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ABSTRACT

This paper deals with the climate related risks associated with the conservation of historical buildings in
Po Valley. The aim of this paper is to evaluate the influence of the seasonal/daily variations in the outdoor
climate on the indoor microclimate of historical buildings. Seven case studies were identified to monitor
and analyse the thermo-hydrometrical variation of air T °C and RH%, followed by a thorough assessment
of the buildings with regards to their state of conservation, materials and building techniques, presence of
rising damp and intervention for its reduction. The analysis is composed of visual inspections, microcli-
mate monitoring using psychrometry and monitoring probes, Infra-Red (IR) Thermography and weighing
tests. The result of the study evaluates the factors affecting the distribution of Water Content (WC) and
explores the correlation with factors pertaining to building materials and construction techniques. Curves
describing the daily mean values of T °C and RH% for a period of one year have been defined by the
authors for each of the historical buildings. The temperature profiles showed similarities with regards
to spells of annual peak and plateau across all the case studies. However, the RH% profiles resulted less
similar; it has been able to identify some microclimatic characteristics of the Po valley region, which can

lead to further research.

Introduction

The aim of this paper is to evaluate the influence of the sea-
sonal/daily variations in the outdoor climate on the indoor micro-
climate of historical buildings, for assessing the possible risk for
their conservation at the climatic conditions of Po valley (Pianura
Padana), Italy.

In fact, the variation in T °C and RH% is a potential risk for
the conservation of porous materials used in historical buildings.
Among the risk factors, the frequent and sharp variations are re-
sponsible for damage due to crystallization of salts in the porous
materials caused by low RH values, their solubilization and dif-
fusion due to high values of RH, and other phenomena linked to
moisture diffusion [1-8].

In addition, the scientific literature does not report a large
amount of publication regarding this topic, which is crucial for the
maintenance and the conservation plan of the cultural Heritage in
that geographical area.

Taking advantage of the availability of annual time series of
data collected by the authors, the microclimates of seven historic
buildings located in the Po Valley were analysed. The methods and
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techniques used for data collection and processing follow the nor-
mative standard UNI10829 [14]. The innovation presented in the
paper is the attempt to analyse the data for getting the common
references and factors that could be attributed to the microcli-
matic characteristics. Moreover, the authors describe the character-
istics of the indoor microclimate of the study cases and the rela-
tion between outdoor and indoor variations for possibly highlight-
ing which, among the building characteristics, could affect the de-
pendence of indoor climate with the outdoor climate.

Climate characteristics of the study cases

Generally speaking, the case study locations are characterised
by similar climate: cold winter (reaching a few degrees below
zero), seasonal rain (spring and fall), hot summer (up to 40 °C),
limited daily temperature variations in winter and summer (about
5-10 °C), wider daily variation in the other seasons. In the last
decades, the amount of annual rain has been around 80 cm, with
a monthly amount of rainfall ranging between 30 and 90 mm [9].

At the elevation of the Po Valley, condensation phenomena are
frequent only for a limited time of the year. Despite condensation
being an important cause of damage, most of the decay is triggered
due to the cycles of drying and re-hydration of the surface mate-
rials and salt transportation/crystallization. This research observes
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and analyses the interior microclimate of the study cases, in com-
parison with the exterior climate.

Criteria of the building choice

The selection of the case studies was based on their similar
properties such as: building size and volume, typology, limited
openings, surface materials, building age, elevation and vegetation
level.

To analyse the effect of the moisture issue on the historical ver-
nacular buildings, the authors display the microclimate and mois-
ture monitoring in seven study cases in the surroundings and in
the city of Milan.

Four of the case studies have similar characteristics, located in
the surroundings of Milan area. Three additional study cases are
comparable in most of their characteristics (volume, material and
techniques of building, openings, building age), nevertheless they
are located in the historical centre of Milan and have a heating sys-
tem working occasionally. The comparison among the seven cases
can provide useful insight on the characterisation of the indoor cli-
mate of historical buildings for this region.

