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Abstract: Sicily is characterized by rural buildings, Palmenti, destined to wine production, which
are scattered along the countryside and part of the local historical heritage. There are different
types of rural buildings, but all have in common the use of ancient and well-established bioclimatic
techniques for wine conservation and aging. Most of them were built with the double function of
living space for the owner and productive spaces for all the activities correlated to the cultivations.
Indeed, many rural houses, destined to the wine production, are characterized by wineries and
wine cellars (the first for the wine production, the second to store the wine for the aging process).
The growing production of high-quality Sicilian wines, very appreciated all over the world, leads to
upgrade the ancient Palmenti to seek optimal hygrothermal conditions and, therefore, to guarantee
high performance of the produced and stored wines. The purpose of this study is to investigate how
the retrofit measures taken to comply with the energy regulations could affect the thermal behavior of
a wine cellar constructed with consolidated bioclimatic technics. The results show the importance of
not insulating the solid ground floor for maintaining suitable temperatures for the fermentation and
aging of wine. This study can be useful for future analysis when comparing the optimal hygrothermal
conditions of wine cellars located in homogeneous viticultural areas (with same climate, geology, soil,
physical features, and height) in other parts of the world.
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1. Introduction

The European Commission provides for reducing building energy consumption through the
Energy Performance Building Directive 2002/91/EC [1] and 2010/31/EU [2]. The first directive is focused
on new buildings while the second is concerned with existing buildings, not only when subjected
to major renovation, but also when the building’s technical elements and/or technical systems are
retrofitted or replaced [3–5]. In the Eastern Sicilian territory, on the slopes of Etna volcano, the grapevine
has the most widespread cultivation. The millenary viticultural tradition of the Mount Etna area
dates back to Greek and Roman domination. Since 1968, Etna wines have acquired the Registered
Designations of Origin (R.D.O.) denomination, established by Decree of the President of the Italian
Republic on 11 August 1969 (one of the oldest in Italy) and today, Sicilian wines are highly valued
throughout the world [6].

The vineyard, following the orography of the ground, hosts a number of diverse rural constructions
adapted on the height of the site [7]. Between 700 and 1000 m above sea level, there are two prevalent
kinds of farm buildings: two-story rural houses with the winery and warehouse on the ground floor
and the owner’s residence on the top floor, or small-sized buildings with a single room for wine
pressing and storage in small barrels (Palmenti). The rural buildings of the Eastern Sicilian territory
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have a historical importance due to their cultural and architectural value. These buildings present
elements of historical, ethnic, and anthropological interest, and are often subject to protection by the
competent authorities. As it will be shown, this Etnean rural and vernacular heritage is significantly
homogeneous concerning the use of local building materials, constructive technologies, traditional
passive design features, indoor planimetric organization, and morphological aspects [8]. The rural
houses are characterized by generally squared volumetry and lie on the natural irregular ground. Thus,
farm buildings are organized on different levels which ensure that pressed grapes (must) naturally
flow downwards through the vats into the tank. Despite the rural houses not having been constructed
based on geometric plans, they always complied with a few features of simplicity and common sense
considering the exposure, the sunlight, the view and many other bioclimatic aspects [9].

The Mediterranean climate heavily influenced design choices of the rural houses, which are
constructed with natural materials and bioclimatic solutions, with the aim of mitigating winter and
summer climatic extremes. Rural buildings display structural and thermophysical characteristics
suitable not only for hygrothermal comfort and wellbeing of the occupants, but also for aging and
conservation of the wine. The rural house exposure takes advantage of the natural ventilation provided
by the winds of the Mount Etna area, which ensures that the building is always cooled. The rural
houses are built by lava stone masonry (60 cm thick) with a loadbearing and buffering function.
Moreover, the great mass, typical of high-density materials that characterize traditional architecture
of Mediterranean area, improves the energy performance of the building envelope and guarantees
thermal and acoustic comfort [10]. The building envelope behaves as a thermal flywheel and modulator
element of the heat flow between the outside and the inside. This leads to a reduction of thermal load,
especially in summer periods, increasing the temperature gap between the interior and exterior to more
than 10 ◦C, and therefore improving indoor thermal comfort [11]. The openings are small, especially on
the south exposure, preventing direct radiation and excessive heat transmission in summer days.
The solid ground floor insulation is guaranteed by the fact that often the buildings are separated
from the foundation ground by a widespread “crawl space”, which physically separates the building
from the foundation ground, therefore diminishing both energetic dispersions and rising dampness.
In addition, the building’s ceiling is often tall enough to guarantee adequate and natural ventilation for
the indoor spaces. Furthermore, the roof stratigraphy is usually composed by a loadbearing wooden
structure (beams and rafters) covered by intertwined canes and roof tiles [12]. In addition, the rural
houses are often characterized by other elements that help mitigate climatic conditions that are typical
of traditional dwellings in the Mediterranean area, such as loggias, balconies, verandas, pergolas,
openings [13].

State of Art on Farm Wineries Thermal Performance

All materials and low energy and passive solutions not only made the rural houses comfortable,
but allows for the control of the internal microclimate; this aspect is of fundamental importance
concerning winemaking and conservation of wine, whose production and conservation activities
were always located along the north façades or, when it was possible, in the basement, in order to
preserve the quality of wine [14,15]. Temperature control during the winemaking process and storage
of wine is of paramount importance for the final quality of the wine. Indeed, temperature affects
the activity of enzymes, which are involved at various stages in the whole wine production process.
In fact, enzymes and bacteria are already present in the grape and may influence its degradation
during the mush–maceration phase or affect the final aroma of wine through oxidation. As it is known,
the activity of micro-organisms always depends on the temperature of the surrounding environment.
From a metabolic point of view, a temperature range from 20 to 25 ◦C is very favorable for alcoholic
fermentation [16]. But at that temperature the fermentation activity becomes too strong and some
aromatic compounds can diminish. Thus, in general, alcoholic fermentation should be operated at
temperatures from 15 to 18 ◦C to achieve a satisfactory result [17] and make the wine age slowly,
without losing quality [18]. Moreover, in Sicily, wine is traditionally bred and stored in wooden barrels.
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Authors in general agree that relative humidity is of secondary importance when it comes to wine
aging: in general, a high relative humidity is good because it reduces losses due to evaporation, but it
is important to note that those high values should not produce mold in the barrels; ventilation can help
in reducing mold-growth risk [18]. At the stage of aging, the stability of air is very important, and it
should range between 12–16 ◦C (lower temperatures during winter would make wine aging slower)
with a relative humidity between 70–82% (to prevent from mold growth in poorly ventilated spaces).
In general, the more stable the wine cellar is, the less contraction–expansion phenomena will affect
the quality of the wine. That is the reason why historically, some types of building were claimed to
be more suitable than others to host some food industry like wineries; in particular, underground or
partially underground building solutions, with massive envelopes, were constructed to maximize their
thermal inertia, thus preventing effects from outdoor climate swings [19,20].

A common feature between traditional wineries from all over the world is the attention given to the
relation between the envelope and the foundation ground. In this sense, many authors [21] confirmed
that is precisely the thermal stability given by the contact with the ground, which makes traditional
buildings (underground and partially underground) so competitive when compared to contemporary
wineries (usually built aboveground and often provided by HVAC systems). Some authors proposed
an analytical model to predict the thermal interaction between the wine cellar and underground [22],
but in the following paragraphs we will explain that in our case study, the contact with the ground
is slightly different. As Tinti et al. [22] point out, from the second half of the Twentieth Century,
underground buildings were progressively abandoned and substituted with single-story aboveground
buildings where indoor temperature and humidity are controlled by air-conditioning systems. Use of
HVAC systems to maintain appropriate indoor temperatures and humidity is correlated to surrounding
environmental conditions and, in some areas, it was quantified that 50% of the total energy demand is
for wine production [23]. It is thus understandable why so much effort in recent years was focused on
decreasing energy consumption in the food industry, in general, and in farm wineries [24]. Currently,
renewed attention is given to historic small and medium farm wineries, which play a key role in the
Italian wine sector [19] for their overall production, for the close relations exchanged with surroundings
economies and landscapes, and for their good thermophysical performance.

Our study moves from these considerations with the aim to confirm (1) the effectiveness and
efficiency of traditional wine cellars to maintain adequate indoor thermal conditions, thanks to
ancient passive design solutions, and, subsequently, (2) to investigate which possible retrofit energy
solutions could simultaneously comply with the Italian energy-saving regulation, improve indoor
thermal stability, and guarantee the aspect of correct temperatures for the aging and storage of wines.
The improvement of the hygrothermal condition for traditional wine cellars and, therefore, the resulting
energetic retrofitting, is more notably motivated by the high quality required by the DOC denomination
of Sicilian wines. The results of the study underline how a “proper balance between traditional
bioclimatic ideas and modern technologies” [25] must be pursued and prioritized, in justified cases,
over the national and international energetic regulations.

The results of the study are not merely useful for an in-depth study of the appropriate retrofit
strategies aimed at optimizing the conservation and production conditions of wine in local wineries,
but above all they could represent a useful feedback for similar research conducted in other parts of
the world that share the same characteristics in terms of geology, pedology, climate, and topography.
Obviously, the previous technical considerations are strictly related to other factors that contribute
to the quality of the final product, which are the so-called organic factors (vine, rootstock) and the
anthropogenic ones (cultivation techniques and oenological practices) [26–28].
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2. Materials and Methods

In many cases, the palmenti of Eastern Sicilian territory are used for vinification, aging,
and conservation of the wine. The retrofitting and/or the functional reorganization of vernacular
buildings involve a change in the internal environmental conditions (temperature, relative humidity,
quality of the air, lighting, etc.). Thus, attention must be paid to the improvement of energy performance
of the building envelope. Since the thermal performance of buildings and the influences of thermal
mass and passive strategies can be evaluated only through dynamic thermal simulations [29–31],
the authors investigated the thermal performance of a vernacular building in free-running conditions,
i.e., without any energy systems for indoor air conditioning. The thermophysical properties of
the building were deduced by archival data, endoscopic inspections, and in situ measurements.
Starting from an instrumental diagnosis based on heat flow meter and temperature probe data,
a calibrated building model was created and yearly dynamic simulations were performed to evaluate
the influence of different retrofit measures on the internal microclimate that is of fundamental
importance for wine making and conservation of wine. The heat flow meter allowed estimation
of wall thermal transmittance; the temperature probes were employed to measure air temperature
inside the construction. Indoor humidity measurements were also carried out. The measurements
were conducted using a climate measuring instrument, Testo 445, and a Thermozig heat-flux meter,
according to ISO 9869. The weather data recorded by a local meteorological station were used as input
for building simulation. Detailed dynamic thermal behavior and compliance with the normative in
force of the buildings were analyzed using the software tool Design Builder, which is based on the
calculation engine of Energy Plus. The building simulation model was calibrated using the temperature
measured inside the wine cellar. The model validation was carried out by calculation of some statistical
indices. The Mean Absolute Error (MAE), Mean Bias Error (MBE), Coefficient of Variation of the Root
Mean Squared Error (CVRMSE), coefficient of determination (R2) [32], Pearson correlation coefficient
(r), and index of agreement (d) were calculated with the aim of evaluating the reliability of the numerical
model [33].

Starting from the results of the annual dynamic simulations, it was possible to assess the suitable
energy retrofit solutions to obtain the optimal thermo-hygrometric values for winemaking and
conservation of wine. For the sake of brevity, from the yearly analysis, the authors extrapolated and
analyzed the thermal behavior of the palmento in two representative weeks: 27 January–5 February
and 5–14 September. The two weeks selected had the most extreme temperature and humidity values,
and are fundamental for the fermentation, aging, and storage of wine on the Etna Volcano area.
The winter week chosen is the coldest representative week of winter season and, moreover, is the
week in which the wine is already suitable for consumption, with further possibility of improving
its qualities by means of aging and storage. The summer week chosen corresponds to the typical
harvest week and to the beginning of the long and delicate process of wine aging in order to confer
the distinctive typical flavor; additionally, it is also the ending-week of the summer season, which is
characterized by the highest temperature values.

3. Case Study: The Wine Cellar

3.1. Description of the Building Features and Constructions

The building (Figure 1) is located in Santa Maria di Licodia (latitude 37.66◦, longitude 14.92◦,
Southern Italy), built during the late Eighteenth Century and currently used for production and storage
of wine. The palmento has an overall net floor surface as large as 726 m2. The property is located
outside the town center, in Contrada Cavaliere, in a large area occupied by various kinds of cultivations
close to the wooded areas of Etna volcano.
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Figure 1. (a) The north façade of the wine cellar; (b) internal room of the wine cellar.

This building is undoubtedly representative of the rural building stock of that area. The main
material used for the opaque envelope consists of rough-hewn stones obtained from remote lava fields
of the Etna volcano, arranged with a lime mortar. This construction technique was very widespread
in the Etna volcano area up until the end of the 1950s, and it is still quite common due to the great
availability of volcanic rock. The exterior side of the wall is covered with a thick layer of lime-based
plaster and its aggregate a volcanic sand derived from Etna activity, which is a local construction
tradition. Lava stone masonry provides high thermal inertia, which is particularly suitable for the
climate in this area; indeed, the summer season is quite long and hot, with peak daily outdoor
temperatures that may easily exceed 35 ◦C. The thickness of the walls ranges from 60 to 80 cm.

Thermal transmittance of the walls was measured by using a heat flux meter. The heat flow plate
and the external temperature probes were applied on a north-facing wall to avoid direct solar radiation.
In agreement with standard ISO 9869, measurement time was chosen equal to three days (from 13 December
until 16 December 2017). A value of thermal transmittance equal to 1.780 W/m2 K was measured.

As a result of the transmittance measurement of the walls and their stratigraphy known by
endoscopic inspections, the thermal conductivity of basalt stone with mortar was acquired by means
of an inverse analytical expression for the calculation of U-values according to ISO 6946. The values of
density and specific heat used to characterize the layers of the walls were acquired by ISO 10351.

Table 1 reports the thermophysical properties of the external walls for the building in its
current configuration.

Table 1. Thermophysical properties of the external walls for the building in its current configuration.

Layers (from Inside to Outside) s (m) λ (W/m·K) ρ (kg/m3) Cp (J/kg·K) R (m2
·K/W)

Internal surface resistance - - - - 0.13
Basalt stone with mortar 0.78 2.47 2550 1000 0.32

Plaster (lime) 0.02 0.80 1600 1000 0.025
External surface resistance - - - - 0.04

The building is also characterized by a traditional wooden pitched roof constructed as follows
(from bottom to up): a double system of beams (main beams and rafters), an intertwined canes mat,
and the typical terracotta roof tiles. This type of roof shows a U-value around 1.477 W/m2

·K.
The windows are single-glazed and with wooden frames (U = 4.82 W/m2

·K). The solid ground
floor of the wine storage room is unpaved, and it consists of a tamped earth floor (made of a mixture of
clay, gravel, and sand), laid over the top of a subfloor composed of a crawl space.

Generally, for a traditional tamped earth floor, the topsoil (with organic matter) is removed
and filled up with a well compacted inorganic soil (composed of a mixture of clay, sand, gravel).
More specifically, a 10 cm-thick barrier layer of clay-rich soil is first applied to a plane level and
compacted. Then, a 20–25 cm layer of coarse to medium gravel is added, which acts as a capillary break.
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Finally, 20 cm of tamped earth is compacted in layers approximately 6–7 cm thick. The consistency of
the tamped earth material at the time of installation is semisolid to rigid. Each layer is thoroughly
compacted and left to dry before the next layer is added. After leveling and compaction, the earth
screed, which is the last layer, is additionally tamped with a flat board to tighten the “grain-on-grain”
structure. After that, pore water is released, and the surface gathers a shiny appearance with improved
mechanical strength.

In the crushing and primary (alcoholic) fermentation room, the ground floor is composed of the
crawl space and the earthen layer and finished with lava stone slabs.

The superficial mass (SM) of the building components was calculated using the density values
drawn from ISO 10351 and literature. The thermal transmittance of the roof, ground floor, and windows
were calculated according to ISO 6946, and values of thermal conductivity acquired by ISO 10351 were
used for each layer.

In Table 2, the values of Superficial Mass (SM) and thermal transmittance of the envelope (U)
components are reported together with the threshold thermal transmittance of the envelope (Ulim)
necessary to ensure compliance with Italian regulation [34].

Table 2. Thermal transmittance and surface density of the building components.

Building Components SM (kg/m2) U (W/m2
·K) Ulim (W/m2

·K)

External masonry 2070 1.78 ≥0.45
Pitched roof 43.8 1.47 ≥0.38

Solid ground floor 190 2.47 ≥0.46
Windows - 4.82 ≥3.20

SM: Superficial Mass (SM); Thermal transmittance of the envelope (Ulim).

3.2. Building Modeling

The dynamic software Design Builder (Version 6.0, Design Builder Software Ltd., Stroud, UK),
a well-known tool based on the calculation engine of Energy Plus, was used to create a model of the
real building. The simulations were performed in free-running conditions (without HVAC system),
referring only to the building used for the wine cellar (Figure 2), while all other adjacent rooms were
considered as adiabatic zones.
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Figure 2. Design Builder Model of the wine cellar (gray).

According to the measured thermal transmittance value (U-value equal to 1.477 W/m2 K) and to
the endoscopic inspections, the wall’s stratigraphy was built using the software. Moreover, according to
the literature [31,35], the ventilation rate was set equal to 1.5 h−1 considering the air leakage within
the building.
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The model was simulated using the 2017 hourly weather data collected by a meteorological station
located in Santa Maria di Licodia. Files acquired by weather stations of Sicilian Agrometeorological
Information Service were used as input. The model was calibrated using the results of temperature
measurements inside the wine cellar.

As a validation of the building model, the profile of indoor air temperature from the DesignBuilder
simulation and that measured inside the wine cellar were compared. Figure 3 depicts the profiles
of model simulation indoor air temperature plotted against those observed during the period
27 January–5 February 2017.
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Figure 3. Trend of measured and the model-predicted indoor air temperatures.

The simulated air temperature values have the same trend as that measured. They fit well not
only on the maximum values but also on the minimum values. The good reliability and agreement of
the simulated values are confirmed by the calculation of statistical indexes (MAE, MBE, CVRSME).
Indeed, the value of the coefficient of determination (R2) is equal to 0.90, while the value of the
Pearson coefficient (r) is equal to 0.86. In addition, an index of agreement (d) equal to 0.92 approaching
unity reveals that the simulation model can be considered reliable enough for analysis of the thermal
performance of retrofit strategies based on dynamic simulations. Table 3 summarizes the values of the
statistical indexes calculated for the validation model.

Table 3. Statistical indexes used to validate the building simulation model.

Variables MAE (◦C) MBE (%) CVRSME (%) r (-) R2 (-) d (-)

Indoor temperature 1.53 4.8 6 0.86 0.90 0.92

The Mean Absolute Error (MAE); Mean Bias Error (MBE); Coefficient of Variation of the Root Mean Squared
Error (CVRMSE).

3.3. Retrofit Strategies

In order to carry out the upgrading of the building envelope to comply with the Italian legislation,
some possible interventions [36–38] are contemplated, not only considering the energetic retrofitting
requirement of the rural house, but especially the thermal behavior of the unconditioned space like the
wineries and wine cellars.
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The retrofit strategies essentially consist of:

• application of thermal insulation on the inner surface of the external walls so that the façade is not
disturbed by any intervention, with the aim of not interfering with the architectural attractiveness
of this traditional building;

• replacement of existing wooden roof stratigraphy with an insulated roof with a new wooden
loadbearing structure;

• realization of an insulated solid ground floor;
• replacement of windows components while keeping the chestnut wood as frame material.

The intervention on the external vertical closures is based on the installation of a 4 cm panel
of Aeropan (λ = 0.015 W/m K, cp = 1000 J/kg K, ρ = 230 kg/m3) on the inner side of all masonries.
Aeropan consists of a nanotechnological insulation in Aerogel coupled with a polypropylene breathing
membrane reinforced with glass fiber. Concerning the roof upgrade, a 10 cm insulation layer of hemp
fiber panel (λ = 0.038 W/m K, cp = 1700 J/kg K, ρ = 30 kg/m3) is placed on the wooden planks, upon a
vapor barrier; the insulation is protected from the top by a waterproofing membrane. The upper part
of the roof is completed by wooden laths, which define an unventilated air gap upwards of 8 cm.

The solid ground floor, simply consisting of a tamped earth layer on a crawl space subfloor,
is replaced by a “modern” tamped earth floor. In order to ensure a better distribution of loads for
buildings in seismic areas and to avoid cracks in the clay floor, a concrete screed with electrowelded
mesh was inserted.

Therefore, starting from the original layer of sand and gravel, in the new solid ground floor there
are, in order from bottom to top: a layer of expanded clay granules, a layer of granulated foamglass,
a concrete screed reinforced with electrowelded mesh, and a tamped earth floor. Generally, the earth
floor is finished with four to six coats of oil, often hemp or linseed, then topped with a combination of
soft waxes. This treatment provides sheen and waterproofing to the floor. In our study, we propose
not to complete this finishing to facilitate breathability.

This earthen floor allows regulation of the relative air humidity because clay absorbs water vapor
when the air is too wet, whereas it is able to release water vapor when the air is drier. As some authors
pointed out [39], the physical behavior of raw earth layers is typical of massive porous materials
where coupled hygrothermal mechanisms coexist inside the micropore network geometry; in this case,
the pavement experiences a heat transmission mechanism for materials with a high thermal mass,
with consequent high thermal inertia and heat storage, evaporation, and condensation inside the pores,
resulting from temperature changes produced by thermal waves. An absorption/release of moisture
contained in the pores occurs because of the change in ambient humidity and the influence of rising
dampness [40].

Due to their density and high thermal conductivity, dry earth floors are thermally efficient,
capable of absorbing heat and releasing it gradually over time—the thermal “flywheel” effect.
The English Heritage, in its guidance note titled, Energy Efficiency and Historic Buildings: Insulating
Solid Ground Floors, observes that “the ground itself maintains a surprisingly stable temperature of
around 10 ◦C” [41]. The intervention on the external windows consists in the replacement of the current
single glazing with double glazing (s = 4 mm) separated by an air gap (s = 16 mm) with a chestnut
wood frame. A low emissivity coating (ε = 0.10) on the inner glazing is proposed. Ventilation rate is
set equal to 0.5 ac/h.

The thermophysical properties of each layer that composes the building construction after retrofit
interventions are reported in Table 4.
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Table 4. Thermophysical properties for each layer that composes opaque and glazing components
after retrofit.

a) Wall

Layer s (m) λ (W/m·K) ρ (kg/m3) Cp (J/kg·K)

Basalt stone with mortar 0.78 2.47 2550 1000
Lime mortar 0.01 0.900 1800 1000

Aeropan 0.04 0.015 230 1000
Lime mortar 0.01 0.419 1800 1000

Inner plaster (lime + gypsum) 0.02 0.80 1600 1000

b) Ground Floor

Layer s (m) λ (W/m·K) ρ (kg/m3) Cp (J/kg·K)

Raw earth ground 0.03 0.80 2000 1000
Concrete screed 0.10 1.160 2000 1000

Granulated foamglass 0.04 0.045 125 900
Expanded clay granules 0.10 0.120 280 920

Sand and gravel 0.20 1.200 1700 1000

c) Roof

Layer s (m) λ (W/m·K) ρ (kg/m3) Cp (J/kg·K)

Wooden Plank 0.03 0.15 450 1600
Vapor barrier 0.0002 0.130 950 1800
Hemp panel 0.09 0.038 30 1700

Waterproofing membrane 0.009 0.17 52.50 1800
Air gap 0.08 -

Terracotta tiles 0.02 1.000 2000 840

The values of superficial mass and thermal transmittance of each opaque envelope component
after RIs (retrofitting interventions) are reported in Table 5. It also shows the limit U-values (Ulim)
that the same building components have to comply with the Italian regulation [34] for the climate
zone of Catania. Tables 5 and 6 show the thermal transmittance and superficial mass of the building
components after retrofit interventions (RIs). Moreover, the comparison between the U-values of the
envelope components at the current state and the thermal transmittance of the same components after
retrofit interventions (RIs) are reported.

Table 5. Thermal transmittance and surface density of the opaque components.

Building Components SMRI (kg/m2) URI (W/m2
·K) ULim(W/m2

·K) ∆U = U–URI (W/m2
·K)

External walls 2070 0.315 ≤0.45 1.645
Pitched roof 59.0 0.309 ≤0.38 1.168

Solid ground floor 562 0.460 ≤0.46 2.051

Table 6. Main thermophysical properties of the windows.

Property Unit
Value

Before After

Emissivity of the glazed surface - 0.84 0.10
Glass g-value - 0.85 0.75

Thermal transmittance of the glazing W/m2
·K 5.88 2.00

Thermal transmittance of the frame W/m2
·K 3.50 3.50

Overall thermal transmittance of the window W/m2
·K 4.82 2.70
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It can be observed that the proposed solutions for the building upgrading have lower thermal
transmittance values than the ones imposed by current Italian regulations. It has to be highlighted that
this choice results in a significant thickness of the insulation layer or in the use of very performative
materials in the upgraded building components for satisfying the limit U-values. The results of the
simulations will demonstrate the appropriateness of this choice.

4. Results

4.1. The Building in its Current State

The results of the free-running performance for the current building are shown in Figures 4 and 5.
In Figure 4, the simulated hourly profile of the outdoor temperature (To), the measured indoor air
temperature (Tam), and the simulated indoor air temperature (Tas) can be observed for a representative
week in winter. There is good agreement between the measured and simulated values. The measured
indoor air temperature ranges from a minimum of 10.4 ◦C to a maximum of 15.5 ◦C, and a mean
daily oscillation of 4.1 ◦C is achieved during the period 27 January–5 February. The relative humidity
presents a mean value of 71%, which is suitable for the storage of wine.
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The trend of simulated temperature ranges from a minimum of 10.9 ◦C to a maximum of 16.3 ◦C
and a mean daily oscillation of 5.3 ◦C, while the mean value of humidity is 68.8% and not congruent
with the measured value.
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The minimum values of Tam usually occur at 6:00 a.m. and its peak values are at around 3:00 p.m.
The values of indoor temperature testify a good behavior of the building for aging and storage of the
wine in wooden barrels during the winter period, considering that the range of optimal temperature is
from 12 to 16 ◦C. Figure 5 depicts the simulated hourly trend of indoor thermal conditions during
period (5–14 September).

The profile of measured indoor air temperature shows a minimum value of 20.4 ◦C and a maximum
of 22.7 ◦C. Mean daily amplitude of air temperature wave of 3.0 ◦C is obtained.

In summer, the simulated air temperatures values are in good agreement with the measured ones,
oscillating only between 20.3 and 24.0 ◦C. The mean value of humidity measured is 53.5% and is very
close to the one simulated (57.0%).

The minimum values of Tam occur at around 5:00 a.m., whereas its maximum values are at
1:00 p.m. according to the profile of outdoor air temperature. It has to be highlighted that the values of
air temperature are suitable for the alcoholic fermentation of wine because the variation of temperature
of air is included in the range of 20–25 ◦C.

Some peculiarities regarding the constructive technology of our case study—like the lava stone
masonry and the crawl space in the solid ground floor—make our results not immediately comparable
with previous literature. The previous literature review evidence shows that there are few studies
about the indoor thermal behavior of the wine cellars with a massive structure that, together with
differences in terms of orientation, morphological characteristics, and climate conditions, make a useful
comparison difficult.

4.2. Expected Results after Thermophysical Upgrading

The thermal behavior of the building after the upgrading is shown in order to evaluate the
potentiality of the interventions on the performance of storage and fermentation of wine. In this scenario,
all proposed abovementioned technological solutions for building retrofitting are implemented.

For this purpose, Figures 6 and 7 show the results of the simulations with the application of the
retrofit solutions for two representative periods: 27 January–5 February and 5–14 September.Energies 2020, 13, x FOR PEER REVIEW 12 of 17 
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Figure 6 shows that the hourly profile of air temperature ranges between 12.9–17.7 ◦C and
maximum amplitude of temperature curve about 4.8 ◦C. As a consequence, the indoor thermal state
continues to guarantee adequate conditions for the storage of the wine in the barrels for most of the
investigated period, but the peak values of temperature are always above the upper optimal values.

During the summer period, the indoor temperature is up to the optimal limit due to the application
of the insulation and the replacement of windows with an improvement of air tightness. Indeed,
the profile of temperature of air ranges from 21.7 ◦C to 26.6 ◦C with a maximum daily amplitude
of wave about 5.0 ◦C. As a result, it can be observed that the average indoor temperature (25.1 ◦C)
is higher than the maximum value of temperature for a correct fermentation of wine. The relative
humidity assumes a mean value of 53.8%.

According to these results, the indoor thermal behavior of the retrofit scenario (RI) is worse than
the building’s current state in summer conditions, if alcoholic fermentation and store process of wine
are considered.

4.3. Potential Effects of Insulated Floor on Ground Surface

Comparing the thermal performance of the wine cellar at the current state (TR) and after its
retrofit scenario (RI), it is evident that the implementation of standard energy efficient measures,
applied to a bioclimatic structure, leads to a worst thermal behavior due, basically, to the insulation
of the pavement that plays a fundamental role in heat and mass exchange for the maintenance of
suitable temperature for wine storage and aging. This latter behavior is noticeable in Figures 8 and 9,
where the temperature and humidity trend with (RI) are reported, and without thermal floor insulation
(RI-IGF) and in current state (TR). In addition, in Table 7, the maximum and minimum values of air
temperature, the maximum amplitude of temperature (∆Ta,max), and the average value of relative
humidity (RH) related to the three scenarios mentioned during the period 27 January–5 February are
reported. In Table 8, the maximum and minimum values of air temperature, the maximum amplitude
of temperature, and the average value of humidity related to the three scenarios mentioned during
period 5–14 September are reported.
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Table 7. Maximum and minimum values of air temperature, maximum amplitude of temperature,
and relative humidity of the three investigated scenarios during period 27 January–5 February.

Scenario Ta,max
(◦C)

Ta,min
(◦C)

∆Ta,max
(◦C) RH %

Current state TR 16.3 10.9 5.4 71.0
After retrofit RI 17.7 12.9 4.8 63.7

After retrofit with no
insulation on ground floor RI-IGF 16.7 12.2 4.5 65.3

Table 8. Maximum and minimum values of air temperature, maximum amplitude of temperature,
and relative humidity of the three investigated scenarios during the period 5–14 September.

Scenario Ta,max
(◦C)

Ta,min
(◦C)

∆Ta,max
(◦C) RH %

Current state TR 22.7 20.4 2.3 57.0
After retrofit RI 26.6 21.7 4.9 53.8

After retrofit with no
insulation on ground floor RI-IGF 25.0 21.6 3.9 54.4

Indeed, looking at the results, it is worth noticing that, in winter, the minimum and maximum
values of temperatures rise, but the optimal value of temperature for wine storage and aging is still
guaranteed. Basically, only the humidity undergoes a decrement from ideal values. However, the peaks
of temperature (RI) exceed the upper limit of 16 ◦C by about 1.7 ◦C. The latter value is lower in the
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RI-IGF scenario configuration by around 0.7 ◦C. In any case, the insulation of the building leads to a
reduction of oscillation between the peak values of temperature as reported in Table 7.

In summer, the thermal insulation applied leads to the overheating of the building and to the
increment of indoor temperatures beyond the optimal values as reported in Figure 9. Indeed, the peak
of maximum temperature is 26.6 ◦C in the RI scenario, on the other hand, although the increment of
temperature occurs also in RI-IGF, the peaks lie within the ideal values (Table 8). On the contrary,
the mean values of humidity do not undergo substantial variation compared to the current state.

The outcomes about the effectiveness of retrofitting scenarios on the indoor thermal conditions of
the wine cellar are not comparable with those of other studies. In literature, there are a few studies [17]
that deal only with the evaluation of indoor thermal conditions of traditional wine cellars in their
current configurations. Poor attention is given to the thermal and physical properties of the materials
used in the building components (such as the lava stone masonry and the crawl space solid ground
floor) and in their retrofitted configurations. Finally, dynamic and energetic thermal simulations have
rarely been used for the analysis of thermal performance of farm winery buildings.

5. Conclusions

The current research focused on the importance of traditional construction knowledge based on
the use of locally sourced natural base materials and bioclimatic design choices, as those used for rural
buildings in Etna volcano area. These dwellings are usually single or double-story buildings, resting on
the slope of the site and using local building materials, such as lava stone. Lava stone is renowned for
its use in masonry for the realization of thick walls, ranging from 60 to 80 cm, providing high thermal
inertia, which is particularly important in Mediterranean climates. A good bioclimatic approach is
always detectable in these buildings, as a result of the adaptation to natural phenomena that could
contribute in creating better living spaces concerning sunlighting, exposure, and ventilation aspects.

This kind of traditional architecture was often used in farm wineries and wine cellars,
productive spaces where typical temperature and humidity conditions must be maintained almost
constant in order to allow an optimal wine fermentation, aging, and storing process.

This study therefore analyzed the effectiveness of a wine cellar located in the Mount Etna area,
concerning its efficiency in maintaining adequate thermal and humidity indoor conditions for wine
production. In this sense, the U-value measurements made onsite have allowed a certain level of
accuracy for the Design Builder model, which was implemented in order to compare the current state
of the building with different retrofit strategies. Temperature and humidity values of the current state
simulation were calibrated with measurements made onsite, confirming the correctness of the model.

The observation of measured and simulated current state temperature and humidity showed
an interesting adjustment within the limits considered to be optimal for wine production
(including fermentation, aging, and storage processes). Nevertheless, the simulation highlighted that
some usual retrofit interventions made to comply with the Italian energy saving regulation, such as the
insulation of all elements of the envelope (roof, walls, and solid ground floor) and the replacement of
the windows, cause an increase in average indoor temperatures during summer, affecting the process
of alcoholic fermentation and storage of wine.

For this reason, a corrected retrofit scenario was investigated, where walls and roof are insulated
whereas the ground insulation is not. This is because the existing earth floor, due to its density and
high thermal conductivity, is particularly capable of absorbing heat and releasing it gradually over
time (thermal "flywheel" effect). Therefore, the heat and mass exchange through the solid ground
floor is not modified, with good consequences in the global thermal behavior of the building. In this
scenario, indoor temperatures in summer conditions are higher than the current state ones, but they
fall within the limits for the wine cellar activity, while humidity values remain closer to the optimal
ones for aging of wine.
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This paper showed the importance of contrasting usual upgrading and retrofit strategies for
existing buildings, with the ones that are possible to apply to vernacular dwellings designed with
a bioclimatic approach. In order to assess the best retrofitting options, several calibrated dynamic
thermal simulations were run on Design Builder software, referring to the most extreme hygrothermal
conditions during a year, and allowing a considerable reduction in data collection compared to
previously used methodologies. The specificity of some traditional constructive practices (as the use
of massive and uninsulated solid ground floors and walls), makes wine cellars an interesting case
study. Because of this specificity, the environmental conditions (indoor temperature and humidity),
which must be maintained for optimal fermentation and aging of wine, have to guide the upgrading
and retrofit strategies on these buildings, even if this means not to comply with current national
energetic regulations.
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