with surface soiling; insects, birdlife and rodents

- Anthropic action, including neglect, the disappearance of the initial use, inappropriate
past restorations and lack of suitable maintenance that heightens instability and the risk
of deterioration.

The studies conducted on the wall during the reference period, illustrated in Figure 6, were
designed to analyse possible pathologies and formulate conservation measures or, if the wall was
found to be in good condition, undertake reference period monitoring. To obtain these
pathologies, thermography, composition studies, sample analysis and historical data review have
been carried out.
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Figure 6 Pathologies detected in Zirid Wall (San Cecilio Chapel area). Source: PREFORTI Project

4.2 Experimental setup

With a view to the inverse characterisation referred to earlier, a monitoring system was designed
for a representative sample of wall panels (two in the case study). The following sensors were
installed:

- surface temperature sensors, one per panel, with two probes each, one for each side or
surface of the panel. Sensors are contact thermocouple connected to a little data
acquisition system. The data acquisition system is connected to a raspberry for sending
us the experimental data. Raspberry has an internal memory too. Each surface has a
representative sensor of its temperature and it would be the witness sensor that must be
left installed in the property for remote management. Sensors are PT100 which achieves
an accuracy = 0.01 °C + 1 digit

- environmental temperature and relative humidity sensors to record the conditions in each
of the microclimates extant in the areas studied. The NTC thermistors are located inside
a Testo 174 T data logger with an accuracy of + 0.2 °C. These environmental temperature
dataloggers set inside 80 mm diameter, 50 cm long cylindrical tubes with an outer
reflective cover in the lower two-thirds housing the probe and uncovered in the black
upper third to generate movement induced by natural convection to obtain a



representative ambient temperature value (see Figure 7), installed to ensure that the
readings recorded were sufficiently accurate for the study

- Weather station to measure the local weather, primarily radiation for want of specific
sensors for that parameter, which proved to be one of the determinants for developing the
performance model. These outdoor conditions data were recorded on a Weather Station
WatchDog 2000, installed on top of the house as shown in Figure 9.

Figure 7. Sensors for monitoring outdoor temperature. Source: J. Arco

The complete system has a battery with an estimated life of 24 months. Although it can be
powered by solar energy. The memory of the system is greater than 5 years with a data log every
10 minutes.

All the instruments were positioned with utmost care to ensure that the attachment systems would
not damage the surface to which they were secured, given the wall’s architectural and heritage
value. The panels studied are outlined in the photograph in Figure 8: panel 1 (which houses the
main gate) in red and panel 2 (at the rear) in yellow.



Panel 1
M Panel 2

—~

Figure 8. Defensive structures studied. Source: Own development from Google Earth

Figure 9, in turn, shows the position of the sensors. Panel 1, comprising one of the main and
largest sections of the wall, was instrumented with two surface temperature sensors, one on the
main wall (TT1-1) and the other (TT1-2) which, given its proximity was deemed to have
established connectivity with panel 2; along with two temperature and relative humidity sensors
(THI-1, TH1-2) and one datalogger. Similarly, panel 2 was fitted with two surface temperature
sensors (TT2-1, TT2-2) on its two orientations and one temperature and humidity sensor (TH2).
As monitoring was conducted with all the sensors from August 2018 to January 2019, inclusive,
it covered both winter and summer months. Also, the weather station records dry air temperature,
relative humidity, wind speed and direction, global horizontal radiation, and direct radiation.
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Figure 9. Sensor positioning. Source: own development from Google Earth



4.3 Empirical data

This section describes the experimental data gathered, in which together with the outdoor
variables, particular attention was paid to the accuracy of the surface temperatures, the target
variable.

By way of example, the readings recorded in different periods by one of the surface temperature
sensors on each panel studied are analysed below, along with the effect on the values of different
weather conditions. For this, the effect of incident radiation on surfaces during summer and
winter will be analysed.

