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Abstract: The indoor climate of non-climatized churches is usually subject to cyclical fluctuations of
temperature and relative humidity induced by external climate conditions which might be dampened
by the high thermal capacity of their envelope. However, several phenomena affect their indoor
climate (e.g., internal gains due to people and artificial lighting, air infiltration, etc.), which lead
to environmental variations that might jeopardize the artworks contained within. In particular,
one of the most influential parameters that may affect non-climatized churches is the massive
and intermittent presence of people who constantly visit their spaces. In such regard, long-term
monitoring allows the collection of environmental data with different building operation conditions
and visitor fluxes. This paper analyses the indoor climate of the Milan Cathedral (Duomo di Milano)
in Italy for three continuous years (including the lockdown period that occurred in 2020 caused by the
COVID-19 pandemic), with a focus on visitors’ effects on the indoor environment and the conservation
of the main artworks contained within. The results of the analysis have shown that spaces with huge
volume are most influenced by the opening of the doors rather than the hygrothermal contribution
of the intermittent presence of massive crowds. Moreover, the absence of visitors for a prolonged
period correlates with an improvement in the indoor conservation conditions for artworks, especially
those made of hygroscopic materials, due to the reduction in short, rapid climate fluctuations.

Keywords: historic buildings; indoor climate; induced climate risks; conservation; visitor

impact; lockdown

1. Introduction

Italian churches, crypts, monastic complexes, abbeys, etc. represent an invaluable part
of the existing building stock that must be properly preserved for future generations, since
they contribute to the identity, society and cultural values of a country [1,2].

The need for protecting cultural heritage and strengthening its preservation-related
issues has been also explicitly stated by the UN Agenda 2030 and Sustainable Development
Goals (SDGs) [3].

Such built heritage, generally, contains artworks that might be particularly susceptible
to temperature (T) and relative humidity (RH) variations [4-6]. According to different
standards [7-10] and the scientific literature [1,2,11-15], valuable materials and artworks
can be endangered by specific climate hygrothermal variations which induce phenomena
such as cyclic dissolution and recrystallization of soluble salts, desiccation, warping and
flacking, biological and chemical decay;, etc.

These aspects are particularly relevant in non-climatized churches (i.e., not provided
with an HVAC system), whose indoor climate is usually subjected to cyclical temperature
and humidity fluctuations induced by external conditions. It is well known that high daily
peaks in those parameters might jeopardize the conservation of materials. Moreover, several
other phenomena could affect the indoor climate (such as visitor influx, artificial lighting,
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air infiltration, etc.) [16-19] which can induce alterations that endanger the preservation
conditions. Moreover, often it is difficult to distinguish and record the specific effect that
any one phenomenon has on the indoor environment with respect to the others.

Since people release humidity and heat from their bodies, exhale CO, and trans-
port pollutants, they involuntarily unbalance the indoor climate of the buildings they
visit [18,20,21]. Because of this direct changing effect on indoor hygrothermal conditions,
their permanence might jeopardize the conservation of artworks contained within [22].

Therefore, the impact of massive numbers of visitors on cultural heritage could have
a great impact on these buildings. In the last decades, such topic received the atten-
tion of the scientific community [23,24], especially with the diffusion of the COVID-19
pandemic [19,25-28].

In such regard, long-term environmental monitoring is pivotal to assess the conserva-
tion conditions of these buildings, since it allows us to evaluate how people can affect the
indoor climate of a huge volume and ancient historic building. Moreover, in the current
scenario of rapid climate change and the progressive intensification of extreme events
(e.g., heat waves, floods, etc.), [29] is of particular interest to continuously monitor the in-
ternal conditions of historic buildings, particularly those without an HVAC system [19,30].

Past studies dealing with the impact that visitors have on the indoor climate of some
non-climatized historic buildings have shown a significant correlation between an influx of
people and the alteration of temperature and humidity levels of indoor spaces [20,31,32].

For instance, Camuffo et al. [33] analysed the impact of people inside the Hall of the
Giants in the Carrara Palace of Padua (Italy), showing that an increase in air temperature
caused by the presence of people, leads to an initial decrease in relative humidity, which is
soon counteracted by the increase of water vapour produced by people.

Other studies focusing on public spaces such as exhibition halls have shown that these
environments, generally characterized by relatively small spaces, are strongly subjected to
the hygrothermal contribution caused by the presence of people [4,34]. It is well known
that high and rapid changes in relative humidity could cause mechanical degradation
(e.g., cracks, differential expansion/contraction stress which leads to lifting of veneers,
deformations, loss, etc.) in hygroscopic materials, such as wood, paintings, paper, etc.,
that generally can be found in religious buildings, and could also cause efflorescence and
swelling on plastered surfaces [35]. In this sense, hygrothermal monitoring within these
spaces represents a pivotal activity to keep these fluctuations within certain conservation
ranges. For example, as suggested by EN 15757 [36], the target range for RH fluctuations is
determined as the 7th and 93rd percentiles of the fluctuations recorded for a monitoring
period of at least one year.

