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Abstract: Winemaking facilities require specific interior hygrothermal conditions for wine production

and aging, often necessitating the use of electromechanical cooling and humidification systems

that increase energy consumption costs. This study aimed to assess the potential application of

bioclimatic strategies in artisanal wine cellars within the Guadalupe Valley, Baja California, Mexico,

using a quantitative theoretical method. Psychrometric charts incorporating estimated and measured

meteorological data from the study area were employed to analyze bioclimatic strategies for two

key areas of a wine cellar: (1) Production and (2) Aging. Our findings highlight that integrating

high thermal mass and shading techniques represents an effective strategy for wine cellar design,

offering reduced reliance on active systems and promoting substantial energy savings. This research

underscores the viability and benefits of bioclimatic design approaches in enhancing the sustainability

and efficiency of wine cellar operations, particularly in regions with specific climatic challenges. like

the Guadalupe Valley.
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1. Introduction

The energy consumption for indoor climate control of buildings is a common issue
in the wine industry, extensively investigated by various authors primarily focused on
improving energy efficiency through industrial process optimization and the integration
of renewable energy sources [1–3]. The wine sector emits 1 ton of CO2 per ton of wine
produced [4,5], mainly due to temperature control during production processes and the
quality of constructed facilities dedicated to product packaging and aging.

The fermented grape must can reach temperatures of up to 30 ◦C in red wines and 19 ◦C
in white wines [6,7]: the heat generated in this process is transferred to the environment of
the winery, which is why it is necessary to maintain the interior production space within
an appropriate temperature range, so as not to damage the wine fermentation process,
especially in the warm period. Controlling relative humidity is also essential for the wine
aging area, aiming to prevent condensation and reduce wine loss through evaporation
within barrels, which can range from 1% to 9% of the total stored production [7].

For this work, a farm winery, also referred to as wine cellar, was defined as the
space intended for the production, conservation and storage of wine. The wine cellar
is a construction that requires controlled indoor environmental conditions (temperature,
humidity, lighting and sound) to ensure the quality of the final product [8]. The aging area
and the production area of a winery were analyzed: in the first one, barrels and bottles
are located for preserving the wine; in the second one is the machinery necessary for the
processes of destemming, extraction of grape must and fermentation.
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The Guadalupe Valley, Mexico, is considered as the study area of this research. In
that context, 77% of producers use traditional winemaking processes, which is why they
are considered artisanal, with a production of less than 90 m3 of wine per year. The other
23% is made up of medium-sized and industrial-type producers, the latter with an annual
production greater than 450 m3. The need for internal environmental control, combined
with little or no adaptation of the wine cellars to the local climate, directly affects the
artisanal producers of the study area, since they are the ones who have the least economic
capacity to cover the cost of electrical energy needed. This causes an increase in the final
price of their products and reduces possibilities of competition in the market.

Bioclimatic design is a discipline from which the characteristics of the climate and the
correct application of building elements and technologies can be analyzed to control the
heat transfer process [9]. The term bioclimatic does not exclude the use of electromechanical
systems, when required, to optimize the thermal performance of the building [10]. The
use of various passive strategies in agri-food buildings has been studied in Italy [11–13],
Spain [14,15], Australia [16], and Mexico [17,18] from various approaches, such as energy
efficiency, sustainability, and climate change, to name a few.

Identifying the bioclimatic strategies that most effectively reduce energy demand from
HVAC systems, hence alleviating energy bills, and mitigating GHG emissions in buildings
across various climatic conditions, is increasingly important. In this context, it is thus
crucial to precisely evaluate the performance of bioclimatic strategies and their potential
application in new or existing winery buildings through specific variables, such as air
temperature, air velocity, air humidity, and thermal comfort limits, for wine production
and aging spaces [9].

The objective of this study was to determine bioclimatic design strategies for artisanal
wine cellars based on theoretical ranges of dry bulb temperature and relative humidity and
a psychrometric analysis with estimated and measured data of the local microclimate. This
allowed definition of the potential use of each strategy to achieve the necessary interior
conditions for wine production and aging. The study was carried out with reference to the
climate conditions of the Guadalupe Valley in Mexico. This work provides opportunities for
future research on the bioclimatic design of wine cellars, making the necessary adaptations
to the climatic conditions of the study area. Defining the optimal limits and potential use of
bioclimatic design strategies will serve as a critical reference for architects and engineers in
developing appropriate design solutions for agro-industrial buildings.

2. Materials and Methods

The research design included four stages:

1. Characterization of the study area,
2. Microclimatic monitoring,
3. Psychrometric analysis, and
4. Results analysis.

The research approach was theoretical and quantitative, based on the calculation of
bioclimatic strategies, appropriate indoor ranges of dry bulb temperature and relative
humidity for wine cellars, and the measurement of meteorological variables. This approach
enabled the graphical representation of the relationships between the local microclimate
and the potential use of bioclimatic strategies on a psychrometric chart.

Firstly, the characterization of the study area was conducted to gather detailed informa-
tion about the geographical and climatic specificities of the region. This foundational step
ensured a thorough understanding of the environmental context in which the subsequent
analyses are to be conducted.

Secondly, the microclimatic monitoring phase involved the precise measurement of
local atmospheric conditions over a defined period. This step was crucial for capturing
the variability and dynamics of microclimatic factors, such as temperature, humidity, and
wind patterns. Advanced meteorological instruments were utilized to obtain accurate and
high-resolution data.
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The third stage, psychrometric analysis, involved using this data to assess the psy-
chrometric properties of the air in the study area. This analysis focused on understanding
the relationships between temperature, humidity, and other thermodynamic properties.
By plotting this data on a psychrometric chart, the researchers can visualize the “comfort
zones” and the effectiveness of various bioclimatic strategies for maintaining optimal
conditions within wine cellars.