The readings for panel 1 and more specifically for sensor TT1-1 (representative sensor for panel
1) are shown in Figure 10. As the graph shows, the temperature was essentially the same on the
two surfaces and closely related to the air temperature near these surfaces (TH1. It is obtained as
an average between TH1-1 and TH1-2). Nonetheless, the surface temperature of surface 1-
2(sensor TT2-1), which in the model referred to the temperature on the rear surface, were
consistently higher, suggesting that incident radiation affected that area due both to orientation
and shading. The incident radiation values are plotted for the two surfaces in Figure 11.

45

=
=]

W
(%))

w
o

=l
(%}

]
o

ey
[%a}

Temperature (°C)

[
=1

w

=1

LI LN AL R LA LN L N T - A L

i

—Sensor TT1-1 —Sensor T11-2 Air temperature near panel 1-TH1

Figure 10. Experimental data during summer in panel 1: surface temperature on the front (TT1-1), rear surfaces
(TT1-2) and air temperature (THI).
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Figure 11. Incident radiation on the front and rear surfaces of panes 1in summer

The experimental data attested to the need to include both outdoor temperatures and incident
radiation in the model.

Pan analogous analysis was conducted for panel 2, focusing on sensor TT2-1. As Figure 12 shows,
the differences between the two surfaces of panel 2 were wider during winter. It is selected winter
to show the effect of solar irradiance.
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Figure 12. Experimental data during winter in panel 2: surface temperature on the front (TT2-1), rear surfaces (TT2-
2) and air temperature (TH2).

The comparison between the air temperature near of panel 2 (see TH2 in figure 12) and surface
temperatures (TT2-1 and TT2-2) depicted in Figure 12 shows that the near match observed in
Figure 10 was absent in this case. The difference may be attributed to the variation in incident
radiation on the surfaces, graphed in Figure 13.
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Figure 13. Incident radiation on the front and rear surfaces of panel 2 in winter

The fluctuation in surface temperature with the surrounding environmental conditions exhibited
similar behaviour. The model proposed accommodates the outdoor conditions impacting the



wall.and the thermal inertia of the wall itself, associated with its construction. The building
techniques are implicit in the mathematical formulation described in section 3.1.

The above results highlight the need for the proposed model to respond to the physics of the
phenomenon. Having a model for the representative temperature of the well in the chosen control
surface. This model must be identified with a winter and summer period and validated with
different experimental data. In this way, it is ensured that the range of applicability of the same
will cover all the annual climatic variation to which it is subjected. In the next section, the TT2-1
sensor is taken to show the importance of the reference period for obtaining the model
coefficients. This reference period should contain data for summer and winter as the climatic
excitations are different. This mixture of data guarantees a greater range of applicability of the
model. However, the model allows it to be identified during winter and executed in summer or
vice versa, and guarantee acceptable results. This conclusion is tested in the next section.

It should be noted that the application of the proposed methodology requires the choice of
reference points of cultural heritage element. At these points, a surface temperature sensor and
coincident weather conditions must be installed. To increase the replicability of the procedure, it
works with the minimum number of monitoring points, although the ideal is to choose surfaces
that have different excitations, different surface treatments or different states of conservation.

4.4 Baseline model

The data of TT2-1 were divided into four groups to determine the coefficients for this model. The
first contained data measured in the warm season from August to October, and the second in the
cold season from November to January. Each group was subdivided into two datasets of
approximately the same size, one used for model fitting and the other for validation. November
was deemed to be the transition month between summer and winter.

The surface temperatures calculated with the model for the warm season are plotted against the
experimental data in Figure 14, which attests to a very close matching, confirmed by the error
values set out in Table 1.
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Figure 14. Summer model data versus experimental readings



An analogous procedure deployed to characterise the model for cold season data yielded the graph
depicted in Figure 15, where the validation dataset was plotted against the model estimates. The
match found was even closer.
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Figure 15. Winter model data versus experimental readings

Figures 14 and 15 attest to model reliability in both cases and despite the variations observed, to
a certain relationship between them. On those grounds, the use of a single model for summer and
winter was envisaged, in which the differences in excitation in the two seasons would be
accounted for in the input variables for this physical model. That possibility was tested for the
various combinations with the results given in Table 1.

Table 1. Maximum and mean absolute errors for winter and summer models applied to both seasons

Reference Period Maximum Mean
period applied absolute error | absolute error
Winter 2.89 0.82
Winter
Summer 3.51 0.95
Winter 3.38 0.79
Summer
Summer 2.75 0.72

As the values determined showed no significant differences between the two models, either one
of the two could be applied throughout the year. The summer model was ultimately chosen, for it
yielded lower maximum and mean absolute errors. Moreover, the input excitations varied more
widely in the summer model due to the characteristics of the local climate. Therefore, what was
previously ventured is confirmed: the physical parameterization of the model allows its
extrapolation to climatic conditions different from those used in obtaining the model coefficients.



The baseline model established was consequently applicable to structures with different
behaviour both during the day and throughout the year. Its mathematical expression involved
three excitation-related and two inertia-related coefficients. The correlation coefficient, R?, was
0.99975.

4.5 Validation and application

As noted earlier, the baseline method proposed is a model that uses information on environmental
conditions, specifically outdoor temperature, relative humidity, and incident radiation to estimate
surface temperature.

Since all the input variables were monitored in this study, panels of the wall other than those used
to define the model could be used to validate it. As Figure 16 shows, sensor TT2-2 was analysed
in a winter period different than the model reference period (using the summer model). The two
curves exhibited very similar behaviour with the model able to change pattern in keeping with the
experimental data. Its accurate characterisation of wave amplitude and phase differences indicated
that system inertia behaved as expected.
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Figure 16. Validation of model at TT2-2

It is important to highlight that the results shown in the figure are the application of the identified
model (calculation of coefficients) using the data from TT2-1 and executed with the excitations
suffered by the surface measured by TT2-2. The good prediction of the baseline is due to the
physical component of the model, which shows how the model responds with quality to different
incident radiation. Furthermore, the model has been identified with summer data, and the
application of the same with winter data is shown in Figure 16. The same procedure deployed
with another sensor, TT2-1, for the summer, delivered the curves graphed in Figure 17.
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Figure 17. Validation of model at TT2-1

The baseline model developed consequently performed to expectations, reflecting the physics of
the structures analysed. Moreover, as a dynamic model, it accommodated more than just the input
variables for a given time. It was also impacted by prior developments on the surface analysed,
as well as by those existing and existing previously in the rear surface since the model inputs
include the readings for both panels.

Since the model was built and subsequently applied using experimental data, the uncertainty
associated with both it and the data measured was analysed. The Taylor series method was used,
as discussed in section 3.4, taking the uncertainties associated with the measurements to be 0.05
for outdoor temperature a(T,,;) and surface temperature o(T;) - a(T,)

The resulting bands were subsequently applied to the baseline model defined (see Figure 18) and
used to determine whether the structure behaved satisfactorily or anomalously by plotting the
experimental measurements on the same graph. The proximity of some of the points recorded in
the last week of August to the lower band (see Figure 18) raised the question of what might be
causing that situation.
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Figure 18. Baseline model error band for August



Figure 19, which graphs the data for one week in the cold season, shows that several points lay
outside the error range. The inference would be an anomaly in the data measured or in the
condition of the structure, which, if persistent, would call for an on-site inspection.
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Figure 19. Baseline model error band for December

The methodology proposed generated models from differential equations. Entering temperature
and relative humidity data would therefore yield information on a structure’s behaviour over time
and provide support for adopting preventive action decisions.

5 Discussion

The work presented proposes a preventive maintenance procedure for historical assets. This
procedure is not a substitute for the need for on-site inspections but is intended to manage the
frequency of that inspection. For this, a baseline model is prepared under acceptable conditions
of conservation and decided by the personnel responsible for the maintenance of the property.
The model will estimate the response of the good to climatic excitations and under the same
anthropic demands of the reference conditions. If differences appear between these estimates and
the values measured remotely, a warning will be issued to alert the personnel that the response of
the good is outside the range of established reference conditions. The reason why this alarm
occurs is not resolved by this work, but they need to go to the well to review it.

The procedure is easy to implement and inexpensive. It is currently being implemented by certain
public institutions in support of the management office for these historical elements. The results
of the application of the procedure serve to command and organize the different periodic
inspections carried out by the agents in charge. It is important to note that some offices are
responsible for thousands of historical elements in cities such as Rome, Granada, or Athens.
Nowadays, Cultural and Historical Heritage Concierge of Andalusia is working with the
researchers of this work for the implementation of this protocol. This organization is responsible
for most existing cultural assets in Andalusia. They are responsible for a quantity of the
conservation of millions of cultural elements but with very limited resources. The next phase of
this work has begun on developing a digital platform to exploit the data recorded in a database.
This database would receive in real-time the data of surface temperature and microclimatic
conditions of the cultural elements on which this intervention is carried out. The server itself
would implement the proposed methodology to automatically obtain the baseline. The end-user
would have access to the measured values, and the comparison between the measured value and



the baseline estimate. The platform itself will have a series of notices to claim the user's attention
if anomalies appear, such as those presented in section 4 results. The results of this work have
generated confidence in this entity and could be replicated by other entities around the world. It
should be noted that the proposed methodology serves to complement current maintenance and
conservation techniques, and in no case does it replace them.

Besides, techniques as ion beam analysis, transmission electron microscopy (TEM), X-ray
diffraction (DRX) and X-ray fluorescence (FRX) techniques for materials characterization and
thermographic photo camera could help to get more information about historical element
pathologies and composition. These techniques should be used during the initial step of
methodology (see Figure 1) to analyse the real condition of the element. And it will also be
required to be used if an "on-site" inspection is required due to differences between the measured
and estimated value (step 3 in Figure 1).

Rather, the aim of this work is linked to a support procedure for the preventive maintenance of
historical elements. But, it has a conservative hypothesis that the personal person in charge of the
conservation of these assets has the necessary training and the indispensable material so that with
an inspection "in situ" to evaluate the real state of conservation. For example, the cause of the
proposed methodology is intended to notify staff of a possible incident on the item.

In the future, it is necessary more studies about "anthropic action" because there are a lot of
influences than just "including neglect, the disappearance of the initial use, inappropriate past
restorations and lack of suitable maintenance that heightens instability and the risk of
deterioration" for historical elements. Anthropic actions consider atmospheric pollution by
industries, the vehicular traffic, vandalism, or antique rehabilitations without registration... These
actions are considered implicitly in the methodology. A change in them should be detected as an
increase in the difference between the two temperatures being compared. However, its effect is
of great importance in the needs of inspection and conservation of historical assets.

6 Conclusions

The methodology proposed delivers a baseline for characterising the behaviour of cultural
heritage elements exposed to thermal excitation. This model supports real-time heritage element
management in the form of an indicator based on real data able to anticipate the need for effective
prevention.

The method was validated by application to a section of the Zirid Wall in Granada in both winter
and summer and under conditions other than used to estimate the model coefficients. In
percentage, the mean error values were <5%, whilst the mean absolute errors in temperature were
<1°C and the maximum absolute errors <3°C.

The most prominent findings are listed below.

- The methodology characterises thermal inertia dynamics in structures and the
surrounding environmental conditions, irrespective of their variability.

- Itisreadily replicable with experimental data and can be fitted with minimal and feasible
monument monitoring.

- The method proposed can be used as a diagnostic tool, for it yields a reference value
against which to compare experimental data and detect anomalies in an early enough
phase to anticipate the need for preventive measures.



This study makes an original contribution to preventive conservation applied to historic heritage
elements by enhancing the utility of routinely installed monitoring facilities. It can also be used
in conjunction with tools that protect against other types of risks (seismic, pollutant agent-related)
to control the condition of surviving historic elements. Finally, the procedure should be combined
with the use of other techniques for field measurement of its conservation status. As well as
controlling the security of the same if it can be exposed to acts of vandalism. However, this
procedure will facilitate and improve their maintenance in a changing world due to climate change
and possibly social and economic crises due to pandemics such as COVID-19.
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