An adequate strategy to counteract the impact of people’s presence on the indoor
environment which hosts susceptible collections is to adequately manage their flux and
provide suitable heating, ventilation and air conditioning (HVAC) systems [19].

Silva et al. carried out a monitoring campaign on the Monastery of Jeronimos in
Portugal [19], showing that the increasing number of tourists influences negatively the
hosted artworks, in particular causing risks of mould germination and irreversible defor-
mations on painted panels. They also simulated future scenarios with different rates of
visitors, since no HVAC systems for climate control can be installed, and suggested better
management of visitor entries [19]. Although in some cases the presence of visitors is
deleterious to the artworks (due to the impact on the microclimate), in other cases, even if
indirectly, people with their presence cause noise and allow a minimum of cleanliness that
prevents some insects from acting undisturbed (e.g., silverfish), reducing the damage risks
for artefacts such as books, papers and other organic materials [37,38].

A. H. Zaki et al., through a computational fluid dynamic (CFD) study [39] on King
Tutankhamen’s gallery located in the northern part of the Egyptian Museum, show that, in
the winter season, when the gallery is naturally ventilated, the warm air due to visitors’
presence circulates through the upper part of the volume, replaced by the fresh air coming
from the windows.
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Similarly, Balocco et al. analysed the impact of people walking inside an important
library in Parma (Italy) using CFD [40]. They highlight that the additional sensible and
latent heat released by visitors is not particularly dependent on the standing or moving
conditions; however, their movement represents a key aspect with regard to the potential
transport of particles and pollutants, which is of particular importance for cultural heritage
conservation and maintenance.

Varas-Muriel and Fort, in a monitoring campaign carried out between 2012 and
2013 for a historic church located in Algete (Spain) [41], showed that people affect the
local indoor climate conditions depending on their location, with the peaks of variation
after 1-1.5 h of human occupancy. Moreover, the authors point out that the environment
undergoes differential thermal heating in larger churches, depending on the area where
people are concentrated during services and cause a slight concentric stratification on the
indoor environmental conditions, both vertically and horizontally, around the congregation
and up to a height of 3 m. The conservation of the artworks hosted inside this church can
be influenced by these conditions [41].

The indoor climate analysis carried out by Grzegorz Nawalany et al. in an unheated
smaller wooden church located in Ptaszkowa (Poland) [25], has detected temporary high
fluctuations of air temperature and relative humidity during the services due to a large
number of worshippers with respect to the small volume of the building. Such impact is
later mitigated by the external conditions in a few hours after the services. The authors
highlight that the susceptibility of the indoor climate depends also on the small thermal
capacity of the church’s envelope. Thus, this paper aims to analyse the impact that visitor
influxes have on the microclimate of the Milan Cathedral in Italy, which is one of the
greatest non-climatized cathedrals in Europe, with a particular focus on the conservation
of the main artworks hosted within.

In this respect, an extensive monitoring campaign allowed the collection and compari-
son of environmental data during the standard building operation (generally characterized
by a high number of tourists) and during the lockdown caused by the COVID-19 pandemic,
when the influx of visitors was stopped abruptly for a prolonged time [19]. The microcli-
matic data acquired during such period allow to analyse how the absence of visitors might
affect the indoor climate of a huge, non-climatized religious building in Italy. The results
presented can therefore provide a better understanding of the behaviour of such huge
buildings in order to guarantee their long-term conservation. This research thus further
increases the scientific knowledge on such topic, on the basis of experimental data acquired
in the field. The present work represents a prosecution of a previous research developed
for the same case study [42].

This work is organized as follows: Section 2 describes the case study; Section 3
describes the method adopted in the current research; Section 4 shows the results and
discussion about the analysed climate variables (temperature and relative humidity) contin-
uously monitored for three years and the main effects of visitor flux on the indoor climate,
and discusses their impact on the materials’ conservation. Finally, the conclusions and
derived suggestions are outlined in Section 5.

2. Case Study

The case study analysed in this work is one of the most prominent architectural ex-
amples in the Italian cultural heritage scenario: the Milan Cathedral. This building is
characterized by a net indoor area and volume of about 8500 m? and 300,000 m?, respec-
tively. The internal heights of the lateral and central naves vary from about 20 m to 45 m
respectively, while the cupola reaches up to 65 m. Its opaque envelope is made of masonry
walls of variable thicknesses, while the roof has a double system of overlapping brick
vaults that generates accessible attic spaces which are directly connected with the interior
of the cathedral through numerous ventilation holes. The transparent surfaces include
over 50 stained glass windows, decorated with the grisaille painting technique. Natural
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ventilation is managed during the year through the doors and some windows located in
the ambulatory and the transept [42].

In addition, the Cathedral hosts numerous artworks of various ages and materials [35],
such as marble sculptures and decorations, wooden benches, confessionals, large painted
panels, etc. and numerous artefacts contained in the altars of the aisles.