Description of the case studies

All the study cases have simple volumes: the choice of such a
regular shape has reason to avoid any influence due to the articu-
lated volumes/irregular geometry of volumes that can delay the air
exchange and affect the distribution of RH.

San Rocco Church

San Rocco Church is in Cornaredo, a commune in the western
area of Milan. It was built in the 15th century and it is charac-
terised by solid brick masonry, a main entrance (door) and two
small openings. The facade faces the main road of the suburb and
the structure is isolated from the urban fabric/settlements [10].

San Giovanni Battista Chapel

San Giovanni Battista Chapel is in Settimo Milanese and dates
back to the 13-16th century. The building faces a small square and
has the southern side along the main road of the small city. A
narrow courtyard that separates the church from the surrounding
buildings is along the eastern and northern sides [11].

Santa Maria Assunta Church

Santa Maria Assunta Church is located in Ruginello, a commune
in the north-eastern countryside of Milan. It has a set-back dis-
tance of about 20 m from the nearest buildings of the settlement.
The building dates to the 13-15th century.

Linterno Farmhouse chapel

Linterno Farmhouse, a solid brick masonry building, was built in
the 13th century and is an instance of agrestic architecture of the
surroundings of Milan. The monitoring is focused on the chapel
of the farmhouse, characterized by two entrances and a window.
The chapel is incorporated in the court of the farmhouse and it is
considered to be the most ancient part of it. The facade faces the
main road of the suburb area.

Sala delle Asse, Sforzesco Castle

Sala delle Asse is located in Sforzesco Castle, a medieval forti-
fication and it is considered as one of the most important room

in the castle (room VIII in the Museum of Ancient Art). The room
is located on the ground floor of the Falconiera Tower (North-east)
and it was decorated by Leonardo da Vinci. The castle dates back
to the 15th century, it is located in the heart of Milan and is made
of solid brick masonry. The complex includes three internal court-
yards, it is surrounded by Sempione Park in the north and it faces
a main square in the south. Sala delle Asse is oriented North East.

Borromeo Palace

Borromeo Palace is located in the historical city centre of Mi-
lan and dates back to the 14th century. The palace has undergone
several major modifications through the century and it is charac-
terised by a Gothic style, brick solid masonry, lime mortar and
plaster (frescoes) and modern plaster (cement mortar) in some
zones. The complex stands in a dense urban fabric in front of a
small square and includes two internal courtyards

Grechetto Anteroom, Sormani Palace

Grechetto Anteroom is positioned at the first floor of Palazzo
Sormani, at the end of the stairway called “Scala d’Onore”. It was
built in the 16th century and it is characterized by solid brick ma-
sonry. Its name is due to the Hall next to it (Grechetto Hall), in
which was exposed the cycle of paintings that represent the so
called “Mito di Orfeo” of the Genuese painter Giovanni Benedetto
Castiglione, better known as “Il Grechetto”. The entrance to the
Grechetto Anteroom is isolated from the main entrance that faces
a small garden and it is west oriented.

An illustration of the case studies and their proximity to the
city of Milan is shown in Fig. 1.

The small churches (San Rocco Church, San Giovanni Chapel,
Santa Maria Assunta and Linterno Farmhouse Chapel) show stained
and damaged plaster, detachments, missing sections, and presence
of cement mortar (rich in soluble salts) due to previous interven-
tions at the bottom of the masonry. The buildings are functional
and are used occasionally, typically a few days in a year for special
events.

From the initial data and background information, the authors
assumed that Santa Maria Church is the only church that has not
been subject to any intervention against rising damp.

In fact, in the past decades, in San Giovanni Chapel, a dugout
was added and the existing plaster on the foundation was removed
and replaced with new water resistant plaster material. Moreover,
a ventilated crawl space was added underneath the floor, and wa-
terproof resin was injected in the southern side at about 0,5 m
from the base.!

