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Abstract: The industrial sector needs solutions and strategies that allow buildings to reduce their
energy consumption and develop their daily business activities. This paper discusses the long-term
monitoring measures of indoor thermal conditions in a warehouse with zero energy consumption.
The objective is to promote the use of passive design strategies within the industrial sector by
analyzing an example of the feasibility of achieving controlled environmental conditions with zero
energy consumption. In total, more than a million data points were processed and analyzed in
different periods of the year. Experimental measurements showed strong gradients in the vertical
distribution of temperature, this being a key aspect of the general behavior of the indoor environment
of the warehouse. A standard comparison variable was developed to quantify the monthly and daily
evolution of vertical stratification of the air to explain in detail the thermal behavior of the warehouse
throughout the year. The results showed the efficacy of the design of these constructions to mitigate
the high temperatures typical in a Mediterranean-Oceanic climate. This example of ingenuity in
passive design demonstrates how, by combining the right strategies, the desired conditions can be
obtained without any energy consumption.

Keywords: cathedral warehouse; centenary buildings; passive design; stratification; indoor environ-
ment control; long-term monitoring

1. Introduction

The first step to comply with the European Union goals of Near-to-zero energy build-
ings is to reduce the energy consumption in buildings. Most of building consumption is
related to the use of active systems to maintain interior comfort [1]. The industrial sector
consumed 52% of global delivered energy in 2008, and its energy consumption increases by
an average of 1.5% per year over the projection [2]. The industrial sector needs solutions
and constructive strategies that allow the buildings to reduce their energy consumption
as well as develop their daily business activities. Numerous studies are focused on the
reduction of the energy consumption in residential, public, and commercial buildings.
However, there are a lot fewer studies focused on the industrial field. Industrial buildings
have high thermal loads and air-change rates, long operating hours, and great pollution
control or other environmental requirements [3]. A good alternative for reducing the energy
demand of a building is to implement passive design strategies [4—7]. Previous studies
support that passive design buildings can save more than 50% of total primary energy
consumption [8].

There are many studies that focus on investigating the indoor environment and
thermal stratification in industrial buildings, as well as its interaction with humans. For
example, several researchers have evaluated the effects of moderate cold and heat stress
on factory workers in Southern Africa, in aspects related to full-scale simulations [9]; skill
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and performance in the cold and the heat [10,11]; skin temperature, oral temperature,
heart rate, and comfort vote [12]; comparison between naive and skilled workers [13];
performance and physiological reactions to increased humidity [14]. Other more recent
studies have focused on adaptive thermal comfort for workers, quantifying psychological
and behavioral changes in workers due to the COVID-19 pandemic situation [15]. However,
there is less research on evaluating the indoor environment in industrial buildings and
their interaction with stored products.

The present study is focused on a building located in the south of Spain, a cathedral
warehouse, an example of passive building design in the agricultural industrial sector.
Cathedral warehouses present a centenary constructive design and are commonly used for
the aging of the Sherry wines of Jerez. In its interior, the wine is placed in the lower part of
the warehouse, placing them at different heights and placing those of better quality and
older close to the ground. Chemical and biological processes that require very particular
environmental conditions take part during the elaboration process of the wines. Specifically,
in biological aging, the environmental conditions of both temperature and air humidity
must be consistent and maintained for decades [16].

A cathedral warehouse provides special environmental conditions for the aging of
Sherry wines. These conditions are necessary for the proliferation of a layer of yeast that
grows on the surface of the wine, called “veil of flor” [17]. When these environmental
conditions change, the biological process through which wines are processed is usually
altered [18]. The studies carried out about this type of wines (one hundred indexed
articles in the last five years) focus on the physicochemical properties, economic aspects,
commercial aspects, etc. However, no studies have been found that analyze the design
points of the industrial building that make possible the aging of this unique product. On
the contrary, in other types of wines, there are several studies on the relation between
construction and the indoor environment [19-21].

In this paper, the complex way of working warehouse of the cathedral is examined
in detail, analyzing the different factors that make possible an ideal indoor environment
throughout the year. To obtain such conditions, avoiding the characteristic high tempera-
tures of a warm climate and achieving the right humidity level, the buildings base their
control on a combination of factors such as air stratification, ventilation, or thermal inertia
of the floor and the walls. Among the mentioned factors, as will be seen later, the great
indoor height of these buildings and the air stratification this fact implies must be noted.
The stratification of the air temperature is a very significant phenomenon of the building
behavior, which may be of great importance in high-rise buildings.

At present, there are few studies focused on investigating the phenomenon of stratifi-
cation or air temperature in warehouses. Mark Armstrong et al. [22] analyzed the energy
savings of cold weather destratification of a warehouse facility. The results include both
environmental conditions” and energy savings’ analysis of a fan system in a Toronto ware-
house where energy losses over the total cost are up to 5%. Fernando R. Mazarrén et al. [23]
carried out an evaluation of low-rise basement constructions in the winery industry, show-
ing that interior environmental conditions present much greater stability than exterior
conditions (70% reduction in annual temperature variation and 98% reduction in daily vari-
ation reduction). C. Porras-Amores et al. [24] analyzed the vertical temperature gradients
existing in warehouses, quantifying their value and analyzing their evolution over the year.
The stratification values shown in the research could be helpful for low-rise warehouses
for products sensitive to temperature changes. In view of little information about the
stratification of air temperature in warehouses without HVAC system:s, this fact should be
further explored more deeply.

Furthermore, this research reveals the indoor behavior of the high-rise cathedral
warehouse for Sherry wines. There are no precedents in analyzing the behavior and
effectiveness of the strategy used in cathedral warehouses, combining great interior height
and upper ventilation openings. In addition, no studies were found analyzing the evolution
of the temperature inside this type of construction.
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2. Materials and Methods
2.1. Area of Study
The study area is the west coast of the province of Cadiz, located in the south of

Spain. It is an area known as “El Marco de Jerez” (area of Jerez), a place with ancient wine
tradition, where quality and internationally known Sherry wines are produced (Figure 1).
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Figure 1. Research area of the study (left) and annual ambient conditions (right).

The Jerez area has a Mediterranean-Oceanic climate with moderate temperatures
all year round. The average annual temperature in the year of study was 18.2 °C, with
maximum temperatures around 40 °C in August and minimum temperatures of 0 °C
in January.

The air humidity is quite high, except for the dry months, with an average annual
relative humidity of 68%. The wind has a great influence on the humidity. When the wind
comes from the west, 100% humidity may be reached, while when it comes from the east,
humidity can lower to 20%.

2.2. Analyzed Building

This paper examines the complex way of working of a zero-energy industrial building,
establishing the relationship between the indoor environment and the passive and con-
structive systems employed in the cathedral warehouse. To do so, a representative building
with the architecture of the area has been monitored. The building has an orientation
(northwest-southeast) that is ideal for capturing the environmental humidity from the sea
and avoiding the high insolation over both longitudinal fagades (Figure 2).

Next, the main constructive features of the building are described:

e Ithas a pitched roof with two slopes that meet at a central ridge. The orientation of
the building and the design of the roof with two slopes allow the indoor heating of
the building during the summer months to be lower, as the heat interchange is mainly
done through one of the slopes. The materials that form the roof are ceramic roofing
tiles (exterior material), mortar of lime and sand mortar, thick compact cooked clay
bricks (5 cm), and a mixture of wood slats. The entire roof relies on large wood joists.
the thermal characteristics of the roof are shown in Table 1.

e The structure is made of several courses of pillars (60 cm?) that hold the roof and
of load-bearing 80 cm thick walls that work as a closing. The pillars are made of
stone and brick and support large wooden beams where the joists are supported. The
very large span, in addition to its structural function, allows for ventilation and the
height of the ceiling. The walls are made with mortar (lime, sand, and water), stone
masonry, and mortar (lime, sand, and water). Exterior walls help maintain indoor
environmental humidity due to the materials they have been built with. Sandstone has
high hygroscopic properties that allow the wall to absorb water from the terrain [16].
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The indoor and outdoor finishing is hygroscopic and allows the transpiration of the
building. The white lime exterior finishing (reflecting) reduces the effect of sun beams.
Voids in fagade: The accesses to the building, made of large wood doors, are placed in
the central part of the longitudinal facades. The window openings (1.6 m x 2.5 m) are
located four meters from the ground and distributed throughout the perimeter of the
building. The openings do not have windows [25], but they have an iron bar frame
and are usually covered with thick esparto blinds, allowing ventilation in addition to
preventing direct entry of sunlight and subsequent indoor heating of the building. The
window voids located at great height favor natural ventilation and transpiration inside
the building. Additionally, there are two large round openings in the upper northwest
part of the building, close to the roof, that have the function of favoring ventilation.
The pavement is formed by long concrete flooring as distributors, and the rest of the
floor is built with a mix of sand, lime, and some iron (Figure 3). Their use has tradi-
tionally been justified as a means to conserve humidity and as a passive refrigerator
in the lower area, where the product is stored [16]. When the outdoor temperature is
high, the sand floor is watered to reduce the temperature by evaporative cooling.
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Figure 2. Elevations and ground floor of the building. Situation of the monitoring spots selected (A,
B, C, D and E).

Table 1. Characteristics of the construction system of the walls and roof.

. Thickness Density Conductivity
Material (m) (kg/m®) (W/m-K)
Walls U-Value: 0.886 W/m2K
Mortar (lime, sand, and water) 0.025 2100 1.3
Stone masonry 0.600 2050 0.55
Mortar (lime, sand, and water) 0.025 2100 1.3
Roof U-Value: 3.125 W/m?K
Ceramic tiles 0.0400 2000 1.00
Nonventilated air chamber 0.100 1.293 0.50
Mortar (lime, sand, and water) 0.025 2100 1.3
Compact cooked clay bricks 0.050 2300 0.82
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Figure 3. Photographs of the studied zero-energy building.

2.3. Monitoring

Firstly, a preliminary study was carried out using nonpermanent sensors and a thermo-
graphic camera to offer a global idea of the indoor hygrothermal behavior of the construc-
tive elements of the building in different periods (warmer and colder season), as well as to
help design the permanent monitoring plan. To do so, a thermographic calibrated camera
Model FLIR B335 with a FOL18 lens (thermal sensitivity/NETD 50 mK; IR resolution
320 x 240 pixels and Spectral range 7.5-13 um) was used.

Subsequently, a permanent monitoring plan was designed using temperature and
humidity sensors distributed in different indoor and outdoor areas of the building (Figure 2).
The goal of the installed sensors system is to track in detail and for a long period of time the
main environmental parameters of the wine aging process carried out inside the building.

To determine the horizontal variations of temperature and relative humidity, sensors
were installed in the four quadrants of the useful surface in which the space is divided, as
well as in the center of the building. The sensors were placed at an intermediate height
of storage of the product. Since the preliminary analysis showed a great hygrothermal
uniformity throughout the warehouse, numerous temperature sensors were installed at
spots A, C, and E (Figure 2) were installed with the aim of monitoring in detail the vertical
variations throughout the year. The thermography inspections were verified to show that
the considerable temperature differences were vertical.

Therefore, temperature probes were placed at different heights of 0.1, 1.2, 2.4, 3.6, 4.8,
6, 7.2, and 8 m, along with a temperature and humidity sensor at 10.2 m in the highest
central area, covering a large part of the vertical profile from the ground up to the area
close to the roof. Outdoor conditions were monitored through a sensor located close to the
construction, protected from solar radiation and rain with a special case.

During the monitoring process, Hobo® Pro V2 data loggers with interior temperature
sensors of the type thermistor and capacitive type relative humidity (precision 4-0.18 °C at
25 °C and £2.5% from 10% rh to 90% rh) and four channel Hobo®data loggers with exterior
temperature probes (precision +0.25 °C at 20 °C and resolution 0.03 °C at 20 °C) were used.
The measurement interval was set at 15 min for all loggers for one year, obtaining a total of
1.059.212 data points.

2.4. Analysis of the Data

Thermograms obtained in the preliminary inspections were processed through com-
mercial software, obtaining temperature profiles along the construction. The analysis of the
thermograms made clear the differences between the different elements of the construction,
showing significant variances of temperature. The information obtained in this analysis
served as a basis for optimizing the permanent monitoring system. Temperature and
relative humidity data were processed and analyzed to quantify the average variations,
both horizontal and vertical.



Sustainability 2022, 14, 563

6 of 13

Given the large vertical temperature variations recorded in the warmer season, the
influence of the height of the building on vertical temperature is analyzed in detail through-
out the year. To do so, the data obtained through the monitoring were statistically pro-
cessed in order to characterize the stratification of the temperature and the influence of the
exterior temperature.

After conducting a preliminary analysis of the temperature profiles obtained (Figure 4),
a linear temperature variation was assumed, in which the temperature increases constantly
with height. This approximation was valid for the purpose of the article (as it will be
analyzed in the results), allowing one to carry out a comparison between the average values
of variation along the months, and between some areas and others.

Figure 4. Thermal images from inside the building.

In this way, the model that relates the difference in temperature between any height
and the height close to the floor (AT) with the height (h) is as follows:

AT=ph+e¢ 1)

where 31 (°C/m) represents the way in which changes in the independent variable (height)
influence the dependent variable (difference of temperature with respect to the temperature
in a spot close to the ground), ¢ being an error term which represents unexplained variation
in the dependent variable, assuming a linear regression. Linear regression analysis has been
carried out for each of the 35,136 instants in which the temperature profile was monitored
in the different areas of the building (A, C, E).

3. Results
3.1. Preliminary Analysis through Thermographic Inspection

Preliminary thermography inspections provided qualitative information on the overall
thermal behavior of the building, helping to optimize and decide the permanent monitoring
plan. In addition, the qualitative analysis carried out tried to offer a global vision of the
thermal behavior of the constructive elements inside the building in different periods.

In the hottest season, differences of several degrees were recorded between elements
close to the roof and those close to the floor. In the area where the product was stored (up
to four meters) the variations were also high, particularly in the summer. The sand floor
and the area close to it maintained a lower temperature than the rest of the construction
elements (Figure 4). This phenomenon seems to highlight air stratification inside the
building. On the contrary, horizontal variations along the cathedral warehouse seemed to
be less significant, showing differences lower than ~1 °C.

In the summer months, when the daily insolation in the roof was at its highest, the
differential heating of the two slopes was clear, even with differences higher than ~3 °C
(Figure 4). It was also observed how in this period the highest temperatures were reached
in the upper strata of the building. This phenomenon may confirm the correct use of
great heights to avoid reaching temperatures that are too high in the area of storage of
Sherry wines.
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On the contrary, the changes seemed to be less evident in the colder months, with
smaller differences, both vertical and horizontal. In the winter, the roof could be several
degrees cooler than the elements of the lower indoor area. As expected, ventilation holes
were the elements that presented a lower temperature in the winter and a higher tempera-
ture in the summer. However, the great abundance of these elements is justified, as it plays
a very important role in the regulation of ventilation, an aspect that will be analyzed later
through the permanent monitoring plan. The differences in temperature found in the wall
and in the big round opening made clear the great thermal inertia of the thick walls and
their ability to dampen the daily temperatures.

The first approach to indoor environmental behavior conducted in this section indi-
cates the existence of strong vertical temperature gradients and small horizontal variations
in the summer and winter days studied. In addition, natural ventilation is made through
the entrance openings (windows and high round openings) of the warehouse, this being
a key aspect in the regulation of the indoor environment. For these reasons, the per-
manent monitoring system has focused on the analysis of the vertical stratification of
the temperatures.

3.2. Analysis of The Data of Permanent Monitoring

The analysis of the indoor and outdoor temperature data monitored for a year allowed
confirming the preliminary results obtained with thermography. In general, the registered
horizontal variations were not significant.

For the horizontal distribution of air temperature, the average annual values obtained
at different heights were 0.33 £ 0.25 °C at 0.1 m; 0.35 £ 0.17 °C at 1.2 m; 0.36 £ 0.11 °C at
24 m;0.38 +0.09 °C at 3.6 m; 0.27 + 0.08 °C at 4.8 m; 0.21 £ 0.08 °C at 6 m; 0.06 £ 0.08 °C
at7.2m; 0.02 £ 0.1 °C at 8 m. At a great height, the differences were very small on all
surfaces of the warehouse, which indicated higher homogenization of the air in these strata.
In the same way, the relative humidity on all horizontal surfaces of the building appeared
to be relatively stable, with an average difference from 0.4 £ 1% to 2 m.

The lower area of the warehouse where the wine is stored was much more stable than
the high area in front of the changes in outdoor temperature. The differences between
the lower area and the area close to the roof may go over 10 °C in the hottest times of the
summer months (Figure 5). As height increased, the influence of the exterior and the daily
changes registered increased.

40 40
36 36
32 || | | ‘ BE A l}l ‘ |1l\" |
E " | j ‘IH i i 2 l‘l f ”X l‘:"fl"#“"“‘;" lm |
g 24 i A 24 R .g-“‘
£ o0 HEINEE T o wn~\|w*“‘\'““~‘“'*«;;,.-“ |
2 16 i Il! b 16 # "w it i 1' M,A ""'EJ‘
£ D i - [ wmww !
i I i I
||I — Exterior 4 W — Exterior
8 St U s i = e T I I
e fm a m j j a s o n d e f m a m j j a s o n d

Figure 5. Indoor air temperature close to the floor and of the roof vs. outdoor temperature.

The intensity of the vertical temperature gradients varied depending on the height
and time of year. Given this behavior, a detailed study of the vertical distribution of tem-
peratures throughout the year was carried out. To do so, the monthly average temperatures
were calculated for each height monitored in each of the studied areas. The monthly aver-
ages were used to represent the temperature profile for each month (Figure 6). Since the
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building has a gable roof, the height monitored in the central part (10.2 m) was higher than
on its sides (8.0 m) due to the slope of the roof. However, only seven months of data could
be obtained from the sensor located at 10.2 m, due to a problem in the data recording.
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Figure 6. Curves of the vertical stratification of the monthly average temperature in different areas of
the warehouse (A, C, E).

Vertical air stratification showed important differences depending on the time of year,
increasing with outdoor temperature (Figure 6). The monthly average differences between
the upper and lower parts may go over 3.3 °C of monthly average in the warm months. In
contrast, in the cold months, the differences were considerably smaller (1 °C), with close
values along all the vertical profiles. This phenomenon was due to existing temperature
differences between the roof and the strata close to the floor, the temperature of which was
conditioned by the own floor and the infiltration of exterior air through the entrances of
the building.

In the summer, the highest incidental radiation on the roof heated up the indoor air,
which, being lighter, remained in the high areas, so the differences with the lower strata
increased. Hot air infiltrations through the higher round openings also remained in the
higher area. In the winter, the roof had a lower temperature than the floor and the air
of the lower strata. This implies that the roof cooled the air in the upper strata, which
was heavier than the lower strata air and went down, creating homogenization of the air
and smaller differences. The cold air coming from outdoor infiltrations would increase
this phenomenon.

When the monthly temperature curves of the warm months were examined in detail
(Figure 6), a bigger increase of the temperature differences among the first four meters
appeared. From that height on, coinciding with the height of the window openings, the
increase was much more moderate or even non-existing, with some peak in the area close
to the roof. This phenomenon, along with the greater similarity of indoor and outdoor
temperature from four meters on, seemed to indicate that the air was more static and
stratified in the lower part of the building, while as the height increased, there was a
homogenization of the air and outdoor infiltrations.

Indoor thermal stratification seems to be a key aspect in the operation of the indoor
environment of the warehouse, since it allows one to understand the global thermal behav-
ior of the construction. Therefore, in the following section, a standard comparison variable
that quantifies both the monthly and daily evolution of vertical thermal stratification of
the air is proposed to explain the hygrothermal behavior and ventilation of the building
throughout the year.

3.3. Statistical Analysis of the Vertical Stratification of the Temperature

To perform a comparative study and quantify the stratification of the temperature
throughout the year, a linear regression analysis of the temperature data was carried out.
For each height, an average of the data obtained in the different areas of the warehouse was
calculated. The area close to the roof was not analyzed due to the impossibility of getting
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data from the last two meters close to the ceiling. Before the adjustment was performed,
it was taken into account that the thermal stratification rupture line seems to be close to
the window hole. Therefore, the curve that defines the vertical distribution of temperature
was divided into two parts: the lower area (0—4 m) and the higher area (4-8 m). For each of
these groups, a simplified model of linear variation was assumed. That approximation was
acceptable taking into account the purpose of the study and allowed us to have a standard
variable of comparison (the gradient of the line of stratification), solving the problem of the
change of curvature.

Linear regression analysis was carried out for each of the 35,136 instants in which
the temperature profile was monitored in the different areas of the building (A, C, E). The
model relates the difference of temperature with respect to the spot closest to the ground
(dependent variable) with height (independent variable). The slope of the straight line
obtained in the (f31) represents the °C of variation for each meter of height. The monthly
average of the analysis carried out is shown in Table 2. In the high area, the adjustment of
the model was very good for all months, with values of R? between 0.89 and 0.97. In the
low area, the adjustment was equally good in the warmer months. In the coldest months,
the existing reduced temperature differences created a slightly worse adjustment, although
they were also associated with very little estimation errors, lower than 0.07 °C/m.

Table 2. Results and coefficients of the linear regression model. Model summary (R square, standard
error of the estimation, significance level), unstandardized coefficients (31, standard error of the
estimation, significance level).

Low Area High Area
Unstand. Unstand.
Model Summary Coefficient Model Summary Coefficient

Month R2 Err p1 Err R2 Err 1 Err
Jan 0.74 0.06 0.06 0.02 0.95 0.04 0.11 0.02
Feb 0.88 0.10 0.22 0.04 0.93 0.05 0.13 0.02
Mar 0.98 0.10 0.42 0.04 0.94 0.05 0.11 0.02
Apr 0.92 0.06 0.21 0.02 0.97 0.02 0.07 0.01
May 0.95 0.18 0.68 0.07 0.93 0.05 0.13 0.02
Jun 0.95 0.19 0.58 0.07 0.95 0.05 0.13 0.02
Jul 0.95 0.16 0.50 0.06 0.95 0.05 0.14 0.02
Aug 0.95 0.15 0.47 0.06 0.94 0.05 0.13 0.02
Sep 0.86 0.12 0.28 0.04 0.94 0.04 0.10 0.02
Oct 0.77 0.05 0.09 0.02 0.94 0.03 0.08 0.01
Nov 0.77 0.05 0.01 0.02 0.89 0.02 0.05 0.01
Dec 0.80 0.07 0.05 0.03 0.94 0.03 0.07 0.01

The variable standard of comparison (coefficient (31) represents an average value and
allows comparisons to be made between different periods and heights, not reflecting the
variations that occur on a day. From the analysis, it can be concluded that the stratification
of the temperature in the lower part of the building was higher than that in the higher area
most of the year, being particularly noticeable in the hottest months. In the lower area,
monthly average values of up to 0.68 °C/m were reached, while in the higher area, the
values were lower than 0.15 °C/m. Performing an analysis of the variation of the stratifi-
cation values (f31) for the entire period, it can be concluded that there was a statistically
significant difference (p = 0.0000 of the F-test) between the stratification of the higher strata
and the lower strata at the 95% confidence level. The analysis reinforced the hypothesis
of the existence of two differentiated areas inside the building, which were separated at a
height close to the line where the window openings of the fagade start.

In the lower part of the warehouse, the values of 3; in the warm months were much
higher than those obtained in the cold months. Analyzing the values of 3; against the
differences in temperature between the interior (a more stable area, close to the floor) and
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the exterior, a clear relationship could be observed between the increase in the outdoor
temperature and the stratification of the lower area (Figure 7). Thus, the mechanism of
protection against high temperatures was based on an accumulation of cold air in the lower
area protected from daily changes by the thick external walls (thermal inertia), where a
lower temperature of the floor and the evaporative cooling by regular watering kept the air
cooler than in the upper layers. In this way, the shorter the distance to the floor, the cooler
the air and the more protected the wine against sudden increases in temperature.

Low Zone High Zone
2 2
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y=0.174x + 0.138 + Feb y =0.0147x + 0.089 s Feb
R? = 0.8849 2
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Figure 7. Stratification of indoor air measured through coefficients (3; with respect to thermal
variation between interior and exterior. Daily average values.

On the contrary, in the upper area, the average values of 3; were small when the
temperatures were high, registering a much reduced increase with increasing outdoor
temperature. The temperature in this area presents small differences along several meters,
except for the area close to the roof, where the temperature tended to increase due to
heating. Taking into account that the temperature in the upper area presented values and
variations similar to that of the outdoor temperature, the few differences in several meters
could be due to homogenization of the hot air produced by the infiltrations of outdoor air
through the window and round openings. Therefore, the combination of the high height of
the warehouse and the large ventilation holes reduced the high temperatures of the roof,
thus protecting the wine from heat.

Differences between the lower area and the higher area were small during the coldest
months; with an average 3; monthly lower than 0.1 °C/m. The stratification values
were very small, and very similar temperatures were registered in the whole profile. The
coldest roof temperature, detected by thermography (Figure 4), explained this phenomenon,
since it cooled the air in the upper strata, with the consequent descent to the lower strata
homogenizing the air.

The monthly stratification analysis reflected the evolution throughout the year, but
it did not reflect the variations experienced throughout the day. Analyzing the varia-
tions of the 3; along the day, a differential daily behavior can be observed between the
lower area and the upper area (Figure 8). In the stratification lower area, the variations
throughout the day were noticeable, increasing as the outdoor temperature increased,
from sunrise to the daily maximum between 16:00 and 18:00. From that moment on, they
decreased to the minimum values right before sunrise, when the outdoor temperature also
reached its minimum.
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Figure 8. Stratification of indoor air measured through coefficients 3; along the day.

The biggest differences along the day occurred in the hottest months, and the smallest
ones in the coldest months. Maximum values of all year (1.2 °C/m monthly average) were
obtained in May, since the effect of a large increase in outdoor temperature was combined
with a cooler ground temperature in the summer months, confirmed by a minimum
value close to 0.3 °C/m. As the cold months began to settle, the floor became cooler,
and stratification tended to disappear at night (Figure 8). It was confirmed that annual
behavior was reproduced daily, conditioned by variations in outdoor temperature and
floor temperature.

In contrast, in the upper part, there was little difference in stratification throughout the
day, independent of the temperature of the outdoors and the time of year. Values remain
relatively constant throughout the days and months, between 0.1 and 0.2 °C/m. It was
confirmed that in this area, there was constant homogenization of the air, breaking the strati-
fication of the air. Although the differences of temperature between the different spots were
steady, the temperature of each one experienced higher variations along the day than in the
lower area, being an area with large variations of temperature and higher temperatures.

4. Conclusions

Experimental measurements showed strong gradients in the vertical distribution of
temperature, this being a key aspect of the general behavior of the indoor environment
of the construction. The methodology developed from statistical procedures allowed one
to establish a standard comparison variable (coefficient 31) to assess the monthly and
daily behavior of indoor thermal stratification. The methodology could be useful to others
who wish to conduct long-term studies of the thermal stratification of air inside high-rise
buildings, such as the cathedral warehouses for Sherry wines. The large amount of data
processed (over one million) allowed us to evaluate and characterize the thermal behavior
of the warehouse during the year.

In addition, this research revealed the unknown indoor behavior of the cathedral
warehouse for Sherry wines. The results indicated that the indoor environment was
conditioned by a combination of elements in the building design, among which one must
point out the great indoor height, the windows, and the ventilation round openings located
at a high position, the sand floor, and thick exterior walls. The combination of all these
elements favored the creation of two areas with different thermal behavior, which were a
lower area more protected and more stable where the wine is placed and an upper one with
higher temperatures and bigger daily variations. The differences between the lower area
and the area close to the roof may go over 10 °C in the summer months. In the lower part of
the warehouse, the stratification values in the warm months were much higher than those
obtained in the cold months. Monthly average stratification values of up to 0.68 °C/m were
reached, reaching 1.2 °C/m at the central hours of the day. This phenomenon demonstrated
that the mechanism of protection against high temperatures was based on accumulation of
cold air in the lower area protected from daily changes by the thick external walls, where a
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lower temperature of the floor and evaporative cooling by regular watering kept the air
cooler than in the upper layers.

In the upper part, the combination of the great height and the ventilation holes
managed to isolate the roof and its high temperatures from the lower part. For that reason,
the wines are piled up, placing those of higher quality and age closer to the floor.

The results showed the efficacy of the design of these constructions to mitigate the
high temperatures typical of a Mediterranean-Oceanic climate and to avoid their dam-
aging effects, providing special thermal conditions for the aging of these unique wine
products. The study analyzes and verifies the effectiveness of combining great heights
and upper ventilation openings to diminish the increase in temperature and exterior radia-
tion. The passive design of the cathedral warehouse provides the right thermal conditions
for the chemical and biological processes that take place in the aging of Sherry wines,
which could not be reproduced by air conditioning systems. This example of ingenuity
in passive design demonstrates the potential of passive design strategies in the industrial
sector, which are feasible for achieving controlled environmental conditions without any
energy consumption.

Studies like this are necessary to generate more specific scientific information that
engineers and architects can use for designing the indoor environment in high-rise ware-
houses. Future research can be conducted to develop more complex models with external
weather data as an input and explore the benefits of passive technologies in different
climatic regions.
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