Among the noteworthy objects, the organs are the most complex, susceptible and
important in terms of conservation. The Cathedral hosts a number of different organs in the
altar area, as shown in Figure 1. Among these, the Organo Maggiore with its 15,800 pipes
is the biggest organ in Italy [43,44] and represents an absolute exceptionality both from an
artistic and musical point of view. This magnificent artefact is made of four cases in carved
wood, located between the choir and the apse over the wooden stalls of the presbytery.
In addition, each ancient case is enclosed by four panels, which have a pair of canvases
representing episodes from the Old and New Testaments [45], as shown in Figure 1.

SIS [ Legendofthe  Great Organ: >
] »ooa
| Ancient case L T ¥ » r &«
(North side)
1 Ancient case » 2 2 *
(South side) ﬁ 4_1 I i <
n Modern case =
(North side) .. ..
v Modern case ,‘ !,
(South side) . x
Double-sided Canvas L S M ‘
(Mannerism style) 9 . * . LI S ﬁ
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L IO DEEEE
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Wooden stalls of the * *
choir L I R
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Figure 1. The Organo Maggiore with its main elements (left); the plan of the Milan Cathedral with
the location of the musical instruments (right).

3. Method

The method adopted in the current research is based on the following 3 steps: in the
first one, the main data related to the indoor climate parameters are monitored in different
years; after that, the impact due to the visitor influx on such parameters is evaluated and,
finally, the assessment to identify possible risk for material conservation is carried out. A
flowchart with the method adopted is shown in Figure 2 and a detailed description of each
phase is reported hereafter.

data acquisition from regional
metereological station

data acquisition with
non-invasive devices

v v
1 Long-term outdoor 1 Long-term indoor
* climate monitoring * climate monitoring

\ Analysis of daily ¢ /. » Risk assessment
R

climatic variation for material's
due to number of conservation
visitors

direct contribution of indirect contribution of
visitors due to visitors due to opening
presence of people operations

Figure 2. Flowchart of the method adopted.
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3.1. Strategy for Indoor Climate Monitoring

The long-term monitoring of the indoor climate in Milan Cathedral aims to charac-
terize the hygrothermal behaviour of the building allowing the detection of possible risk

conditions for the conservation of the material finishing and artworks contained within.
In such regard, in this work, data were collected for three consecutive years (2019, 2020
and 2021). The data acquisition was performed by means of non-invasive methodology and
instruments (datalogger), positioned at relevant points and able to store the information
collected, in order to keep the finishes and artefacts intact and to ensure the smooth running

of the activities inside the Duomo [42].

The dataloggers installed are model HOBO MX1101, which has an accuracy of £0.21 °C
(from 0 °C to 50 °C) for temperature and +2% (from 20% to 80%) for relative humidity.
In order to evaluate the reliability of the data collected over multiple years, three
indexes have been calculated: the Completeness Index (Col), the Continuity Index (CI) and

the Microclimatic Quality Index (MQI) according to [46].

In detail, the Col was used to establish a period in which there is at least one year of

continuous observations with a reduced number of missing values. It is calculated through

the ratio between the number of valid data and the total number of recordings in one year.

The CI index provides the reliability of a series taking into account the number of intervals
with missing data with respect to the total number of collected data. Finally, the MQI
index was calculated to assess the quality of the time series based on the accuracy of the
instruments adopted and the length of the data collected [46]. All three indexes range from

0 (poor quality) to 1 (high quality) [47].

According to the data analysed and shown in Table 1 for all the six dataloggers, the
statistical indexes are for most of the years equal to unity, except for datalogger S2 which

misses some days in June 2020.

Table 1. Main information on the dataloggers adopted for the monitoring campaign.

Datalogger Location Height  Nearby Artworks h?gj;ircllg; . Col CI MOQI
. 2019: 1.00  2019:1.00  2019: 1.00
S C;Tﬁig?ﬂ?iﬁén 20m M;‘Irlzl‘;;?s}lﬁures Not relevant 2020: .00  2020: 1.00  2020: 1.00
¢ 8% 2021: .00 2021:1.00  2021: 1.00
In the third bay Marble sculbtures Doors 2019:1.00  2019:1.00  2019: 1.00
s2 from the 3m 3 fi hP (entrance/exity  2020: 096 2020:091  2020: 09
main facade and Hhshings entrancesext 2021: 1.00  2021: 1.00  2021: 1.00
Organ cases with
their large wooden
pan‘l’ls.tpamtid' 2019:1.00  2019:1.00  2019: 1.00
S3 In the altar area 9m bri’ﬁzilci rW; ide Not relevant 2020: .00 2020: 1.00  2020: 1.00
Y 2021: .00 2021:1.00  2021: 1.00
and a balcony
with gilded
copper balusters
Above a door on 2019: .00 2019:1.00  2019: 1.00
S4 the transept in the 4m None Not relevant 2020: 1.00  2020: 1.00  2020: 1.00
south aisle 2021: 1.00  2021: 1.00  2021: 1.00
Between the

indoor space Ventilation holes 2019: 1.00  2019: 1.00  2019: 1.00
S5 and the 30 m None in the roof 2020: 1.00  2020: 1.00  2020: 1.00
underroof space fn the roo 2021: 1.00  2021: .00 2021: 1.00

called “sordina”
Above the Choir seats Somg windows 2019: 1.00  2019: 1.00  2019: 1.00
S6 ot sall 6m and wooden in the 2020:1.00  2020:1.00  2020: 1.00
chorr statis furnishings ambulatory 2021: 1.00  2021: 1.00  2021: 1.00
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Such instruments started to collect data in 2018 after the replacement of the previous
dataloggers to obtain greater flexibility in changing the batteries and collecting the data.
In Figure 3 is shown the location of the six dataloggers installed, which were numbered
from S1 to S6. The location of the six dataloggers was defined in order to collect environ-
mental data from different areas distributed within the Cathedral. Some common aspects
considered for the location are: accessibility and non-interference with visitors, allowing
the collection of climatic data at different depths and heights within the Cathedral, and
proximity to some artworks and objects that must be preserved.