Finally, the stage of results analysis synthesized the data and insights gained from the
previous steps. This comprehensive analysis aimed to determine the best strategies for
controlling the indoor environment of wine cellars. The findings highlighted the potential
for leveraging local microclimate characteristics to implement efficient bioclimatic solutions.
The graphical representations provided clear evidence of how these strategies could be
applied to maintain ideal storage conditions, thereby ensuring the quality and preservation
of wine.

Overall, the research employed a robust theoretical and quantitative approach, in-
tegrating environmental data and bioclimatic principles to offer practical solutions for
wine cellar management. This method not only facilitated a deeper understanding of the
microclimatic influences but also demonstrated the feasibility of using bioclimatic strategies
to achieve optimal indoor conditions.

2.1. Study Area

The Guadalupe Valley is located in the Northwest of Mexico (32◦05′47′′ N and
116◦34′21′′ W) in the Municipality of Ensenada, Baja California, 100 km from the southwest
border of the United States (Figure 1). It is a rural area with a territorial extension of
663.53 km2 and a population of 5316 inhabitants, divided into three delegations: Francisco
Zarco, San Antonio de las Minas and El Porvenir.

wind patterns. Advanced meteorological instruments were utilized to obtain accurate and 
high-resolution data.

The third stage, psychrometric analysis, involved using this data to assess the psy-
chrometric properties of the air in the study area. This analysis focused on understanding 
the relationships between temperature, humidity, and other thermodynamic properties. 
By plotting this data on a psychrometric chart, the researchers can visualize the “comfort 
zones” and the effectiveness of various bioclimatic strategies for maintaining optimal con-
ditions within wine cellars.

Finally, the stage of results analysis synthesized the data and insights gained from 
the previous steps. This comprehensive analysis aimed to determine the best strategies for 
controlling the indoor environment of wine cellars. The findings highlighted the potential 
for leveraging local microclimate characteristics to implement efficient bioclimatic solu-
tions. The graphical representations provided clear evidence of how these strategies could 
be applied to maintain ideal storage conditions, thereby ensuring the quality and preser-
vation of wine.

Overall, the research employed a robust theoretical and quantitative approach, inte-
grating environmental data and bioclimatic principles to offer practical solutions for wine 
cellar management. This method not only facilitated a deeper understanding of the mi-
croclimatic influences but also demonstrated the feasibility of using bioclimatic strategies 
to achieve optimal indoor conditions.

2.1. Study Area
The Guadalupe Valley is located in the Northwest of Mexico (32°05′47″ N and 

116°34′21″ W) in the Municipality of Ensenada, Baja California, 100 km from the southwest 
border of the United States (Figure 1). It is a rural area with a territorial extension of 663.53 
km2 and a population of 5316 inhabitants, divided into three delegations: Francisco Zarco, 
San Antonio de las Minas and El Porvenir.

Figure 1. Location of Guadalupe Valley in Mexico (source: elaboration by the authors).Figure 1. Location of Guadalupe Valley in Mexico (source: elaboration by the authors).
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The wine produced in this area is estimated at 17,000 m³, representing 90% of the total
annual national production [5,19]. Its geographical location, situated between 30◦ and 50◦

north latitude and known as one of the world’s wine belts, results in a Mediterranean-type
climate. This creates an optimal environment for vine cultivation [20], enabling the region
to compete with wines from France, Spain, and Italy.

The topography of this region ranges between 250 and 500 m above sea level (a.s.l.),
and the mountain range surrounding the area reaches a height of up to 1050 m a.s.l. The
climate is Mediterranean-type BSks(e) [21] with an average maximum temperature of
32 ◦C during the warm period and an average minimum temperature of 3 ◦C during
the cold period. The mean annual temperature is 12 ◦C to 18 ◦C, with dominant winter
rains with a historical average of 295 mm a−1 and a high potential evaporation rate of
1618 mm a−1 [22]. Rainfall in the Guadalupe Valley is not enough to satisfy vineyard needs;
therefore, irrigation is necessary. Water stress and energy dependence threaten the valley’s
grape cultivation and wine production.

The presence of more than 80 wineries was recorded in the study area, of which
20 were visited and characterized, representing 25% of the total number of existing cellars
(Figure 2). These visits included comprehensive tours of the wineries, during which key
features and operational practices were documented. The information gathered during
these visits allowed the characterization of the wine cellars and facilitated the identification
of appropriate locations for two meteorological stations to monitor the local microclimate.
Furthermore, these tours also revealed a significant amount of work yet to be done for
winery buildings to become energy efficient. Artisanal producers are the most concerned
and have adopted various strategies to reduce electricity consumption in their wine cellars.

The wine produced in this area is estimated at 17,000 m³, representing 90% of the 
total annual national production [5,19]. Its geographical location, situated between 30° 
and 50° north latitude and known as one of the world’s wine belts, results in a Mediterra-
nean-type climate. This creates an optimal environment for vine cultivation [20], enabling 
the region to compete with wines from France, Spain, and Italy.

The topography of this region ranges between 250 and 500 m above sea level (a.s.l.), 
and the mountain range surrounding the area reaches a height of up to 1050 m a.s.l. The 
climate is Mediterranean-type BSks(e) [21] with an average maximum temperature of 32 
°C during the warm period and an average minimum temperature of 3 °C during the cold 
period. The mean annual temperature is 12 °C to 18 °C, with dominant winter rains with 
a historical average of 295 mm a−1 and a high potential evaporation rate of 1618 mm a−1 
[22]. Rainfall in the Guadalupe Valley is not enough to satisfy vineyard needs; therefore, 
irrigation is necessary. Water stress and energy dependence threaten the valley’s grape 
cultivation and wine production.

The presence of more than 80 wineries was recorded in the study area, of which 20 
were visited and characterized, representing 25% of the total number of existing cellars 
(Figure 2). These visits included comprehensive tours of the wineries, during which key 
features and operational practices were documented. The information gathered during 
these visits allowed the characterization of the wine cellars and facilitated the identifica-
tion of appropriate locations for two meteorological stations to monitor the local microcli-
mate. Furthermore, these tours also revealed a significant amount of work yet to be done 
for winery buildings to become energy efficient. Artisanal producers are the most con-
cerned and have adopted various strategies to reduce electricity consumption in their 
wine cellars.

Figure 2. Location of artisanal wine cellars until 2016 in the Guadalupe Valley (source: elaboration 
by the Authors).
Figure 2. Location of artisanal wine cellars until 2016 in the Guadalupe Valley (source: elaboration by

the Authors).
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Figure 2 depicts the positions of the two weather stations placed to cover both the
northern and southern regions of the study area. These locations were chosen to ensure
comprehensive monitoring of the microclimatic conditions prevalent throughout the entire
area. The northern station was situated at Francisco Zarco, while the southern station was
positioned at San Antonio de las Minas.

2.2. Microclimate Monitoring

To monitor the microclimate of the study area, the following parameters were considered:

1. Characteristics of the site, rural type without buildings of more than three levels,
topography with hills that surround the area and that modify the speed and intensity
of the wind coming from the Pacific Ocean;

2. Instrumentation, referring to the available number of meteorological stations for
measuring dry bulb temperature, relative humidity, atmospheric pressure, wind
direction and speed, precipitation and solar radiation;

3. Availability of producers for access, placement and security of the instrumentation;
4. Design of a structure to support the sensors;
5. Calibration;
6. Placement of instrumentation and
7. Testing period for data recording.

Two meteorological stations were placed in the area, and the location criteria men-
tioned by the World Meteorological Organization (WMO) in its guide to climatological
practices were considered [23]. In this study, the data measured from one of the stations
was used, which was considered to have greater reliability due to having new sensors with
factory calibration.

Data were recorded every 30 min and dry bulb temperature and outdoor relative
humidity were analyzed for the months of December, January, February (cold period), May,
June and July (warm period) and compared with the meteorological data estimated with
the Meteonorm program. The measurements and values obtained with these instruments
allowed the potential use of bioclimatic design strategies for wine production and aging to
be graphically analyzed in psychrometric charts.

2.3. Psychrometric Analysis

The psychrometric analysis was carried out in the following stages:

1. A psychrometric chart was generated for the study area.
2. The dry bulb temperature and relative humidity ranges suitable for the aging area

and the wine cellar production area were estimated.
3. The limits of bioclimatic strategies were calculated.
4. The strategies were delimited in the psychrometric chart and
5. The potential use of bioclimatic strategies was analyzed.

In stage 1, a psychrometric chart was used with the height above sea level (meters) and
barometric pressure (kPa) of the Guadalupe Valley [24]. In stage 2, the range of indoor air
temperature for the wine aging area was estimated, the minimum average and maximum
average of the values proposed in Table 1 (a) were calculated, and the range was from 10 ◦C
to 15 ◦C with a maximum limit. of 20 ◦C. For the production area, it was decided to use the
minimum and maximum value of the values in Table 1 (b), and a range of 15 ◦C to 25 ◦C
was estimated.



AgriEngineering 2024, 6 2400

Table 1. Optimal indoor temperature ranges for aging and production of wine.

(a) Wine Aging and Preservation

Author Dry Bulb Temperature (◦C)

Boulton et al. (1995) 5–15

Hidalgo (2003) 9–12

Steiner (2010) 13–20

Mazarrón, Cid–Falceto and Cañas (2012) 8–15

Troost, referenced in Barbaresi, et al. (2014) 9–15 for red wines.

Bondiac, referenced in Barbaresi, et al. (2014) 10–12

Marescalchi, referenced in Barbaresi, et al. (2014) 15–20

SEPSA, referenced in Barbaresi, et al. (2014) 8–14

Vogt, referenced in Barbaresi, et al. (2014) 8–12 for white wines and 12 for red wines.

Marrara et al. (2014) 12–16

Theoretical range for Neutral Zone 10–15

(b) Wine Production

Author
Red Wine

Dry Bulb Temperature (◦C)
White wine

Dry Bulb Temperature (◦C)

Boulton et al. (1995) 25–35 15–20

Eisenman (1998) 21–32 4–13

Wilker, Harris, Odneal and
Dharmadhikari (2001)

25–30 20–25

Grainger and Tattersall (2005) 20–32 10–18

Ramos-Sanz and Blasco-Lucas (2011) 24–35 18–23

Induráin (2013) 20–28 ----

Johnson y Robinson (2013) 22–30 12–17

Nigam (2014) 24 7–21

Considine and Frankish (2014) 23–28 15–18

Theoretical range for Neutral Zone 15–25

Source: elaboration by the authors based on the cited papers.

The relative humidity range considered for the neutral zone was from 30% to 75% [25].
Control of relative humidity is essential for the wine aging area, with the intention of
avoiding the presence of mold on barrels or walls [26] and the loss of wine through
evaporation, which can be from 1% to 9% of the total stored production.

In stages 3 and 4, the methods of Docherty and Szokolay [27] and Climate Consul-
tant version 6 were used to delimit the bioclimatic strategies in the psychrometric chart.
However, since these tools are designed to define strategies based on human comfort [28],
the values and zones were appropriate according to the requirements for wine production
and aging.

Because the artisanal wine production process requires 100% labor (with a moderate
level of activity and a level of clothing of 0.60 clo), the interior thermal load is variable, as
well as schedules and occupancy levels, compared to the aging area, where the barrels and
wine are the only thermal mass to consider. For the analysis of bioclimatic strategies in the
production area, it was decided to use the Luna method [29,30], which calculates relative
humidity with the Tejeda method, and neutral temperature (the parameter for studying
thermal comfort conditions) with the Auliciems model.

On the psychrometric chart, a vertical line was drawn on the 10 ◦C line of dry bulb
temperature DBT to define the minimum limit of the neutral zone for aging up to 75%
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relative humidity RH, and on the 15 ◦C line of DBT up to 50% RH to define the maximum
limit. 50% RH was used because the graphic mean of the optimal range for the wine was
52.5% (Figure 3).

To draw the maximum limit of the neutral zone, the corrected effective temperature
(Te) was used, understood as the sum of the black globe temperature and the wet bulb
temperature that considers the effect of wind speed. In this study, dry bulb temperature
was used instead of radiant temperature, as reported for indoor spaces in IS0 7243 [31].

Te = 0.3DBT + 0.7WBT − V (1)

where:

• Te = Effective Temperature (◦C)
• DBT = Dry Bulb Temperature (◦C)
• WBT = Wet bulb temperature (◦C)
• V = Air Velocity (m/s).

In the neutral zone for wine aging, it was considered to draw the maximum limit with
the effect of the effective temperature (Te), for which in Equation (1) the DBT was equal to
the maximum tolerable temperature value for the aging area, which was 20 ◦C, the WBT
was defined from the psychrometric chart, the value obtained was 14 ◦C, while the wind
speed (V) was considered as 0 because ventilation was not necessary due to the humidity
levels required in the interior, and a controlled space was assumed without infiltration or
air movement from mechanical systems.

By substituting values in Equation (1), the Te for the neutral aging zone was 15.8 ◦C,
and this value was added to 15 ◦C of DBT until 75% RH was reached. The area was defined
as shown in Figure 3.

To calculate the limits of the high thermal mass strategy (HTM, 12 h of thermal delay),
in Equation (2), an effectiveness of 30% was considered, because in summer the thermal
mass is considerably affected by solar radiation, which reduces the effect of this coefficient,
which can be up to 25% [28].

HTM = LMAX + 0.3(ATMAX − ATMIN) (2)

where:

• HTM = High Thermal Mass limit (◦C)
• LMAX = Maximum neutral zone limit (◦C)
• ATMAX = Maximum average outdoor temperature in Summer (◦C)
• ATMIN = Minimum average outdoor temperature in Summer (◦C)

The average maximum summer temperature (ATMAX) obtained for the study area was
33 ◦C, while the average minimum temperature (ATMIN) was 20.3 ◦C, i.e., the difference in
average daily temperature for summer between the exterior and the interior was 12.7 ◦C.
By substituting values in Equation (2), the dry bulb temperature limit for high thermal
mass (HTM) was 18.81 ◦C.

To calculate the effective temperature (Equation (1)), the DBT value obtained was used
as a limit for thermal mass (18.81 ◦C) and wet bulb temperature of 24 ◦C, which corre-
sponds to the maximum average outdoor summer temperature (33 ◦C). The Te obtained
was 22.44 ◦C.

On the psychrometric chart, the limit of high thermal mass was located, 18.81 ◦C, at
50% RH and this point was linked to the Te obtained, 22.44 ◦C with 0% RH. The maximum
limit of the strategy was drawn from the maximum limit of the neutral zone for the aging
area, and the minimum limit of the strategy was drawn with a line parallel to the absolute
humidity, the beginning of which was the minimum limit of the zone neutral wine aging
(Figure 3).
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Figure 3. Psychrometric chart with plots of the neutral zone and thermal mass strategy for the wine 
aging area (source: elaboration by the authors).

To calculate the high winter thermal mass strategy (12 h of thermal delay), the fol-
lowing equation (Equation (3)) was used. The values of LMIN, which were equal to 10 °C, 
ATMAX of 13.9 °C and ATMIN of 6.3 °C, were substituted in Equation (3). The result obtained 
was 6.96 °C as the limit of high winter thermal mass. On the psychrometric chart, the point 
was located on the DBT axis and a vertical line was drawn to delimit the use of said strat-
egy (Figure 3):

HTM = LMIN + 0.4(ATMAX − ATMIN) (3)

where: 
• HTM = High Thermal Mass Limit for Winter (°C)
• LMIN = Lower Limit of neutral zone (°C)
• ATMAX = Maximum average outdoor temperature in Winter (°C)
• ATMIN = Minimum average outdoor temperature in Winter (°C).

Figure 3. Psychrometric chart with plots of the neutral zone and thermal mass strategy for the wine

aging area (source: elaboration by the authors).

To calculate the high winter thermal mass strategy (12 h of thermal delay), the fol-
lowing equation (Equation (3)) was used. The values of LMIN, which were equal to 10 ◦C,
ATMAX of 13.9 ◦C and ATMIN of 6.3 ◦C, were substituted in Equation (3). The result obtained
was 6.96 ◦C as the limit of high winter thermal mass. On the psychrometric chart, the point
was located on the DBT axis and a vertical line was drawn to delimit the use of said strategy
(Figure 3):

HTM = LMIN + 0.4(ATMAX − ATMIN) (3)

where:

• HTM = High Thermal Mass Limit for Winter (◦C)
• LMIN = Lower Limit of neutral zone (◦C)
• ATMAX = Maximum average outdoor temperature in Winter (◦C)
• ATMIN = Minimum average outdoor temperature in Winter (◦C).
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Docherty and Szokolay [27] mention that, to determine the limit of the direct evap-
orative cooling effect (DEC) in relation to the dry bulb temperature (DBT), the neutral
temperature (Tn) plus 12 ◦C (Tn + 12 ◦C) is considered. In this study, Equation (4) was used
to calculate the potential limit of this strategy and the maximum wet bulb temperature for
evaporative cooling (25 ◦C) and the effectiveness of the system (75% to 95%) were taken as
reference with ASHRAE Handbook Fundamentals [32]:

DEC = (DBT − WBT) × E (4)

where:

• DEC = Direct evaporative cooling limit (◦C)
• DBT = Dry bulb temperature (◦C)
• WBT = Wet bulb temperature of the initial environmental condition (◦C)
• E = System effectiveness (%).

The average outdoor DBT for summer considered as the initial environmental con-
dition was 33 ◦C, which is equal to 24.9 ◦C wet bulb temperature (WBT) under 50% RH
conditions. The effectiveness for direct evaporative cooling that was considered for this
research was 95%. By substituting values in Equation (4), the maximum DEC potential
obtained was 7.6 ◦C. To delimit the strategy, the effective temperature of the neutral zone
equal to 15.8 ◦C + 7.6 ◦C (Te + 7.6 ◦C) was used; the value obtained as the DEC limit
was 23.4 ◦C.

On the psychrometric chart, a line parallel to the absolute humidity was drawn from
the maximum point of the neutral zone and intersected with the wet bulb temperature
WBT, which for this strategy was 14 ◦C. The estimated DEC limit (23.4 ◦C) with 0% RH
was located on the DBT axis and a line was drawn on the DBT axis until it joined the WBT
line. The DEC strategy was delimited by joining the minimum limit of the neutral zone
and the DBT axis with another line parallel to the WBT axis (Figure 4).

To calculate the indirect evaporative cooling effect (IEC) limit, Docherty and Szoko-
lay [27] use the neutral temperature plus 15 ◦C (Tn + 15 ◦C). In this research, Equation (4)
was used to define the potential of the strategy with a system effectiveness of 80%. The
IEC potential obtained was 6.4 ◦C. To delimit the strategy, the effective temperature of the
neutral zone equal to 15.8 ◦C + 6.4 ◦C (Te + 6.4 ◦C) was used; the value obtained as the IEC
limit was 22.2 ◦C.

On the psychrometric chart, the IEC limit was located (22.2 ◦C) and a line was drawn
up to 50% RH. Starting from the maximum limit of the neutral zone, a line was drawn
parallel to the absolute humidity and joined with the line of dry bulb temperature; in the
upper corner of the strategy a cut was made with a line parallel to the wet bulb temperature
and was delimited as shown in Figure 4. The efficiency and therefore the effect of the IEC
is lower compared to the DEC strategy due to the relative humidity of the study area.

The last strategy defined was shading, which was defined based on the minimum
DBT limit for the neutral aging zone, i.e., at 10 ◦C. The above was determined based on
the method of the Climate Consultant program (2017, version 6). On the psychrometric
chart, said value was located on the DBT axis and a vertical line was drawn only for its
delimitation. The dehumidification strategy was plotted over the neutral zone (Figure 4).
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Figure 4. Delimitation of bioclimatic strategies for aging area (source: elaboration by the authors).

When calculating the strategies for the production area, the indoor environmental 
conditions suitable for the wine and for people were taken into account. The neutral zone 
for production, the high thermal mass strategy (12 h of thermal delay) for summer and 
winter, direct and indirect evaporative cooling, dehumidification and shading were 
drawn on the psychrometric chart (Figure 5).

Figure 4. Delimitation of bioclimatic strategies for aging area (source: elaboration by the authors).

When calculating the strategies for the production area, the indoor environmental
conditions suitable for the wine and for people were taken into account. The neutral zone
for production, the high thermal mass strategy (12 h of thermal delay) for summer and
winter, direct and indirect evaporative cooling, dehumidification and shading were drawn
on the psychrometric chart (Figure 5).
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Figure 5. Delimitation of bioclimatic strategies for production area (source: elaboration by the au-
thors).

2.4. Data Analysis
After defining the strategies in the psychrometric chart, an analysis was conducted 

to evaluate their potential effectiveness under the climatic conditions of the Guadalupe 
Valley. The data analysis was divided into two stages. The first stage involved processing 
the data measured by the weather stations to obtain dry bulb temperature and relative 
humidity values, averaged hourly on a monthly basis for two distinct periods (cold and 
warm). The second stage focused on assessing the potential of using bioclimatic strategies 
in wine cellars, specifically in both the production and aging areas. This analysis utilized 
both estimated data and microclimatic monitoring data to evaluate the effectiveness and 
applicability of various bioclimatic strategies. The estimated data was sourced from Me-
teonorm software, while the microclimatic data was derived from on-site measurements 
conducted within the Guadalupe Valley.

Figure 5. Delimitation of bioclimatic strategies for production area (source: elaboration by the authors).

2.4. Data Analysis

After defining the strategies in the psychrometric chart, an analysis was conducted
to evaluate their potential effectiveness under the climatic conditions of the Guadalupe
Valley. The data analysis was divided into two stages. The first stage involved processing
the data measured by the weather stations to obtain dry bulb temperature and relative
humidity values, averaged hourly on a monthly basis for two distinct periods (cold and
warm). The second stage focused on assessing the potential of using bioclimatic strategies
in wine cellars, specifically in both the production and aging areas. This analysis utilized
both estimated data and microclimatic monitoring data to evaluate the effectiveness and
applicability of various bioclimatic strategies. The estimated data was sourced from Me-
teonorm software, while the microclimatic data was derived from on-site measurements
conducted within the Guadalupe Valley.

The methodology of the study is summarized in the flowchart of Figure 6.
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The methodology of the study is summarized in the flowchart of Figure 6.

Figure 6. Framework of the study (source: elaboration by the authors).

3. Results
The results were divided into two sections: the potential of bioclimatic strategies us-

ing estimated data, which includes two psychrometric charts showing temperature and 
humidity levels obtained with the Meteonorm software based on monthly average hours; 
and the potential of bioclimatic strategies using monitoring data, presenting two psychro-
metric charts with monthly average hourly dry bulb temperature and relative humidity 
data measured in the Guadalupe Valley. In total, four psychrometric charts were pro-
duced.

3.1. Potential of Bioclimatic Strategies with Estimated Data
The estimated values of dry bulb temperature and relative humidity corresponding 

to the monthly average hours of a design year were located in the psychrometric charts. 
Although temperature and relative humidity data are presented for all months of the year, 
only the cold period (December to February) and the warm period (May to July) were 
considered in the analysis of results.

In the aging area, the results obtained with the psychrometric chart were the follow-
ing: 
• For 9.7% of the monthly average hours of the year, the dry bulb temperature and 

relative humidity were located within the neutral zone, and 25% of those hours cor-
respond to the cold period. 

• A proportion of 38.9% of the cold period could use the indirect evaporative cooling 
strategy. 

• High thermal mass is required 54.2% of the year, in the winter months. 
• The window and building shading strategy is required 92.7% of the year, especially 

in the summer months for 75% of the hours (Figure 7).

Figure 6. Framework of the study (source: elaboration by the authors).

3. Results

The results were divided into two sections: the potential of bioclimatic strategies
using estimated data, which includes two psychrometric charts showing temperature
and humidity levels obtained with the Meteonorm software based on monthly average
hours; and the potential of bioclimatic strategies using monitoring data, presenting two
psychrometric charts with monthly average hourly dry bulb temperature and relative
humidity data measured in the Guadalupe Valley. In total, four psychrometric charts
were produced.

3.1. Potential of Bioclimatic Strategies with Estimated Data

The estimated values of dry bulb temperature and relative humidity corresponding
to the monthly average hours of a design year were located in the psychrometric charts.
Although temperature and relative humidity data are presented for all months of the year,
only the cold period (December to February) and the warm period (May to July) were
considered in the analysis of results.

In the aging area, the results obtained with the psychrometric chart were the following:

• For 9.7% of the monthly average hours of the year, the dry bulb temperature and
relative humidity were located within the neutral zone, and 25% of those hours
correspond to the cold period.

• A proportion of 38.9% of the cold period could use the indirect evaporative cool-
ing strategy.

• High thermal mass is required 54.2% of the year, in the winter months.
• The window and building shading strategy is required 92.7% of the year, especially in

the summer months for 75% of the hours (Figure 7).
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Figure 7. Bioclimatic strategies and estimated monthly average hours: aging area (source: elabora-
tion by the Authors).

In the production area the results were the following: 
• 43.1% of the monthly average hours of the cold period and 41.7% of the hours of the 

warm period were located within the neutral zone. 
• High thermal mass and evaporative cooling presented equal percentage values; 

34.7% of the hours of the cold period and 48.6% of the warm period can use any of 
these strategies. 

• Shading is required for the 70.8% of the warm period (Figure 8).

Figure 7. Bioclimatic strategies and estimated monthly average hours: aging area (source: elaboration

by the Authors).

In the production area the results were the following:

• 43.1% of the monthly average hours of the cold period and 41.7% of the hours of the
warm period were located within the neutral zone.

• High thermal mass and evaporative cooling presented equal percentage values; 34.7% of
the hours of the cold period and 48.6% of the warm period can use any of these strategies.

• Shading is required for the 70.8% of the warm period (Figure 8).
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Figure 8. Bioclimatic strategies and estimated monthly average hours: production area (source: elab-
oration by the Authors).

The bioclimatic design strategies with the greatest potential for use, by seasonal per-
centage obtained for the aging area, were shading and high thermal mass while, in the 
production area, evaporative cooling, high thermal mass and shading are required. Table 
2 shows a numerical analysis of the bioclimatic charts in Figures 7 and 8.

Table 2. Analysis of the potential use of bioclimatic strategies by seasonal period, with estimated 
meteorological data.

AGING AREA

BIOCLIMATIC STRA-
TEGY

COLD PERIOD (Winter)
TOTAL

WARM PERIOD (Sum-
mer) TOTALPOTENTIAL 

USE *
DECEMBERJANUARYFEBRUARY MAY JUNE JULY

1.1 Neutral zone 25.0% 25.0% 25.0% 25.0% 0.0% 0.0% 0.0% 0.0% N/A

Figure 8. Bioclimatic strategies and estimated monthly average hours: production area (source:

elaboration by the Authors).

The bioclimatic design strategies with the greatest potential for use, by seasonal
percentage obtained for the aging area, were shading and high thermal mass while, in the
production area, evaporative cooling, high thermal mass and shading are required. Table 2
shows a numerical analysis of the bioclimatic charts in Figures 7 and 8.

Table 2. Analysis of the potential use of bioclimatic strategies by seasonal period, with estimated

meteorological data.

AGING AREA

BIOCLIMATIC
STRATEGY

COLD PERIOD (Winter)
TOTAL

WARM PERIOD (Summer)
TOTAL POTENTIAL

USE *DECEMBER JANUARY FEBRUARY MAY JUNE JULY

1.1 Neutral zone 25.0% 25.0% 25.0% 25.0% 0.0% 0.0% 0.0% 0.0% N/A

1.2 High thermal
mass (Summer)

58.3% 54.2% 50.0% 54.2% 0.0% 0.0% 0.0% 0.0% ✓
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Table 2. Cont.

AGING AREA

BIOCLIMATIC
STRATEGY

COLD PERIOD (Winter)
TOTAL

WARM PERIOD (Summer)
TOTAL POTENTIAL

USE *DECEMBER JANUARY FEBRUARY MAY JUNE JULY

1.3 High thermal
mass (Winter)

33.3% 29.2% 25.0% 29.2% 0.0% 0.0% 0.0% 0.0%

1.4 Direct
evaporative

cooling
16.7% 25.0% 20.8% 20.8% 0.0% 0.0% 0.0% 0.0%

1.5 Indirect
evaporative

cooling
41.7% 37.5% 37.5% 38.9% 0.0% 0.0% 0.0% 0.0% ✓

1.6 Dehumidifica-
tion

4.2% 8.3% 12.5% 8.3% 33.3% 16.7% 0.0% 16.7%

1.7 Shading 58.3% 58.3% 62.5% 59.7% 75.0% 75.0% 75.0% 75.0% ✓

PRODUCTION AREA

BIOCLIMATIC
STRATEGY

COLD PERIOD (Winter)
TOTAL

WARM PERIOD (Summer)
TOTAL POTENTIAL

USE *DECEMBER JANUARY FEBRUARY MAY JUNE JULY

2.1 Neutral zone 58.3% 37.5% 33.3% 43.1% 54.2% 50.0% 20.8% 41.7% N/A

2.2 High thermal
mass (Summer)

33.3% 37.5% 33.3% 34.7% 54.2% 50.0% 41.7% 48.6% ✓

2.3 High thermal
mass (Winter)

20.8% 16.7% 25.0% 20.8% 33.3% 8.3% 0.0% 13.9%

2.4 Direct
evaporative

cooling
33.3% 37.5% 33.3% 34.7% 54.2% 50.0% 41.7% 48.6% ✓

2.5 Indirect
evaporative

cooling
33.3% 37.5% 33.3% 34.7% 54.2% 50.0% 41.7% 48.6% ✓

2.6 Dehumidifica-
tion

0.0% 0.0% 0.0% 0.0% 16.7% 41.7% 58.3% 38.9% ✓

2.7 Shading 33.3% 37.5% 33.3% 34.7% 66.7% 70.8% 75.0% 70.8% ✓

Note: Monthly hourly averages were used for percentage estimation. * Bioclimatic strategy by total percentage
requirement in warm and cold periods. Source: elaboration by the authors.

3.2. Potential of Bioclimatic Strategies with Monitoring Data

The dry bulb temperatures and relative humidity values corresponding to the data
measured with the meteorological station for the months of December, January, February
(cold winter period) and May, June and July (warm summer period) were analyzed to
obtain hourly averages, monthly, these values were located in the psychrometric charts,
and the potential use of each bioclimatic design strategy was obtained.

In the aging area:

1. A proportion of 29.2% of the monthly average hours of the cold period were located
within the neutral zone, while in the warm period the recorded values were located
outside this zone.

2. For 77.8% of the hours of the cold period, it is necessary to use high thermal mass.
3. A figure of 75% evaporative cooling can be used.
4. In 23.6% of the cold period and 15.3% of the warm period, the interior space needs to

be dehumidified and
5. Shading is 100% relevant in summer and 70.8% in winter (Figure 9).
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Figure 9. Bioclimatic strategies and monthly average hours with measured data: aging area (source: 
elaboration by the authors).

In the production area:
1. 34.7% of the monthly average hours of the warm period months were located within 

the neutral zone and 19.4% in the cold period. 
2. The high thermal mass strategy is necessary for 66.7% of the warm period and 22.2% 

of the cold period. 
3. Evaporative cooling can be used in summer by 38.9%, mainly in the months of June 

and July. 
4. Dehumidification is required 33.3% in the warm period and 
5. The shading strategy is required in both periods, 84.7% in summer and 19.4% in win-

ter (Figure 10). 

Figure 9. Bioclimatic strategies and monthly average hours with measured data: aging area (source:

elaboration by the authors).

In the production area:

1. 34.7% of the monthly average hours of the warm period months were located within
the neutral zone and 19.4% in the cold period.

2. The high thermal mass strategy is necessary for 66.7% of the warm period and 22.2%
of the cold period.

3. Evaporative cooling can be used in summer by 38.9%, mainly in the months of June
and July.

4. Dehumidification is required 33.3% in the warm period and
5. The shading strategy is required in both periods, 84.7% in summer and 19.4% in

winter (Figure 10).
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Figure 10. Bioclimatic strategies and monthly average hours with measured data: production area 
(source: elaboration by the authors).

The strategies with the greatest application potential for the aging area were shading, 
high thermal mass and evaporative cooling, while for the production area they were shad-
ing, high thermal mass, evaporative cooling and dehumidification, as is shown in Table 3. 

Table 3. Analysis of the potential use of bioclimatic strategies for cold and warm periods, using 
meteorological data obtained through monitoring.

AGING AREA

BIOCLIMATIC STRA-
TEGY

COLD PERIOD (Winter)
TOTAL

WARM PERIOD (Sum-
mer) TOTALPOTENTIAL 

USE *
DECEMBERJANUARYFEBRUARY MAY JUNE JULY

1.1 Neutral Zone 50.0% 29.2% 8.3% 29.2% 0.0% 0.0% 0.0% 0.0% N/A
1.2 High thermal mass 

(summer)
79.2% 29.2% 37.5% 48.6% 0.0% 0.0% 0.0% 0.0% 

Figure 10. Bioclimatic strategies and monthly average hours with measured data: production area

(source: elaboration by the authors).

The strategies with the greatest application potential for the aging area were shading,
high thermal mass and evaporative cooling, while for the production area they were
shading, high thermal mass, evaporative cooling and dehumidification, as is shown in
Table 3.

Table 3. Analysis of the potential use of bioclimatic strategies for cold and warm periods, using

meteorological data obtained through monitoring.

AGING AREA

BIOCLIMATIC
STRATEGY

COLD PERIOD (Winter)
TOTAL

WARM PERIOD (Summer)
TOTAL POTENTIAL

USE *DECEMBER JANUARY FEBRUARY MAY JUNE JULY

1.1 Neutral Zone 50.0% 29.2% 8.3% 29.2% 0.0% 0.0% 0.0% 0.0% N/A

1.2 High thermal
mass (summer)

79.2% 29.2% 37.5% 48.6% 0.0% 0.0% 0.0% 0.0% ✓
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Table 3. Cont.

AGING AREA

BIOCLIMATIC
STRATEGY

COLD PERIOD (Winter)
TOTAL

WARM PERIOD (Summer)
TOTAL POTENTIAL

USE *DECEMBER JANUARY FEBRUARY MAY JUNE JULY

1.3 High thermal
mass (Winter)

20.8% 41.7% 25.0% 29.2% 0.0% 0.0% 0.0% 0.0%

1.4 Direct
evaporative

cooling
66.7% 29.2% 12.5% 36.1% 0.0% 0.0% 0.0% 0.0% ✓

1.5 Indirect
evaporative

cooling
79.2% 0.0% 37.5% 38.9% 0.0% 0.0% 0.0% 0.0% ✓

1.6
Dehumidification 0.0% 29.2% 41.7% 23.6% 45.8% 0.0% 0.0% 15.3%

1.7 Shading 79.2% 58.3% 75.0% 70.8% 100.0% 100.0% 100.0% 100.0% ✓

PRODUCTION AREA

ESTRATEGIA
BIOCLIMÁTICA

COLD PERIOD (Winter)
TOTAL

WARM PERIOD (Summer)
TOTAL POTENTIAL

USE *DECEMBER JANUARY FEBRUARY MAY JUNE JULY

2.1 Neutral Zone 29.2% 0.0% 29.2% 19.4% 54.2% 37.5% 12.5% 34.7% N/A

2.2 High thermal
mass (summer)

0.0% 0.0% 0.0% 0.0% 66.7% 66.7% 33.3% 55.6% ✓

2.3 High thermal
mass (Winter)

16.7% 33.3% 16.7% 22.2% 33.3% 0.0% 0.0% 11.1%

2.4 Direct
evaporative

cooling
0.0% 0.0% 0.0% 0.0% 0.0% 66.7% 50.0% 38.9% ✓

2.5 Indirect
evaporative

cooling
0.0% 0.0% 0.0% 0.0% 0.0% 66.7% 50.0% 38.9% ✓

2.6
Dehumidification 0.0% 0.0% 0.0% 0.0% 0.0% 50.0% 50.0% 33.3% ✓

2.7 Shading 29.2% 0.0% 29.2% 19.4% 54.2% 100.0% 100.0% 84.7% ✓

Note: Monthly hourly averages were used for percentage estimation. * Bioclimatic strategy by total percentage
requirement in warm and cold periods. Source: elaboration by the authors.

4. Discussion

The results showed that, for the aging area, 100% of the average monthly monitoring
hours during the warm period (May to July) fall outside the limits of bioclimatic strategies.
This suggests that, during these months, the use of electromechanical cooling systems is
necessary to achieve the appropriate conditions within the neutral zone, considering a strict
dry bulb temperature range of 10 ◦C to 15 ◦C. Conducting studies with dynamic thermal
simulation is recommended to identify the potential percentage reduction in active cooling
system usage during summer that a wine cellar employing bioclimatic design strategies
could achieve compared to a non-bioclimatic scenario. In this regard, some authors have
reported the environmental impact and energy savings of various bioclimatic strategies
applied to buildings using multi-objective simulations [33,34]. According to the findings
of Wang et al. [34], shading is crucial in summer, with 100% relevance for the aging zone
and 84.7% for the production area. Similarly, further studies in the literature, such as that
of Khakian et al. [35], have confirmed the importance of shading. They demonstrated
that installing an overhang in a building located in a region with a hot semi-arid climate
reduced cooling loads by 12.7% compared to the case without an overhang. Additionally, it
was proven that the installation of overhangs led to a reduction in cooling demand by 4.1%
in the Mediterranean climate [36].

The use of direct evaporative cooling techniques is recommended for wine cellars;
however, it is important to consider the potential impact on indoor relative humidity
levels, as it involves a humidification process, especially in the production area, where the
operational efficiency of various equipment should be considered. Additionally, certain
active systems require inlet and outlet ducts connected to the outdoor environment and
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specific positioning relative to the building. Nevertheless, passive evaporative cooling
strategies have demonstrated their efficiency when combined with other solutions, such as
natural ventilation [37], or when incorporating switchable building envelope systems to
achieve optimal results [38]. This strategy can be replaced by the exploitation of thermal
mass, which effectively reduces dry bulb temperature without increasing relative humidity
and is independent of water availability; it can also be combined with the use of recycled
water for its application in the wine aging area.

Thermal mass also involves design solutions with potentially high-quality characteris-
tics, at the environmental and architectural level, for application in commercial buildings,
such as green roofs or vegetated walls. They can be used to regulate indoor temperature
fluctuations and shift the timing of peak temperature occurrence. As a consequence, such
solutions can improve thermal comfort and reduce heat gain from the outdoor environment.
Moreover, underground cellars have demonstrated thermal stability during the summer
months and provide better indoor conditions, thereby reducing losses compared to above-
ground aging rooms [39]. Rodrigues et al. [40] have demonstrated that high thermal mass
structures are likely to be more effective in hot climates, while in cold climates they may
increase energy use: this is in alignment with the results obtained, where high thermal
mass shows greater potential benefits for the indoor microclimate in warm months.

Nevertheless, cost–benefit studies are extremely appropriate to complete the frame-
work regarding the application of design strategies to new and existing buildings in the
Guadalupe Valley, aiming to inform producers, architects, and engineers about the eco-
nomic advantages and benefits of bioclimatic design for winery buildings. