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Abstract

This study presents the diagnostics and microclimate analysis of four case studies located
in the Alps region in Valtellina and Valposchiavo. The primary focus is on evaluating and
comparing microclimatic conditions, encompassing temperature (T◦C), relative humidity
(RH%), mixing ratio (MR), and dew point depression (DPD). The choice of the variables
and statistic metrics depends substantially on the aim to identify the risk factor for the
preservation of the historical materials of historical buildings, and the procedures for
identifying the anomalies in the trends useful to study how to prevent these anomalies in the
future. The paper has the target to support the activities of restorers and building managers
for improving the restoration process. While various moisture detection methodologies
have been studied, no single approach is preferred for analyzing moisture via microclimate
monitoring in built heritage. Therefore, this research delves into the influence of various
factors, including altitude, location, building type, structure, materials, orientation, and
use, on the microclimatic parameters. Altitude and building use significantly influence
indoor microclimates: unoccupied structures exhibit greater stability, whereas seasonal
use increases condensation risks. Key risks included high RH% and critical T-RH zones
(T > 25 ◦C + RH > 65%), exacerbating material stress. Probability density function (PDF)
analysis reveals temperature and RH% distributions, highlighting bimodal T◦C patterns
and prolonged RH% in high-elevation exposed sites. The findings underscore the need
for tailored conservation strategies and targeted interventions to mitigate microclimate-
induced deterioration in Alpine heritage.

Keywords: cultural heritage; building conservation; microclimate monitoring; non-destructive
techniques; alpine heritage; preservation risk

1. Introduction
The Alpine region of Valtellina and Valposchiavo presents unique preservation chal-

lenges, including extreme climate variability, the vulnerability of porous materials, and
the impacts of climate change [1,2]. While climate monitoring for cultural heritage preser-
vation has been extensively studied [3,4], Alpine sites specifically lack systematic and
widespread microclimate monitoring essential for preserving both monumental and ver-
nacular built heritage.

Some Alpine regions worldwide have undergone critical literature reviews due to
scientific expeditions conducted systematically since the early 1950s in major high mountain
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ranges (especially the Himalayas) [5]. More recently, ongoing climatic changes have
generated significant scientific interest due to the profound influence of the Asian Alps on
a global scale, particularly concerning their impact on highly populated nations directly or
indirectly connected to the area [6]. The availability of scientific literature for these vast
regions prompted initial research in the European Alpine region [7–12], especially given
the limited availability of local climatic data. The scarcity of weather stations in remote
locations, particularly along the Swiss Italian border, poses a critical challenge for data
collection [13–19].

Historically, most local research in the Alps has focused on the effects of climate
variation on the landscape, rather than the climate and microclimate of historical buildings.
In contrast, the European Union has long supported the protection of built historical
heritage in the Lombardy and Grigioni Canton region. Numerous Interreg projects have
been financed to improve both restoration practices and the dissemination of best practices
in the field of historical building restoration and conservation [20].

To address a notable deficiency in current research concerning the microclimate pat-
terns of built heritage in the Alpine region, this study was undertaken. The authors sought
to bring the most effective non-destructive diagnostic and monitoring techniques, refined
over recent decades, directly to this context. By focusing on buildings that are highly repre-
sentative of the area’s rich historical and artistic heritage, the research aimed to provide
much-needed data and insights into their specific microclimates, a crucial step for their
long-term preservation. This necessitated installing microclimatic data loggers near and
inside the studied buildings and comparing the collected data with available data from the
nearest weather stations. This comparative method, utilizing both research-generated and
public weather monitoring data, proved particularly effective in this study [21–23].

This paper examines the microclimatic conditions of four historically significant build-
ings in this region: the Church of San Romerio and the Visconti-Venosta, Semadeni,
and Besta Palaces. These case studies were chosen for their architectural and cultural
importance and illustrate the challenges of conserving heritage assets in mountainous
areas, where altitude, building usage, material vulnerability, and fluctuating climate
converge. Despite its importance for mitigating risks to historical objects, microcli-
mate monitoring in Alpine regions remains underrepresented in studies [24,25]. For
climate-sensitive regions, Bonazza et al. [26], Padeletti et al. [22], Kalamees et al. [23],
Sciurpi [24], Aste et al. [25], Sesana et al. [27], Andretta et al. [28], Leissner et al. [29], and
Haugen et al. [30] have established standardized protocols using long-term data loggers
and infrared thermography (IRT) to assess temperature (T◦C) and relative humidity (RH%)
fluctuations. Haugen et al. [30] applied probabilistic modeling to examine frost damage
risks in Nordic churches, highlighting the need for specific microclimate thresholds at
various altitudes. In Alpine contexts, Rosina et al. [31,32] used psychrometric mapping,
IRT, and seasonal RH% analysis to identify moisture-prone zones in historical churches,
while Ludwig et al. [33] demonstrated IRT’s efficacy in detecting subsurface moisture
without invasive sampling. Comparative analysis across sites integrated empirical data
with environmental factors (usage, orientation, materials) to identify effective preservation
strategies. The emphasis was placed on non-destructive techniques to safeguard historical
materials [10,29,34–44], while also documenting altitude-specific risks such as moisture
infiltration and thermal fluctuations.

These methods align with this study’s comparative approach, which combines long-
term microclimate monitoring (using data loggers), infrared thermography (IRT), and
statistical analysis (Probability Density Functions (PDFs) and air humidity mixing ratios)
to evaluate microclimate stability across different building typologies.
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2. Materials and Methods
2.1. Thermo-Hygrometric Monitoring of the Case Studies

The challenging climatic characteristics of the Alpine region, including extreme cli-
mate variability, high humidity, and freeze–thaw cycles, necessitate long-term microclimate
monitoring of cultural heritage. This method entails studying seasonal fluctuations in tem-
perature (T◦C) and relative humidity (RH%), critical for identifying risks like condensation,
mold, and salt crystallization, while providing empirical data to establish safe thresholds
for conservation. The combination of various non-destructive (ND), semi destructive
techniques (SD) and microclimate monitoring offers a preliminary test to ensure the least
destructive application of the quantitative, gravimetric tests [10,36,45]. This methodol-
ogy of monitoring microclimate results in a more significant collection of data and less
disfiguring/destroying of the historical material [46–56].

The microclimate monitoring campaigns were conducted across four historic case
studies, San Romerio (2013–2025), Visconti-Venosta Palace (2021–2023), Semadeni Palace
(2021–2023), and Besta Palace (2017–2023), using a standardized yet site-adapted protocol
to assess environmental conditions affecting heritage materials. Data loggers were strategi-
cally deployed based on architectural features, material vulnerabilities, and conservation
priorities. Additionally, psychrometric analysis was conducted to assess the hygroscopic
homogeneity of indoor microclimate to optimize the location of the data loggers. Table 1
summarizes the building characteristics of four historical sites. It compares their construc-
tion materials, dates, current uses, and elevation levels, highlighting that all sites feature
continuous stone masonry but vary in age, purpose, and altitude.

Table 1. Summary of the characteristics of the case studies.

Characteristics Visconti-Venosta Palace (P-VEN) Semadeni Palace (P-SEM) Besta Palace (P_BES) San Romerio Church (S-R)

image

Geographic location Via Visconti Venosta,
2A, 23037 Tirano SO

Via da Mezz 53,
7742 Poschiavo, Switzerland

V. Fabio Besta, 8,
23036 Teglio SO

Alpe San Romerio,
7743 Brusio, Switzerland

Building Materials stone masonry stone masonry stone masonry stone masonry
Construction date 15–18th century 19th century 15th century 17th century

Building use not in use not in use some visitors in summer seldom used, only in summer-autumn
Elevation level 440 m 1014 m 900 m 1800 m

Context Semi-dens, urban Semi-dens, urban Semi-dens, urban open field, mountain

2.1.1. San Romerio Church, Brusio

San Romerio Church occupies a mountainous ridge at 1800 m elevation near Lake
Poschiavo, under Italian jurisdiction. The 12th-century structure demonstrates vernacu-
lar Alpine architecture with a single nave, underground crypt, and northern bell tower.
Its small windows and compact volume reflect historical defensive requirements. The
church features a gabled roof which underwent major restorations in the 17th century and
1951–1953. Local stone and lime plaster construction retains fragmentary northern wall
frescoes. South-facing orientation provides solar gain, but its exposed ridge location causes
significant thermos-hygrometric fluctuations, challenging material conservation. Current
use is seasonal during milder months.

Figure 1 illustrates the location of data loggers along with psychrometric analysis and
Infrared thermography (IRT) test conducted from 2013 to 2025 in various intervals. Infrared
thermography (from 27 August 2020, to 30 November 2021) revealed non-uniform surface
temperature distribution due to stone-mortar structure and intermittent water infiltration.
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External thermographic surveys did not reveal thermal imbalances indicative of abnormal
material water absorption. However, some areas with higher surface temperatures were
noted, potentially indicating detachment of the finish. Pre-2024 microclimate monitoring
showed interior temperature fluctuations closely tracking exterior variations, particularly
during transitional seasons, with minimal structural buffering. This correlation stemmed
from uninsulated roofing. The monitoring confirmed the presence of humidity and tem-
perature imbalances that pose a risk to the conservation of the materials. The recorded
relative humidity (RH%) values, ranging from 46% to 97%, are higher than optimal for
the preservation of historical surfaces and materials. This situation, combined with the
observed temperature distribution (lower at the base of walls due to ground contact), can
lead to condensation phenomena, especially during colder hours. The data acquired from
this monitoring will be fundamental in defining the optimal conservation conditions for
the site.

Figure 1. The monitoring campaign in San Romerio: (a) the location of data loggers. The red box at
the bottom indicates the location of the selected probe for this research; (b) psychrometric analysis of
relative humidity RH% from August 2021 at 11.00 am at 1m level. (c) IRT test of north side (apse)
from May 2021. Thermographic surveys of the apse area, particularly the east side to the left of the
altar, indicate that the area is directly heated by solar radiation in both May and July. This heating
causes a greater discontinuity in temperatures and likely a partial drying of the finish.

Roof insulation was installed in 2024, with ongoing monitoring. The objective of
monitoring is to detect thermo-hygrometric imbalances that could risk the conservation of
existing materials. The collected data will be used to define the ideal conditions for better
preservation of the building.
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2.1.2. Visconti-Venosta Palace, Tirano

The Visconti-Venosta Palace is situated in Tirano’s historic center at 440 m elevation,
embedded in a dense urban context of low-to-medium rise buildings. Architectural analysis
suggests a 15th century origin, with major 18th century modifications. The three-story stone
masonry structure features vaulted ground floor rooms, cellars, and an attic. Continuous
vacancy since 1985 and absence of recent conservation measures have increased its material
vulnerability. Microclimate monitoring from 2021 to 2023 focuses on thermos-hygrometric
fluctuations potentially damaging interior porous materials. Eight data loggers were
deployed following complete psychrometric mapping of temperature (T◦C) and relative
humidity (RH%) across all levels. The attic, Sala d’Onore, and rooms with frescoes exhibited
the most unstable conditions, with RH peaks reaching 90–100% in some periods. High
indoors relative humidity levels (often exceeding outdoor values), critical for porous and
organic materials, has been recorded in spring.

Complementary infrared thermography (IRT) scans identified surface thermal anoma-
lies that could induce localized RH% condensation and subsequent material stress. Discon-
tinuous surface temperatures were observed on internal and external walls, revealing areas
with moisture infiltration, tamponed openings, and degraded finishes. The representative
microclimate data was recorded by a datalogger in the first-floor room (Sala d’Onore) at
the south-east side of the building which shows a moderate condition in comparison to the
rest of installed dataloggers.

Figure 2 shows the locations of the dataloggers, the selected one for this research,
and the IRT analysis in the southern part of the building where the designated probe
was installed.

Figure 2. The monitoring campaign in Visconti-Venosta Palace: (a) the location of data loggers. The
red box at the bottom indicates the location of the selected probe for this research (Sala d’Onore);
(b) IRT test of south side (Scala d’Onore) in July 2021.

2.1.3. Semadeni Palace, Poschiavo

Semadeni Palace forms part of a historic complex in Poschiavo, located at 1014 m
above sea level. Dating from the late 19th century, the building holds protected status in
both the Swiss Inventory of Heritage Sites of National Importance (ISOS) and ICOMOS’s In-
ventory of Historic Gardens of Switzerland. The palace features continuous stone masonry
construction with a semi-basement, three main floors, and an attic. Its spatial organization
demonstrates an urban planning approach designed to optimize natural daylight and pas-
sive solar heating, with strategic orientation maximizing solar exposure along the principal
façade. While architecturally significant, the building has remained vacant since the late
1970s without major restoration or adaptive reuse, resulting in prolonged dormancy and
preservation concerns.
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Infrared Thermography was conducted in April, May, July, and September 2021 to
detect surface temperature anomalies, indicating moisture infiltration, structural discontinu-
ities, or hidden openings. Preliminary infrared thermography (IRT) of all interior surfaces
revealed greater thermal imbalances in the barn area, particularly lower temperatures at
wall bases.

Monitoring data indicated synchronous daily temperature (T◦C) and relative humidity
(RH%) patterns in upper levels, while barn fluctuations mirrored ground-level conditions.
Recorded RH% levels (30–70%) fell outside optimal conservation ranges for historic porous
materials such as plaster and frescoes. The selected datalogger is located on the first floor.
Figure 3 illustrates the location of data loggers along with the IRT analysis.

Figure 3. The monitoring campaign in Semadeni Palace: (a) the location of data loggers. The red box
indicates the location of the selected probe for this research; (b) south-facing wall in the basement
hayloft with evident moisture infiltration. (c) IRT test taken in April 2021 of the same basement wall
in the hayloft.

2.1.4. Besta Palace, Teglio

Besta Palace is in Teglio (Sondrio) at 900 m elevation, constituting a site of significant
historical and architectural importance. Initially constructed in the 15th century, it later
became Valtellina’s most notable Renaissance residence.

The continuous stone masonry structure comprises three floors organized around
a central cloistered courtyard. Extensive fresco decorations on courtyard façades and
upper interior levels highlight its cultural and artistic significance. Functioning as a public
museum since 1927, the palace has received multiple restoration interventions to maintain
its architectural and historical integrity.

Comprehensive microclimate monitoring was conducted from 2017 to 2023, including
infrared thermography (IRT) surface mapping and gravimetric testing. Data analyzed
spans from August 2020 to November 2021, with thermographic surveys in mid-2021 and
December 2021. The result of thermographic analysis revealed non-uniform temperature
distribution underlying masonry texture and past restoration interventions (e.g., plaster re-
pairs). Moisture infiltration was observed near windows on the west side due to prevailing
wind-driven rain. Higher temperatures (5–6 ◦C above upper floors) due to heating systems
and ground contact was detected in the interior walls.

Ground-level temperature monitoring showed remarkable stability during win-
ter/spring (9–13 ◦C through March), with modest increases in April. External temperature
variations influenced interior conditions with reduced amplitude and delayed response
(several hours). Relative humidity (RH%) exhibited limited variation (32–67% range) with
fluctuations constrained to 10% amplitude.

Figure 4 demonstrates the location of the data loggers, psychrometric analysis in the
east and south parts, and the infrared thermography results.
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Figure 4. The monitoring campaign in Besta Palace: (a) the location of data loggers. The red box
indicates the location of the selected probe for this research; (b) RH% homogeneity in the east part of
the palace on the ground floor; psychrometric analysis conducted on 2 December 2021 at 11:00am
(c) IRT test from the north wall of the ticket office in July 2021.

2.2. Data Collection and Data Processing

Long-term, non-invasive microclimate monitoring provides a critical means of as-
sessing hygrothermal dynamics in heritage structures, enabling repeated measurements
without damaging historic fabric. The microclimate monitoring in this study adheres to
established conservation standards, including UNI 10586:1997 [57] (environmental mea-
surement for heritage assets), UNI 10829:1999 [46] (detailed environmental analysis), and
UNI 10969:2002 [58] (microclimatic parameter control), with methodologies adapted to
site-specific conditions. The thermographic surveys comply with UNI 9252/88 [59] (ther-
mal irregularity detection in building envelopes), UNI EN 16714-1:2016 [49] (fundamental
thermographic testing principles), and UNI EN 13187:2000 [48] (qualitative infrared assess-
ment of thermal anomalies). Together, these standards ensure rigorous, non-destructive
evaluation of hygrothermal behavior and structural performance, guaranteeing reliable
and comparable results.

Microclimate monitoring was conducted across four historic case studies (San Romerio,
Visconti-Venosta Palace, Semadeni Palace, and Besta Palace) to capture seasonal extremes,
including winter condensation and summer evaporation cycles. For consistency, a represen-
tative 13-month dataset in the year 2022 from each site was selected, prioritizing continuous,
uninterrupted records to ensure reliable climatic analysis. Monitoring was performed using
calibrated HOBO MX1104 with accuracy ±0.20 ◦C (0 ◦C to 50 ◦C), HOBO U12-013 with
accuracy ±0.35 ◦C (0 ◦C to 50 ◦C), and Lascar EL-USB-2+ with accuracy ±0.45 ◦C typical
(5 ◦C to 60 ◦C) (see Appendix A for specifications). Datalogger placement was carefully
selected to minimize interference from solar radiation, air currents, and building envelope
effects. Psychrometric analysis was occasionally used to map humidity gradients (RH%
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and specific humidity), ensuring optimal sensor positioning. Hourly recordings captured
masonry’s slow moisture dynamics while maintaining data resolution for analysis.

Before analysis, microclimate data underwent rigorous quality control to ensure
reliability. Outliers from sensor errors or interference were removed using statistical
methods and a 4 h moving average filter to reduce noise. Data validation included cross-
checking with external weather stations to differentiate measurement artifacts from true
environmental fluctuations (e.g., visitor impacts).

Preliminary time series analysis is employed to evaluate long-term environmental
trends and detect patterns in temperature and relative humidity (RH) fluctuations. This
method facilitates the identification of seasonal variations. Understanding risk factors of
microclimate unbalances [53,60–67] this study emphasized on the calculation of mixing
ratio, ratio of the mass of water vapor to the mass of dry air in a given air parcel, between the
interior and exterior air and especially across the main opening of the building [68]. While
temperature and relative humidity are standard parameters, the mixing ratio provides
additional insight into moisture dynamics, helping to pinpoint events that may not be
obvious from temperature or humidity data alone [69]. This parameter was calculated
through the following steps:

Saturation Vapor Pressure es(T) = A ∗ 10
B∗T
C+T (1)

where A, B, and C are constants. A common set of constants for es in hPa and T is in ◦C,
A = 6.112, B = 17.67, C = 243.5.

Actual Vapor Pressure e =
RH
100

∗ es (2)

Mixing Ratio ω = ∈ ∗ e
P − e

(3)

where ϵ ≈ 0.622 (ratio of molar mass of water to dry air).
The microclimate assessment is based on four primary parameters: air temperature

(T, ◦C), relative humidity (RH, %), dew point temperature (Tp, ◦C), and mixing ratio (MR,
g/kg). Four derived indicators quantify fluctuations, peaks, and correlations: mixing
ratio gradients and damping effect, dew point depression (DPD, ◦C), critical T-RH zones,
and daily RH variation (DRH, %). The theoretical significance of each indicator has been
established independently of material degradation states in empirical case studies. Dew
point depression (DPD = T − Tp) directly quantifies condensation risk. The dew point is
calculated using the Magnus formula, an empirical equation widely applied in building
science and conservation due to its reliability (±1 ◦C deviation) within 0–60 ◦C. Critical
T-RH zones are defined by two conditions: (1) T > 25 ◦C and RH > 60%, promoting salt
dissolution-recrystallization, and (2) T ≈ 0 ◦C and RH > 60%, inducing freeze–thaw damage.
RH fluctuation analysis is critical for identifying prolonged high-variability periods.

The damping effect evaluates hygrothermal buffering performance by comparing
internal and external daily RH and MR variations. The damping coefficient is categorized as:
<0 (uncontrolled), 0–0.25 (very low damping), 0.25–0.5 (low damping), 0.5–0.75 (moderate
damping), 0.75–1 (high damping), and = 1 (full damping). This metric quantifies material
efficacy in attenuating indoor RH fluctuations relative to external conditions.

As a statistical framework, this study applies probability density function (PDF) which
provides essential insights in microclimate stability through distribution width, seasonal
patterns through distribution modality, risk thresholds, and comparative performance
between cases studies. This method complements the understanding gained from time-
series examination and mixing ratio calculations. Furthermore, multi-regression analysis
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was applied to examine the relationship between dew point depression and multiple
independent variables (temperature, relative humidity, dew point temperature).

3. Results
3.1. Monitoring of the Microclimatic Conditions

In the subsequent analysis, the collected data is compared against the daily averages of
temperature (T◦C) and relative humidity (RH%). Statistical tools are employed to discern
trends and patterns within the amassed data.

Visconti-Venosta and Besta palaces exhibit similar temperature patterns throughout
the year, with the highest values occurring during the summer season, ranging from 20 ◦C
to 29 ◦C. This can be attributed to factors such as limited window openings in Visconti-
Venosta Palace or the influx of visitors in Besta palace. Additionally, the presence of
urban forms in these case studies may contribute to the observed temperature trends.
In contrast, Semadeni palace demonstrates greater temperature stability during the cold
seasons. This stability can be attributed to the construction of the building and its non-
utilization, which effectively regulates the internal temperature by reducing heat exchange
with the external environment.

The results show consistently lower temperatures inside the Church of San Romerio,
throughout the year, ranging from −1 ◦C to 21 ◦C. The result confirms the lapse rate
observed in the region at a high level of altitude, wherein temperature decreases with
increasing altitude. In fact, the temperatures resulted from 4 to 8 ◦C lower compared to the
ones installed inside the other buildings: the impact of altitude on temperature differentials
within the alpine setting is strongly affected by altitude.

The first conclusion that it is possible to obtain is regarding the shape and volume.
The typology of Palace, more than the volume, seems to affect the temperature distribution
of the temperature inside, when no plant is on. The results clearly show the same trend,
with the peak and minimum reached almost every day, despite the slight differences in
altitude, and the huge differences in the number of floors, presence of openings, etc.

The annual indoor RH% graphs resulted in clear and distinct patterns. In the cases of
Visconti-Venosta Palace, and Besta Palace, and San Romerio, RH fluctuations closely align
with the outdoor humidity trends. Elevated RH% values, ranging from 40% to 90%, resulted
in San Romerio and Visconti-Venosta Palace, especially during the spring, autumn, and
winter seasons, therefore in more than 70% of the year. A difference of approximately 10%
exists between the indoor and outdoor environments throughout the year. The result shows
a high exchange rate between these two domains. In addition, the highest RH% values
during the summer season, ranging from 50% to 87% resulted in San Romerio Church.

Semadeni Palace stands out from the other locations due to its relatively stable RH%
levels throughout the year. This stability is likely attributed to the non-utilization of the
building, which effectively decreases the exchange of heat and humidity with the external
environment, due to the lack of openings and the caution to take the shatters closed for
improving the insulating effect. Higher RH% levels during the cold seasons resulted in
Besta Palace, primarily resulting from moisture infiltration at the ground level, while lower
RH% levels are observed during the warm seasons due to enhanced ventilation and the
influx of visitors. These observed patterns shed light on the influence of outdoor climate,
building materials, and ventilation on the dynamics of indoor RH% in the absence of
central heating. Figure 5a–d represents the internal and external daily average of T◦C and
RH% in 2022. The absence of active heating systems (expect the case of Besta Palace) or
other climate control systems in three of the cases reveals a significant dependency on the
outdoor environment for indoor temperature regulation.
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Figure 5. (a) the comparison between average outdoor daily temperatures in the cases, (b) average
indoor daily temperatures, (c) average outdoor daily RH%, (d) average indoor daily RH%.

Among the four case studies, only Besta palace was equipped with a heating system
causing the widest range among all cases (−3.62 to 15.17 ◦C), indicating extreme fluctua-
tions that could stress materials through repeated expansion and contraction. The heating
period in Besta is from mid-November to the end of January with the highest difference of
15 ◦C in December. This observation provides valuable insights into how active climate
control influences the microclimate of historical structures compared to those relying solely
on passive thermal regulation. In contrast, Semadeni Palace shows moderate variability
(mean: 2.74, range: −4.63 to 9.43) while Venosta palace and San Romerio display lower
means (0.44 and 0.22) and narrower ranges (with some seasonal spikes suggesting periodic
thermal shocks). Notably, Besta’s prolonged high phase (November–December) and abrupt
drops (May–June) highlight cyclical stress, while San Romerio’s stability (except for winter
lows near −4.48) implies fewer but severe cold-phase risks. Figure 6 illustrates the thermal
gradient comparison among the case studies. This comparison underscores that risks
are not isolated but often synchronized (e.g., concurrent December spikes), necessitating
integrated strategies to mitigate compound damage from thermal cycling.
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Figure 6. Daily average thermal gradient (∆T = Tin − Tout) in case studies.

3.1.1. Mixing Ratio (MR)

The comparison of mixing ratios across the cases reveals seasonal and event-driven
variations, reflecting their distinct architectural and environmental interactions. The inter-
nal mixing ratio (MR) data demonstrate pronounced seasonal trends, with elevated values
during summer months (June–August) and reduced levels in winter (December–February),
consistent with external climatic conditions. Internal MR (Figure 7a) values for Venosta
and Besta palace exhibit pronounced peaks during summer (e.g., 11.3 g/kg for Venosta and
10.3 g/kg for Besta in June). Besta palace shows the highest mean MR (~5.85) and peak
summer values, suggesting significant moisture retention, likely due to poor ventilation or
groundwater infiltration. In contrast, San Romerio demonstrated lower variability but per-
sistent elevated MR (~4.52 mean), possibly due to hygroscopic building materials. Gradient
MR comparisons (Figure 7b) further highlighted these differences, with Besta exhibiting
the highest mean gradient, reinforcing its susceptibility to moisture accumulation, while
Venosta’s near-zero gradient implied balanced ventilation, albeit with occasional anomalies.
Gradient MR variability revealed critical anomalies, including negative gradients in Se-
madeni Palace during winter (e.g., −2.34 in December). These findings highlight the role of
microclimate and building design in moisture dynamics, with extreme events (heatwaves,
cold snaps) exacerbating MR fluctuations.

Figure 7. (a) The internal average daily mixing ratio MR g/kg, (b) gradient MR analysis in a year.

The standard deviation of mixing ratio (MR) is used to quantify the variability in
moisture content over time. By comparing the standard deviation of MR inside and outside,
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1 − (stdev MR inside/stdev MR outside), the damping effect measures how effectively
a material or system reduces indoor moisture fluctuations relative to outdoor conditions
(Figure 8). A higher damping effect indicates better hygrothermal buffering, as the indoor
MR variability is significantly reduced compared to the outdoors. Venosta palace shows the
weakest buffering, with most counts in very low to low damping (89 and 103 days/year,
respectively) and minimal high damping (17 days), indicating poor moisture fluctuation
control. San Romerio performs better, with moderate (189 days) and high damping (95)
dominating, though its distribution is uneven. Besta palace demonstrates strong buffering,
with high (194 days) and moderate damp (124 days) as the primary categories, suggesting
effective moisture regulation. Semadeni palace excels as the most buffered case, with
278 days counts in high damping and 62 days in moderate damping, highlighting superior
hygrothermal stability.

Figure 8. The damping effect categorizes hygrothermal buffering performance, with higher values
indicating greater attenuation of indoor moisture fluctuations.

3.1.2. Dew Point Depression (DPD)

Dew point depression (DPD), the difference between air temperature (T) and dew
point temperature (Td-Ta), is critical for microclimate analysis by assessing moisture-related
risks that can lead to deterioration. In this study, a dew point depression (DPD) below
3 ◦C, calculated from annual hourly data, was established as a risk threshold. This criterion
accounts for the precision limitations of the datalogger-derived dew point measurements
and the heightened moisture sensitivity of pre-damaged surfaces. Figure 9 highlights a
striking feature in the case of San Romerio, where nearly half the year, particularly from
April to October, is at risk of condensation. This prolonged phase of low DPD suggests a
high likelihood of persistent moisture accumulation, which could lead to condensation-
related issues such as mold growth or material degradation. In contrast, Venosta Palace
(P-VEN S03) shows only sporadic instances of condensation risk, with a brief but notable dip
in DPD during December. This isolated event implies that while the building is generally
well outside the critical threshold, it may still face short-term moisture challenges during
colder months.
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Figure 9. Internal DPD analysis on an hourly basis in 2022.

3.1.3. Critical T-RH Zones

Studying when moisture risk occurs and how close the microclimate conditions are to
condensation, this study applied multiple regression, examining DPD and critical T-RH
zones in relation with dry air temperature Ta, RH%, and dew point temperature Td. The
critical T-RH condition is described as:

• High T (above 25 ◦C) + High RH (above 65%);
• Fluctuating T around 0 ◦C + High RH (>65%).

RH levels above 65% significantly increase the likelihood of mold growth, which can
threaten the integrity of building materials and cultural artifacts [70–73]. Elevated tem-
perature and humidity increase mechanical stress, leading to expansion, contraction, and
cracking in materials like wood, stone, and masonry, which can compromise structural in-
tegrity and widen existing cracks over time [74–76]. These conditions also promote chemical
degradation, such as corrosion of metals and irreversible chemical changes in stone, as well
as increased porosity and water absorption, further weakening materials [77–79]. As illus-
trated in Figure 10, Venosta Palace exhibits criticality in winter (December 80% h–January
20% h) and sporadically in other months, while San Romerio remains critical for most of
the year except summer. In contrast, Besta Palace (P-BES) and Semadeni Palace (P-SEM)
show no criticality for most of the year. However, during summer months (June–August),
both palaces exhibit limited criticality when high RH coincides with temperatures ≥ 20 ◦C.
While 20 ◦C alone is not inherently risky, the coupling with high RH can still threaten
sensitive materials (e.g., wood, frescoes) and previously damaged surfaces.

The multi-regression analysis of DPD in relation to T, RH%, and Td confirms that
temperature has the strongest influence on DPD (coefficient: +0.37, p = 0 in case of San
Romerio) while RH% alone is not the dominant factor, its impact depends on T and Td.
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Figure 10. Monthly evaluation of critical T-RH zone per hour considering High T (above 25 °C)
+ High RH (above 65%) and Fluctuating T around 0 °C + High RH (> 65%). Besta and Semadeni
palace showed no criticality during 2022.

3.2. Probability Density Function (PDF) Analysis

The PDF (Probability Density Function) analysis reveals that all case studies exhibit
three peaks in their temperature distributions, indicating a broader temperature range and
higher variability in both the indoor and outdoor environments.

Notably, the indoor PDFs mirror the peak trends observed in the outdoor graphs,
suggesting a strong influence of external climate conditions on indoor temperature pat-
terns. Among the case studies, San Romerio demonstrates a distinctive bimodal PDF,
with two prominent peaks around 0 ◦C and 16 ◦C in both the indoor and outdoor data
(Figure 11a,b). This bimodal distribution suggests the presence of two distinct climatic
conditions or seasons at this location.

Figure 11. Probability Density Function (a) PDF for the outdoor T◦C; (b) PDF for the indoor T◦C.

When comparing the indoor and outdoor charts, Semadeni Palace stands out as
a case where the indoor environment appears less influenced by external factors. Its
PDF shows smoother peaks and a more consistent distribution than the outdoor chart,
implying a more controlled indoor environment that mitigates the impact of external
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temperature fluctuations. In contrast, Visconti-Venosta Palace exhibits closer alignment
with outdoor temperature peaks, reflecting a stronger influence of external climate on
indoor conditions. This suggests that the building’s indoor temperatures closely follow
outdoor trends, possibly due to factors such as ventilation design or insufficient insulation.

PDF of the Outdoor and Indoor RH%

Besta palace shows a bell-shaped PDF curve for both indoor and outdoor RH%,
with a prominent peak around 60% of RH% for the outdoors and 52% of RH% for the
indoors (Figure 12a,b). This distribution implies a higher probability of encountering
moderate humidity levels consistently throughout the year, indicating a relatively balanced
distribution of high and low humidity days in this location. In contrast, San Romerio
church exhibits a left-skewed PDF graph. Most data points are clustered towards higher
Relative Humidity values for both outdoor and indoors, ranging between 60% and 80%.
This skewness indicates a prevalence of humid conditions within this area, with a smaller
occurrence of lower humidity days.

Figure 12. Probability Density Function. (a) PDF for the outdoor RH%; (b) PDF for the indoor RH%.

Visconti-Venosta palace exhibits a right-skewed PDF graph for the outdoor RH%,
and a relatively flat-shaped curve, reflecting a uniform distribution of RH% values for
the indoor environment. The PDF for the indoor RH% curve peaks around 55% RH, with
frequent values observed between 45% and 65% RH.

Lastly, Semadeni palace displays a PDF graph for the outdoor conditions with fre-
quent values between 40 and 80% of RH%, while the indoor graph for RH% showcases a
rectangular shape. The distribution of Relative Humidity values appears relatively uniform
across the year for the indoor environment, with frequent occurrences between 35% and
65% RH. These values fall within the accepted range for conservation purposes, indicating
a relatively stable and acceptable humidity profile throughout the year.

Overall, the comparison between indoor and outdoor PDFs for RH in the four case
study buildings showcases the dynamic interplay between external climatic influences and
internal factors that shape the indoor microclimate. Understanding these patterns is crucial
for implementing effective climate control and preservation strategies.
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4. Discussion
This study presents a comprehensive analysis of microclimatic conditions in four

Alpine heritage buildings, integrating long-term monitoring, statistical analysis, and non-
destructive techniques to assess moisture-related risks. The findings highlight the critical
influence of altitude, building use, and material properties on indoor microclimate stability,
offering new insights into conservation strategies for high-altitude heritage sites.

The graph of outdoor temperature (◦C) and its annual correlation matrix (Figure 13)
clearly reveals a strong relationship between temperature and altitude in the Alpine region.
This correlation primarily stems from the well-documented lapse rate effect, where air
temperature decreases with increasing elevation, a defining characteristic of mountainous
climates. Additionally, the studied Alpine sites exhibited consistent weather systems and
atmospheric conditions across different altitudes during the monitoring period. Regional
factors such as solar exposure, valley orientation, and wind patterns further reinforced this
thermal coherence, though occasional microclimate variations, like temperature inversions,
introduced localized deviations. Moderate to weak correlation of T and altitude occurred
in winter (November to January) when other factors (temperature inversions, cloud cover,
or snow albedo) can disrupt the typical lapse rate. Ultimately, altitude emerged as the
dominant driver of temperature distribution, despite secondary influences from terrain
and weather dynamics.

Figure 13. Outdoor temperature and altitude correlation.

The study revealed significant differences in microclimate stability based on building
function patterns. Unoccupied buildings such as Visconti-Venosta and Semadeni Palaces
exhibited more stable indoor conditions, with Semadeni Palace maintaining a consistent
relative humidity range of 35–65%. This stability can be attributed to minimal air exchange
resulting from reduced human activity, which effectively limits both moisture ingress
and thermal fluctuations. In contrast, seasonally occupied buildings like San Romerio
Church and Besta Palace demonstrated higher microclimate variability. Besta Palace, which
experiences intermittent heating and visitor traffic, showed sharp seasonal RH% fluctu-
ations, dropping to 32% in summer and peaking at 67% in winter. Despite its infrequent
use, San Romerio Church maintained prolonged high humidity levels (60–80% RH) due
to inadequate ventilation. Buildings with active climate control systems, such as Besta
Palace’s heating, exhibited the most pronounced thermal fluctuations, with temperature
differentials reaching 15 ◦C, confirming that improperly managed mechanical interventions
can significantly exacerbate microclimate stress on heritage materials.

Material properties played an equally critical role in moderating indoor microclimates.
While all case studies featured stone masonry construction, variations in wall thickness,
insulation, and surface treatments resulted in distinct moisture buffering capacities. San
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Romerio Church’s exposed stone walls facilitated rapid thermal exchange with the exterior
environment, leading to frequent condensation events (dew point depression < 3 ◦C for
50% of the year). In comparison, Besta Palace’s plastered interiors demonstrated better
humidity regulation, maintaining RH% between 32 and 67%. Visconti-Venosta Palace’s
unmaintained frescoed rooms experienced extreme RH% spikes (90–100%), illustrating
how material degradation can amplify microclimate risks. These findings underscore the
importance of considering both occupancy patterns and material characteristics when
developing conservation strategies for heritage buildings.

While this study provides comprehensive microclimate data for Alpine heritage sites,
several limitations should be noted. Material heterogeneity, particularly in salt-laden or
previously repaired masonry, complicates threshold calibration, requiring case-specific
adjustments. Short-term moisture events, such as rain-driven infiltration, were not fully
captured in annual averages, suggesting event-based analysis could improve detection sen-
sitivity. Additionally, while microclimate conditions were thoroughly documented, direct
correlations with material degradation rates were not established; a limitation that could be
addressed through further statistical validation and complementary tests (e.g., gravimetric
analysis, surface temperature mapping). However, such methods were beyond the scope
of this research, which primarily aimed to characterize the unique microclimate patterns of
Alpine heritage buildings as a foundational step for future conservation studies.

5. Conclusions
This study’s primary innovation lies in addressing the significant knowledge gap

regarding microclimate conditions in Alpine heritage buildings. This analysis contributes
to our understanding of the complex interplay between altitude and temperature in Alpine
environments and has implications for best practices in conserving historical building
materials. The techniques for improving insulation and reducing indoor fluctuations often
derive from traditional knowledge inherited from past inhabitants of the studied buildings.
These practices can be summarized as follows:

1. Prevent moisture intrusion into the structure from both the upper and lower levels of
the building.

2. Protect openings with shutters or other systems to minimize fluctuations caused by
external weather changes.

3. Avoid damage through continuous care and maintenance, prioritizing responsible,
compatible, and sustained use of the building.

4. Research historical techniques, materials, and habits that could enhance the physical
conservation of structures and materials. Any new interventions should be rigorously
tested and documented at the local scale before implementation. In many cases, un-
written sources, such as oral traditions or empirical knowledge, are equally important
for documenting problem-solving techniques that remain the most sustainable and
effective for conservation purposes.

Environmental/interior monitoring is confirmed to be one of the main tools for the
evaluation and diagnosis of historical buildings and cultural heritage sites where the
weather conditions can be as severe as they are in Alpine mountains. The obtained results
are fundamental for planning and directing the conservation and restoration both of
historical buildings and the contained objects.

Several questions remain unanswered, shaping the potential focus of future research.
One inquiry involves exploring whether the lack of use, and consequently the absence of
updates to any heating plant, exacerbates the state of conservation in a damaged structure.
Additionally, when heating is employed, it is crucial to ascertain whether it adversely affects
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conservation only in the presence of thermos-hygrometric imbalance or if pre-existing
damage occurs.

In the latter scenario, it becomes imperative to understand how and where it is
most convenient to mitigate this imbalance to prevent further damage, especially when
restoration is not a feasible option.

Ongoing research is currently addressing and investigating these questions from
various perspectives, including sustainability, retrofitting, and addressing overheating
issues during climate change. Now, more than ever, it is required to expand and disseminate
the existing comprehensive debate for facing the challenges posed by the transformation
of the built environment in the Alps and to multiply the purposes of further research in
this area.
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Appendix A
HOBO MX1104, HOBO U12-013, and Lascar EL-USB-2+ are precision dataloggers

designed for microclimate monitoring in heritage conservation. The MX1104 offers high-
resolution temperature (±0.2 ◦C) and humidity (±2.5%) measurements with minimal drift,
while the U12-013 provides robust performance with ±0.35 ◦C temperature accuracy. The
Lascar EL-USB-2+ features an extended temperature range (35 ◦C to 80 ◦C) and compact
design, suitable for long-term environmental monitoring.

Table A1. Technical Specifications of Microclimate Monitoring Devices.

Parameter HOBO MX1104 HOBO U12-013 Lascar EL-USB-2+

Temperature
Range −20 ◦C to 70 ◦C (−4 ◦F to 158 ◦F) −20 ◦C to 70 ◦C (−4 ◦F to 158 ◦F) −35 ◦C to 80 ◦C (−31 ◦F to 176 ◦F)

Accuracy ±0.20◦ C (0 ◦C to 50 ◦C)/±0.36 ◦F
(32 ◦F to 122 ◦F)

±0.35 ◦C (0 ◦C to 50 ◦C)/±0.63 ◦F (32 ◦F to
122 ◦F) ±0.45 ◦C typical (5 ◦C to 60 ◦C)/±1.04 ◦F

Resolution 0.002 ◦C at 25 ◦C (0.004 ◦F at 77 ◦F) 0.03 ◦C at 25 ◦C (0.05 ◦F at 77 ◦F) 0.5 ◦C (1 ◦F) internal resolution
Long-term Drift <0.1 ◦C/year (0.18 ◦F/year) ±1 min/month (time accuracy at 25 ◦C/77 ◦F) <0.02 ◦C/year (0.04 ◦F/year)

Relative Humidity (RH)
Range 0% to 100% (−20 ◦C to 70 ◦C) 5% to 95% RH 0% to 100% RH

Accuracy

±2.5% (10–90% RH, typical), max
±3.5%

(incl. hysteresis at 25 ◦C/77 ◦F); ±5%
(<10% or >90% RH)

±2.5% (10–90% RH, typical), max ±3.5%
(incl. hysteresis); ±5% (<10% or >90% RH) ±3% (20–80% RH)

Resolution 0.01% 0.05% 0.5% RH internal resolution
Long-term Drift <1%/year (typical) – <0.25% RH/year

Additional Notes

Exposure >95% RH may temporarily
increase max error by +1%. Operating
range: −20 ◦C to 70 ◦C. Radio power:

1 mW (0 dBm).

– Dew point accuracy (total error): 1.7 ◦C
typical (−35 ◦C to 80 ◦C, 40–100% RH).

Response Time
Temperature 11 min (90% in moving air at 1 m/s) 6 min (90% in moving air at 1 m/s) –

RH 30 s (90% in moving air at 1 m/s) 1 min (90% in moving air at 1 m/s) –
Data Capacity – 16,382 readings (T/RH) –
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