T
®:

Q! Q¢
®s 0. :

_.4

@ Dataloggers

Figure 3. Location of the six dataloggers distributed in the indoor space of the Cathedral.

It should be noted that although limited in number, the sensors placed allow for a
quite representative overview of the interior space, since, as was found through a point
survey carried out in a previous campaign [42], the environmental differences within the
cathedral are not excessive (excluding the areas near the openings).

In more detail, the devices S1, S3 and S4 are located respectively on the central balcony
in the main fagade, in the area of the altar and above a door on the transept in the south
aisle, in a position far from the openings or low influenced by the incoming air-flow from
outside. On the contrary, the dataloggers S2 and S6 are located in areas more influenced by
the incoming airflow from outside, respectively the main doors on the fagade and some
windows in the ambulatory. Lastly, the device S5 is located at about 30 m height in the
median south “sordina” which is directly connected to the outdoors by several holes. A
detailed description of the sensors’ distance and height has been provided in a previous
publication [42].

The indoor climate conditions of the Milan Cathedral are also monitored through a
punctual survey during some specific events, for instance when the Cathedral accommo-
dates a big amount of people due to important celebrations. In these cases, a probe balloon
equipped with wireless sensors for the monitoring of T and RH is used, similarly to the
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strategy adopted in 2016 when the monitoring campaign began. The technical information
of the devices and probe balloon adopted for this purpose are carefully described in a
previous publication [42].

Moreover, the environmental data collected for the three consecutive years were
analysed to detect the main differences, with a particular focus on the lockdown periods
in Italy, which occured firstly from 9 March to 18 May 2020 (at a national level), and
later from 3 November 2020 to 26 April 2021 for the Lombardia territory (which includes
the city of Milan) and some other regions in the so-called “red zone” according to the
national classification of areas at greatest risk for the spread of COVID-19. Regarding the
outdoor climate data, they were collected from the Brera meteorological station of the
Regional Environmental Protection Agency (ARPA) [48] located a few hundred meters
from the Cathedral.

In such regard, a timeline with the main monitoring phases carried out, which in-
cludes the analysed period adopted in the current work, is represented in Figure 4. Such
monitoring allows also the evaluation of the impact of massive visitor flux inside the
Cathedral, both in terms of the hygrothermal contribution due to their permanence and the
air infiltration caused by the opening of doors.

Analysed period

2019 2020 2021 2022

-1 l--l-----i

First lockdown Second lockdown
9th March - 18th May  3rd November- 26th April

Continuos monitoring with
HOBO MX1101

Figure 4. A timeline with the main monitoring phases.

3.2. Methodology for Climatic Variation Assessment in Relation to the Number of Visitors

The total number of tourists who visit the interior space of the Cathedral daily was
provided by the courtesy of the Veneranda Fabbrica del Duomo, through counting of the
purchased tickets during the same years of monitoring.

Generally, in a pre-pandemic year (e.g., 2019), the number of tickets bought per
year was more than 1,500,000 without considering the worshippers that generally enter a
dedicated area to pray, which represents a negligible amount with respect to the number of
tourists. In 2020 and 2021, due to the pandemic, the total amount of purchased tickets was
much lower than in the previous year, particularly during the lockdown, when access to
the Cathedral was prohibited and the number of tickets bought was null.

The Figure 5 shows the comparison of the average daily number of visitors for each
month from 2019 to 2021. It is evident that in 2020, from the first lockdown entered into
force by the Italian Government in March, the number of visitors has drastically decreased.
Thereafter, from the end of May, the tickets started to be sold again, but limitedly and
despite this regrowth, from November 2020 the Lombardy region passed into the Italian
“red zones”, which lead to the closure of cultural spaces until April 2021. Finally, from
May 2021, tourists began to steadily increase.
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Figure 5. Average daily number of tourists visiting Milan Cathedral each month over three years.

In such respect, the effect of people flux in the church has been analysed over the
three mentioned years. In detail, the Normalized Diurnal Range index (NDR) [49,50] was
adopted for the analysis of temperature daily fluctuations, since it allows assessment of the
attenuation effect that the building envelope has on daily environmental variations.

In detail, NDR is defined as the ratio between the internal and the external tempera-
ture daily fluctuation difference. It should be noted that such index does not distinguish
the effects of each involved parameter (i.e., the envelope capacity, solar radiation, venti-
lation, etc.), but it only considers their overall impact [50]. The NDR has been calculated
through the following formula:

(Tina — Ti2)

NDR =
(Tepa — Tep22)

)

where:

Tj 14 represents the daily indoor air temperature at 14:00;
T; 22 represents the daily indoor air temperature at 22:00;
Te 14 represents the daily outdoor air temperature at 14:00;
Te 220 represents the daily outdoor air temperature at 22:00.

The period between 14:00 and 22:00 has been considered as reference hours with high
and low air temperatures in a day, according to [49,50]. In detail, if NDR is around zero,
it means that the behaviour of the building is poorly affected by the external boundary
conditions; thus, it has a high thermal capacity and low ventilation, while if NDR is close to
unity, it means that the indoor and outdoor fluctuations are very similar. Such a condition
can be experienced when there is persistence in the ventilation rate (e.g., due to consistent
opening of windows) [50].

3.3. Risk Assessment Strategy for Material Conservation

As already introduced, several artworks are hosted inside the Milan Cathedral that
need to be adequately preserved. A previous study carried out [42], focused on the
risk assessment during an ordinary year for the conservation of three main categories
of materials: wood, stone and metals. In this work, multiple years of monitoring data
are analysed with different visitor influx conditions for the main material categories of
the organs, which, among the noteworthy objects, are the most complex, susceptible and
important in terms of conservation [45].

In such regard, the Performance Index (PI) proposed by Corgnati et al. [51] was
adopted to evaluate the percentage of time (e.g., hours) with suitable hygrothermal con-
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ditions maintained for material conservation. The PI index is calculated through the
following equation.

n
PI=1 — 2
00><N )

where 7 is the number of hours which fall into the T and RH suitable intervals for the
artworks’ preservation according to standard UNI 10829 [7], while N represents the total
number of hours in the monitoring campaign.

The standard UNI 10829 defines suitable T, RH and illuminance intervals for the
proper preservation of over 30 categories of objects, including organic, inorganic and
mixed materials [7]. For this specific work, the main categories of materials considered are
reported hereafter:

e  Polychrome wood carvings, painted wood, wooden clocks and wooden musical
instruments, etc.;
Paintings on canvas, oil paintings on canvas and canvas, tempera, gouaches;
Leather or vellum;
Metals with active corrosion.

For such categories, UNI 10829 provide T and RH intervals for proper conservation

(Table 2). Where:

e Ty and RHy represents the recommended values for air temperature and relative
humidity valid for the whole year;

e  ATpax and ARHpax represent the maximum allowable daily excursion of air tempera-
ture and relative humidity.

Table 2. T and RH reference values for the conservation of the main categories of materials adopted.

Ty [°C] RHy [%]
Main Categories ATmax [°Cl ARHpax [%]
From To From To
woods 19 24 50 60 15 4
paintings 19 24 40 55 15 6
leathers 19 24 45 55 15 6
metals - - - 40 - -

4. Results and Discussion

In the following sections, the main results and discussion of the indoor climate data
analyses are shown with respect to the effects of visitor influx.

4.1. Analysis of Long-Term Indoor Climate Monitoring

As described in Section 3.1, fixed dataloggers were installed in some accessible loca-
tions distributed inside the Cathedral.

In such regard, the differences in air temperature data among the dataloggers S3, S1
and 54 are smaller than 1 °C for most of the time during the year, with peaks during summer.

On the contrary, the data collected by dataloggers S2 and S6 generally record higher
daily amplitude and increasingly lower temperatures over the year compared to S1, S3
and S4.

Lastly, the device S5 is directly connected to the outdoors by several holes, and thus is
highly influenced by external air and solar radiation. Indeed, on some summer’s hot days,
S5 detects up to 3 °C higher temperatures in comparison to the more internal dataloggers.

The data collected continuously by the six dataloggers for three years were compared
below. In detail, the indoor temperatures range from 9.3 °C to 30.0 °C, from 10.5 °C to
29.4 °C and from 8.9 °C to 29.2 °C respectively for 2019, 2020 and 2021.

The smaller variability of the indoor condition with respect to the outdoors depends
on the massive envelope that characterizes the case study. Furthermore, it was observed
that during 2020, when the Cathedral openings were closed for a long period, the annual
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range of temperature is smaller with respect to the other years. Such an effect seems not to
depend on the outdoor air conditions since the external range does not follow this trend
(as shown in Figure 6).

Yearly indoor temperature Yearly outdoor temperature
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" o 20 / 7
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Figure 6. Comparison between the internal and external temperatures for 2019, 2020 and 2021.

Regarding the relative humidity, it is shown in Figure 7 that 2020 was the year with
the lowest RH values both indoors and outdoors. Furthermore, the maximum values
reached outside were practically 100% (particularly when it rained); on the other hand,
inside the Cathedral, thanks to the buffering capacity of the envelope and furnishings, the
highest values of RH reached during the three years do not exceed the 90%.

Yearly indoor relative humidity Yearly outdoor relative humidity

- T 1 ]
7
60 /

S
40
' 20
. 1
2019 W2020 B2021 ©2019 32020 @2021

Figure 7. Comparison between the internal and external relative humidity for 2019, 2020 and 2021.

A more detailed analysis of the effects of visitors on the indoor climate is shown in the
following section.

4.2. Effects of Visitors Influx on the Indoor Climate

The impact of visitors inside the Cathedral has been evaluated considering two main
effects: one direct, as the increasing temperature and humidity due to people’s presence
and one undirect, related to the variation of airflow due to the opening of the doors.

4.2.1. Hygrothermal Contribution of Visitors

As stated in the introduction, internal heat and moisture gains due to people’s presence
could be one of the main phenomena that affect the indoor climate of non-climatized
buildings [42], according to the displacement and their numbers [41]. In particular, the
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most influenced areas are those close to the people, whereas in the surroundings the
variations are lower [41].

In such respect, the environmental data were acquired during the Christmas celebra-
tion in 2019, when the entire Cathedral was occupied by the worshippers. During this event
the presence of 800-1000 worshippers has been estimated, without considering people in
the choir and at the altar.

In particular, as shown in Figure 8, an increase in air temperature of 0.64 °C has been
recorded during the celebration in the zones of the Cathedral near the altar, while for the
other areas, the increases were lower (e.g., 0.29 °C and 0.24 °C recorded from S4 and S6
respectively). Similarly, the indoor mixing ratio (i.e., the ratio of the mass of water vapor
to the mass of dry air in a given volume) slightly increases during the ceremony due to
the water vapour produced by people, even if the outdoor values remained approximately
the same. On the contrary, indoor relative humidity data seems to follow the exterior
condition before the event. However, particularly for datalogger S3, a decrease can be seen
during the ceremony, caused by the temporary increase in indoor temperature due to the
crowd presence.
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Figure 8. Internal and external temperature and relative humidity values during 24-25 Decem-
ber 2019; the grey area indicates the celebration period.

A similar trend was also recorded in 2016 during some important events with consid-
erable overcrowding, as described in previous work [42]. In this sense, from the monitoring
of environmental data collected during a morning celebration, the presence of about
750 people lead to an increase in the indoor temperature of about 0.50 °C. After the event,
when people went out of the church, the indoor temperature dropped, even if the external
one was raising. A similar trend, with a lower magnitude, was observed in other events,
characterized by a lower number of people [42].

From the analysis of the data collected, it can be observed that the presence of a
huge number of visitors affects temporarily the indoor climate conditions of the Cathedral,
starting from the spaces where they linger and then affecting the rest of the volume with a
lower intensity. Such a slight increase in temperature and mixing ratio is mainly due to the
enormous volume of the Cathedral. Moreover, the expected increase in relative humidity
due to human vapour production is generally easily compensated for by the slight increase
in air temperature.

4.2.2. Effects on the Air Change Rate

The second effect of people on the indoor climate of the Duomo di Milano is related to
their interaction with doors, which might affect the air flow rate with the outdoors [35]. In
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such respect, the air change per hour (ACH) inside the Cathedral can be approximately eval-
uated through a graphical method comparing the indoor and outdoor mixing ratio peaks,
as suggested by ASHRAE Guideline 34-2019: Energy Guideline for Historic Buildings [52].

In order to evaluate the effect of people on the indoor climate of the Cathedral, data
were collected and compared for April 2019, 2020 and 2021. This month has been adopted
because in 2020 and 2021, no tourists visited the Cathedral due to the pandemic, while
in 2019, there was a normal visitor flux (see Figure 5 in Section 3.2).

In detail, in Figure 9 the ACH was estimated by counting the elapsed time (in hours)
between the peak of the outdoor and indoor mixing ratio. The outdoor mixing ratio was
obtained from ARPA meteorological station, while for the indoor mixing ratio, the data
collected from datalogger S3 (which is in an area deep inside the cathedral and far from
openings) were adopted.
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Figure 9. Estimation of time elapsed between outdoor and indoor mixing ratio peaks for some sample
days of April 2019, 2020 and 2021.

In Figure 9, some sample days are compared for the three years. According to the
comparison, it can be noticed that in 2019, before the pandemic when a high number of
people visited the Cathedral, the estimated ACH ranged between 0.33 and 0.5. While in
2020 and 2021, the ACH has been estimated between 0.17 and 0.25, reasonably due to the
lower air exchange associated with the lack of visitors that interact with the doors or due to
the doors being kept open to allow people to enter and exit.

From the comparison of the data, it can be stated that the average contribution of ACH
due to the continuous doors opening is around 0.21-0.24.

Such ACH variation caused alterations in the indoor climate. In this regard, three
reference months have been selected and compared over the three monitored years: March,
April and May. Such months have been chosen because in 2020 and 2021, different lock-
down periods affected the city of Milan, which caused the partial or complete absence of
tourists inside the Cathedral with a consequence in the ACH alteration, while from 2019, a
year before the pandemic, the indoor climate can be analysed with standard affluence.

In such respect, in Figure 10 the daily temperature maximum fluctuation for zones
near the doors (data collected from datalogger S2), the area close to the altar and ancient
organs (data collected from datalogger S3) and outdoors are compared.
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Figure 10. Maximum daily T fluctuation in the area close to the doors (52), close to the organs (S3)
and outdoors.

From the comparison of the plots, it can be highlighted that the maximum tempera-
tures daily fluctuation recorded during 2020 and 2021 are much lower compared to 2019. It
should be noted that such behaviour does not depend on lower external daily fluctuations
in 2020 and 2021, because the data over the three years are very similar (Figure 10), but
mainly due to the lower air exchanges and to a lesser extent also to the lack of visitors heat
and vapour contribution resulting from their absence. In detail, the mean value recorded in
the area close to the doors, are about 1.16 °C, 0.47 °C and 0.70 °C respectively for 2019, 2020
and 2021, while in the spaces close to the altar and organs are 0.74 °C, 0.46 °C and 0.44 °C.

It should be noted that the reduction in the daily amplitude of temperature could lead
to a reduction in the risks of deterioration for the artworks hosted inside the cathedral, as
will be discussed in the following section.

Further confirmation of the reduction in interaction with the outdoors is given by the
NDR index. As stated in Section 3.2, this index allows the evaluation of the attenuation
effect that the building envelope could have on the daily indoor temperature. As can be
seen from Figure 11 in 2020 and 2021 the NDR values are closer to zero, while in 2019 the
NDR values are slightly higher, which means that the indoor environment is more affected
by external conditions.

The NDR was calculated and the number of values that fell in the interval from
—0.1 to +0.1 were counted, which can be considered a very low range for buildings in-
fluenced by outdoor conditions, where the envelope cut off most of the largest outdoor
thermal variability due to the thermal capacity and low air exchange rates [50]. It should
be noted that negative values normally occur when the indoor air temperature is higher at
22:00 with respect to 14:00, due to the indoor T-peaks delay.

In particular, in 2019, 80% of NDR values fell in the above-mentioned range, while
in 2020 and 2021 the percentage is about 98% and 96%, respectively. Moreover, the NDR
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calculated for the three reference months is equal to 0.054, —0.018 and —0.017 for 2019, 2020
and 2021, respectively. Such concentrated NDR around zero in 2020 and 2021 can be linked
to the decrease in the air exchange rate.
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Figure 11. Comparison of NDR for temperature (53 datalogger) during March, April and May for the
years 2019, 2020 and 2021.

4.2.3. Risk Assessment on the Main Materials Conservation

In this section, the effects on material conservation during the same reference months
(March, April and May 2020) are analysed through the calculation of the Performance Index
(PI) described in Section 3.3.

The categorisation of materials adopted in the analysis has been listed in Section 3.3,
while the zone considered is the area where the organs are located (S3 sensor, Figures 1 and 3).

In particular, based on the optimal ranges for T proposed by the standard UNI10829
(Section 3.3), the conservation conditions for paintings, wooden and leather objects are
higher in 2020, since the PIt is about 26%, compared to 2019 and 2021, when the PI is low,
respectively 9% and 8% as shown in the frequency distribution plots in Figure 12. A similar
improvement was observed in the areas near the main doors (as shown in Figure Al in
the Appendix A). Such increases in the number of hours inside the conservation range
mainly depend on the higher external temperature during April and May 2020 compared
to the other years and allow a reduction in the rates of different deterioration mechanisms
(chemical, biological and physical) [53].

Regarding relative humidity, the improvement recorded is about 2-3%; therefore, it
can be considered negligible in 2020 for paintings, wood and leather objects with respect to
2019. Metal objects do not record an improvement in their conservation conditions.

The performance index was even calculated for the combined temperature and relative
humidity parameters (Pltry). In such a respect, the estimated Plt.ry for wooden objects
increased by 9% particularly in May 2020 with respect to 2019. In the same month, for
paintings and leather material, the condition is even better, the PIt.ry calculated increased
by 26% and 28% respectively for the two materials with respect to 2019. It should be noted
that the main improvement depicted for the reference period is strongly connected to
the more suitable external conditions for material conservation in 2020, enhanced by the
prolonged closeness of the Cathedral’s openings.

On the other hand, another observed improvement which is strongly connected to
the absence of visitors is the reduction in the temperature and relative humidity daily
fluctuations (see Figure 13).
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Figure 12. Scatterplot and frequency distribution comparison of indoor climate data (datalogger S3)
from March to May 2019, 2020 and 2021 with respect to the conservation range (the green area)
proposed by UNI10829 for different materials.

Considering paintings, wood and leather objects, according to the calculated per-
formance index Ply(qaily), it has been observed that in 2020 and 2021, the index reached
almost 100%, while in 2019, which was a year with normal visitor influx, the value is
about 83%, especially in the areas close to the entrances (as shown in Figure A2 in the
Appendix A). Such a reduction highlights how the related temperature deterioration due to
rapid fluctuations can be consistently reduced when visitor flux is limited or well managed
through controlled entries and a tightly sealed system of doors. Considering the areas close
to the altar where the organs are located, for paintings, wooden and leather materials, from
Figure 13, it can be seen that the Plygaily) is higher than 98% for the three years.

Regarding daily relative humidity fluctuations, UNI10829 recommended limited daily
fluctuation for paintings and artworks made of leather and wood (see Table 2 in Section 3.3)
to reduce the risks of mechanical deterioration in hygroscopic materials, which can lead to
cracks, fissures, deformations, etc.
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Figure 13. Scatterplot and frequency distribution comparison of indoor climate data (datalogger S3)
from March to May 2019, 2020 and 2021 concerning the daily conservation range (the green area)
proposed by UNI10829.

In detail, for wooden objects, the PIrpdaily) for the reference period in 2020 is about 34%,
while in 2019 and 2021 it remains at 24%. Such behaviour leads to a reduction in the risks of
unacceptable irreversible physical change in wooden artefacts hosted inside the Cathedral.

For leather objects and paintings in 2020 and 2019, the Plrpydaily) is about 52%, while
in 2021 it is 45%. Such improvement in the conservation conditions obtained can be
particularly important for paintings hosted permanently (e.g., the panels of the organs)
and temporarily inside the Cathedral (e.g., the paintings dedicated to San Carlo Borromeo,
exhibited along the bays during November and December [54]).

5. Conclusions

In this study, the environmental data of one of the most important Cathedral in Italy
were monitored continuously for three years (which include the lockdown period in Italy
caused by the COVID-19 pandemic) to highlight how visitor influx affects the indoor
climate of a huge volume and massive ancient building. It should be noted that Duomo
di Milano is not provided by an air conditioning system, therefore, the indoor conditions
depend mainly on the external climate and the activities carried out inside.

In detail, it was shown that the high thermal capacity of the Cathedral’s envelope leads
to low daily cycles in temperature fluctuations and causes gradual and smooth changes



Atmosphere 2023, 14, 743

17 of 21

throughout the seasons compared to the external conditions. From the comparison of
the three years analysed, it was observed that particularly during 2020, the variability
of the indoor temperature was smaller with respect to the other years, possibly caused
by the prolonged closure of the building, while relative humidity follows mainly the
outdoor variations with smoothness thanks to the buffering capacity of the Cathedral and
furnishings contained within.

Considering the effects on the indoor climate of visitor influx and the conservation of
most relevant materials hosted inside the Cathedral, this study has shown that:

e  during the lockdown, characterized by practically null visitor influx, the daily tem-
perature and relative humidity fluctuations are consistently reduced. In detail, the
average daily temperature fluctuation in the area close to the doors decreased from
1.16 °C in 2019 to 0.47 °C in 2020, while in the zones close to the organs it decreased
from 0.74 °C in 2019 to 0.46 °C in 2020. With regard to relative humidity, the daily
amplitude even decreases, but with low intensity: the average amplitude close to the
doors was 9.14% in 2019 and 7.34% in 2020, while in the inner area of the Cathedral it
was 7.63% in 2019 and 6.62% in 2020;

e inahuge volume and massive building, people have a greater influence on the indoor
climate through the increased air exchange with the outside caused by the interaction
with opening doors, rather than their heat and vapour emissions on the environment;

e based on what was stated in the previous point, a worsening in the general conserva-
tion conditions caused by the visitor influx, with a special reference to hygroscopic
materials (such as wooden, leather objects and paintings) has been detected, while
for metal objects, no particular decrease in deterioration risks was recorded, since the
optimal conservation conditions require very low relative humidity;

e  daily fluctuations of temperature and relative humidity increase due to the higher
air exchange with the outside caused by the interaction between visitors and doors.
In such regard, the risks of deterioration related to the rapid fluctuations of relative
humidity for leather, paintings and particularly for wooden materials have been
increased by about 10-18% in the area close to the doors and 7-10% in the innermost
zone. Regarding the daily fluctuation of temperature, in areas close to the doors, the
risks are increased by about 27%, while in the innermost area, the optimal conservation
conditions were reached in the three monitored years.

In conclusion, the adoption of strategies that allow the proper management of visitor
influx in historic buildings is pivotal for their conservation; moreover, greater attention
should be given also to the effect that people could have on the increase in air exchanges
with the outside through the envelope openings. In particular, in spaces with huge volume,
the latter aspect is a particularly influence; therefore, a solution such as a double-door
system or compass doors might allow for a reduction in the air exchanges, particularly when
the external conditions are harsh. Such aspects become of particular interest for buildings
without an HVAC system in order to reduce risks of deterioration of their artworks. Future
development of this research may consist in evaluating the impact of visitor influxes in
different heritage buildings characterized by different dimensions, thermal capacity of the
envelope and opening systems, through analysis and comparison of different case studies.
Such work might highlight when indoor environments of historical buildings, which host
valuable artworks, might be more affected by direct or indirect effects of visitor influx.
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Appendix A

Following, the analyses on the risks for materials conservation during the reference
months (March, April and May 2020) are shown for datalogger S2, which was placed in an
area close to the openings.
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Figure A1. Scatterplot and frequency distribution comparison of indoor climate data (datalogger S2)
from March to May 2019, 2020 and 2021 with respect to the conservation range (the green area)
proposed by UNI10829 for different materials.
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