In San Rocco Church, the interventions consisted of replastering
the exterior and interior walls (at the bottom, below the frescoes),
restoring the frescoes, adding a new pavement around the build-
ing, and providing a rain collecting system.

Materials and methods

The scenario of changing climate and its consequences on the
built heritage constitutes a challenge for the current standard
methods for humidity measurements [13], both in the masonry
and in the air. Most recurrent methods of measurement exploit the
cross-referencing of data from different non-destructive (ND) tech-
niques, with the aim to adopt an extensive qualitative approach
for the preliminary tests and to ensure the least destructive appli-
cation of the quantitative tests on sampling areas/spots such that
it results in more significant collection of data and less disfigur-
ing/destroying of the historical materials [14-18].

1 Technical report of Settimo Milanese municipality office, 2017.
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Fig. 1. Location of the case studies [12] and their proximity to Milan city centre.



Table 1
The techniques used for the case studies and the monitoring time.

Years of microclimate Number of installed

Study case IRT Psychrometry Weighting test monitoring probes
San Rocco Church Seasonal - Spring, Autumn 4 years 2
(Cornaredo)

Santa Maria Assunta Spring, Winter Seasonal Seasonal 1 year 3
Church (Ruginello)

San Giovanni Battista Chapel Seasonal - Seasonal 7 years 4
(Settimo Milanese)

Grechetto Anteroom, Sormani Winter, Spring Winter, Summer. Autumn - 1 year 3
Palace (Milan)

Sala delle Asse, Sforzesco Spring Seasonal Spring 5 years 8
Castle (Milan)

Linterno Farmhouse Chapel Spring, Summer  Winter, Spring, Summer Spring, Summer 1 year 4
(Milan)

Borromeo Palace (Milan) Autumn Seasonal Autumn 3 years 8

Owing to the advancement in microclimate monitoring tech-
niques and procedures, fast scan working techniques have a con-
siderable advantage over those techniques that give punctual data
back while also requiring a long time for the processing phase.
Gathering the documentation about the building, damage location,
its evolution over time, the use across years to devise an effective
diagnostic plan, remains mandatory, as it is for all other diagnos-
tic techniques. The triage settings include the multispectral anal-
ysis (IR,% visual photos) on the surfaces of the buildings, weight-
ing test for assessing the water content®> (WC) for a few selected
spots identified through the multispectral analysis, and microcli-
mate monitoring by psychrometry and probes installed for a con-
tinuous /periodic recording of air T °C and RH% (using DATALOG-
GER EasyLog USB-2). These three methods have been used for this
study.

Continuous /periodic recording of the surface T °C and RH% or
WC facilitates significantly in enhancing testing methods and de-
tecting the amount of dampness due to changes in the air condi-
tions (T °C and RH%). In the presented cases the monitoring of the
surface temperature was not applied, due to the lack of surveil-
lance of the sites and security issues pertaining to the same.

The techniques applied to the study cases are resumed in
Table 1.

The main analysis focusses on the two case studies (San Rocco
and Santa Maria Assunta Church) analysed in the same year (2012).
The annual daily average graph of T and RT of these two case stud-
ies has been compared with all the other cases.

Despite of the differences in location, year analysed, size of the
buildings and orientation, there are many similar characteristics,
especially during the late spring- summer. On the other hand, the
main differences are registered in late autumn, winter and early
spring, as further presented in the next paragraphs.

As a conclusion of this paragraph, the additional study cases
brought stronger evidence of the recurrent characteristic of the Mi-
lanese climate in terms of:

-identifying the period of the year with higher and lower T and
RH.

-months with higher variability of humidity that has been ob-
served as frequent occurrence of such peak in years 2012-2020.

Results and discussion

Since the diagnostics already applied during 2012-2020, rising
damp was shown to be the main cause of damage at the bot-

2 Longwave Infrared Thermal Camera FLIR 640 LW, (LW = 8:14 pym), with spatial
resolution of 1.4 mrad, emissivity is 0.92.

3 Sartorius MA35 thermobalance was used for gravimetric investigations with an
accuracy of 0.001 g.

tom of the masonry. However, it was also the case that past in-
stances of water seepage from the roof alongside the critical micro-
climatic condition caused additional damage to the interior plaster
and frescoes.

IRT results

IR thermograms show the presence of a cooler zone at the bot-
tom of the masonry in San Rocco Church. On closer inspection of
the surface, it was found that the plaster of the facade was dif-
ferent from the bottom up to the horizontal band above the door.
This implies that the differences in temperature were due to the
materials instead of the presence of water.

In San Giovanni Chapel, lower temperatures are presented along
the plinth level nearby the soil. The temperatures in this section of
the masonry are significantly lower than in the rest of the eleva-
tion.

The thermography in Santa Maria Church. Borromeo Palace and
Sala delle Asse show the texture of the masonry underneath the
plaster and the plaster’s differences, but no evidence of cooler zone
and presence of water.

Linterno Farmhouse Chapel presents lower temperatures along
the lower part of the eastern wall, than can indicate presence of
rising dump. Grechetto Anteroom shows the presence of a cooler
zone on the vault, due to thickness differences. In addition, the
thermogram indicates the presence of a possible infiltration that
occurs close to the west window.

Gravimetric and psychrometric analysis

The highest values of WC are measured in San Giovanni Chapel,
in which the dampness spread reaches the highest elevation level
in the masonry (13% up to 20 cm and 11% at 120 cm from the
asphalt pavement of the road).

The results of the gravimetric test (Table 2) show that the lower
level of water in Santa Maria Church, is possibly due to the struc-
ture materials i.e., pebbles. On the contrary, the brick masonry of
San Giovanni Chapel, San Rocco Church and Linterno Farmhouse
Chapel show higher degree of water content indicating a potential
reason for the incremental rise in dampness.

The following Tables 2-4 present the results of the gravimet-
ric and psychrometric tests. Higher values of RH in Santa Maria
Church, and higher values of WC in San Giovanni Chapel have been
observed.

Because of the highest values found in San Giovanni Chapel, it
implies that all the interventions applied have not been effective.*

4 The dugout work was done between June and August 2017 and consisted in:

accurate maintenance and cleaning; the construction of the containing walls, insu-



Table 2

Summary of the gravimetric test (values of WC%).

San Giovanni Sala delle Asse, Linterno
Height of San Rocco Church Santa Maria Battista Chapel Sforzesco Castle Farmhouse Chapel Borromeo Palace
drilling points (Cornaredo) Assunta Church (Settimo Milanese) (Milan) (Milan) (Milan)
(cm) WC% (Ruginello) WC% WC% WC% WC% WC%
10 - 20cm 0,7 - 8,6 71 -11,7 0,8 - 13,3 0.5 - 0.6 6.8 - 139 1.7 - 2.7
50 - 60 cm 0,5 -3,3 2,5-7,1 -
80 cm - 1,5-1,8 - 0.4 1.6 - 3.1
100-110 cm 08-1,3 09-1,3 0,3- 11,1
156-186 4-6 - -
Table 3
Summary of temperature T( °C) observations obtained from the seasonal psychrometric measurements.
Santa Maria San Giovanni Grechetto Sala delle Asse, Linterno
Assunta Church Battista Chapel Anteroom Sforzesco Farmhouse Borromeo
Seasonal (Ruginello) (Settimo Milanese) (Milan) Castle (Milan) Chapel (Milan) Palace (Milan)
Measurements T ( °C) T ( °C) T °C T °C T °C T °C
Winter 72 -116 33-45 - 14 - 155 10 - 13 19.2 - 213
Spring 10,8 - 14,2 12,7 - 15 15 - 21 20.7 - 21 13.8 - 18.6 18.6 - 23.4
Summer 22,7 - 27,7 25,6 - 30,5 25.5 - 28 243 - 248 22.8 - 26.5 25.5 - 26
Autumn 17,5 - 21,5 18,4 - 20,6 19 - 205 26 - 29 24.5 - 25.4
Table 4
Summary of RH% observations obtained from the seasonal psychrometric measurements.
Santa Maria San Giovanni Grechetto Sala delle Asse, Linterno
Assunta Church Battista Chapel Anteroom Sforzesco Farmhouse Borromeo
Seasonal (Ruginello) (Settimo Milanese) (Milan) Castle (Milan) Chapel (Milan) Palace (Milan)
Measurements RH% RH% T °C T °C T °C T °C
Winter 53 - 90 68 - 82 35.5 - 435 62 - 77 34 -39
Spring 61 - 88 66 - 77 39 -59 61.8 - 63.6 50 - 59 39 -44
Summer 75 - 87 46 - 60 48.5 - 56.5 32.5-3438 52 - 57 56 - 58.5
Autumn 77 - 82 64 - 72 59 - 63 38.5 - 46.5 60 - 69

This conclusion is to be further verified by carefully inspecting the
existing dugout, in the future phases of the research.

On the other hand, Sala delle Asse and Borromeo Palace have
registered the lowest WC values among the case studies, within an
acceptable range value (Table 3).

Microclimate analysis

The microclimate was monitored using data loggers. Figs. 2-3
represent the annual daily average of T °C and RH%.

On a yearly basis, the indoor median temperatures were higher
than the outdoor ones. The outdoor temperatures differed depend-
ing on the site with a variability (from —7 °C to 32 °C).

The indoor temperatures for all the case studies showed com-
parable levels and trends from June to September, except for some
sporadic T drops. In cold seasons, Sala delle Asse, Borromeo Palace
and Grechetto Anteroom behaved similarly due to the switching on
of the heating system that works occasionally, whereas the other
buildings experienced lower T. This can also be used to explain the
trends during the summer season, in which these buildings regis-
tered the lower temperatures.

The lowest temperatures throughout the year are registered in
Santa Maria Church (-2 °C), where the highest temperatures result
in Linterno Farmhouse Chapel, San Rocco and San Giovanni Chapel
reaching 32 °C.

lation of the pvc pipes (20 cm with) for running rainwater into the sewage sys-
tem addition of the waterproof floor and outlet for the extra flow in the sides, re-
moval of the existing damaged cement-based plaster and re-plastering the founda-
tion with hydraulic lime, to improve the evaporation of moisture in the structure,
improvement of the southern eave downspouts,adding the pavement of the pedes-
trian area around the church and along the bike path. The new stone pavement had
a waterproof membrane and a sand and cement bed.

The indoor relative humidity observations were found to be sig-
nificantly lower than the outdoor ones (Fig. 4b), especially during
the Autumn and Winter season. However, in some of the case stud-
ies (Linterno Farmhouse Chapel, San Giovanni Chapel and Santa
Maria Assunta) the range of RH is registered between 60 and 80%
that can be considered higher than the acceptable range.

To demonstrate the dependence of the microclimate on the
structure, consider the trend of the graph of the Grechetto and Sala
delle Asse with respect to the other case studies:

The variation of RH of the indoor environment of these two
case studies are always contained within an acceptable range value
(30-65%) despite reaching 80% outdoors (Fig. 4b). However, the RH
drop can be associated with T rises caused by the heating system
only during the cold season.

On the other hand, the two case studies t (San Rocco and Santa
Maria Assunta Church) analysed in the same year (2012) have a RH
range difference of 15-20%. San Rocco Church has registered the
highest values of the external RH among the case studies; however,
the internal conditions present a range difference that goes up to
25% between the outdoor and the indoor environment.

As a conclusion of the discussion, Table 5 summarises the risk
factors individuated through the direct experience of the authors
and from an extended literature review of the last 20 years [19-
23]. Due to rare presence of visitors, the correlated risk has not
been a priority in the list.

Conclusions

The proposed method for the study of the microclimate made
it possible to confirm the permanence of some microclimatic char-
acteristics in the Po Valley.
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Fig. 3. The annual graph representing the daily relative humidity on the indoor environment for the case studies.

Table 5
Summary of the risk factors.

Risk factors

San Giovanni

Battista Chapel

(Settimo
Milanese)

Sala delle Asse,

Sforzesco
Castle (Milan)

Linterno
Farmhouse

Chapel (Milan)

Borromeo
Palace (Milan)

Rising Damp (cm)
Annual
Precipitation (mm)
Solar Radiation

Wind Speed
(annual average)
Shading

Sides of the room
that are part of the
building envelope

100
907mm

6,89 kW-
hr/m?/day
4,1 m/s

The northern
side in winter
6

931mm

6,89 kW-
hr/m?/day
1,2 m/s

The northern
side in winter
2

80

6,89 kW-
hr/m?/day
1,3 m/s
Not present

4

10
1314mm

6,89 kW-
hr/m?/day
1,3 m/s

The northern
side
3
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Fig. 4. The average seasonal temperature (a) (outdoor data highlighted in bold colour) and RH (b) (indoor data highlighted in bold colour) of the indoor and outdoor

environment for the case studies.

Despite of the urban environment changes that might occur (in-
creasing of urban sprawl, presence of brownfields, decreasing of
agricultural areas, emerging of protected areas, urban or peri ur-
ban parks) are not linked to have a significant effect on the T and
RH for the case studies.

The major defects of the historical buildings that the authors
report refer to the last 10 years of monitoring and are helpful to
pinpoint the main characters of climate.

These characters are substantially high RH (winter- spring- au-
tumn) that is mainly linked to the prolonged rainfalls for several
days; the variation of the outdoor T, cause scarcely decreases of
the indoor T apart from the cases in which the buildings are sub-
ject of frequent openings, frequent use of minor activities.

Although the rising dump is present in many of the case stud-
ies, the high values of RH are mainly linked to the outdoor RH. In
the cases of “encapsulated” rooms, the building surrounding the
room has the ability to mitigate the variations and to improve
and guarantee a more balanced microclimate inside the monitored
rooms. More than the difference between RH ;,4- RH out, for the
building is important to consider the time required for these dif-
ferences to be reflected in the indoor environment.

It can be said that the presence of a heating system reduces
the risk factors during the cold months. However, it can expose
the building to greater microclimatic imbalances between the out-
door and the indoor environment when the system is switched on
and off. The heating system can play a significant role in mitigating
microclimate unbalances, but it cannot be considered as essential.

The assessment of the humidity levels inside a building with
the aim of evaluating the effects for conservation, can be consid-
ered a recent scientific acquisition (of the last 30 years). And thus,
despite being a defused practice it is still disregarded in several
current practices.

For the ancient buildings, the morphology can be considered
more important than the heating system. Therefore, to keep a bal-
anced microclimate, it can be concluded that the parameters most
affecting the microclimate variation are the articulation of the
building itself and the main protection it provides for the indoor
environment. By analysing different risk factors, it was observed
that the embedded characteristics of the room certainly represents
a mitigation factor since it acts as insulation.

Limitation of the study and recommendations for further studies

The study is based on the comparison of seven buildings. De-
spite that this comes as a limitation, it can be said that a limited
number of studies have been found in literature for the Po Valley
region, for a period of not more than 1 year.

From the diagnostic point of view, the paper presents innova-
tive diagnostic methods accepted by national standards [14-18].
Further data was collected by diagnostic methods and can help de-
veloping the research further.

This article is a first step in identifying the microclimatic char-
acteristics of the Po Valley. Additional research could lead to defin-
ing the characterization of the recurring climatic parameters with
an assessment of the frequency of occurrence and its relationship
with observed damages.
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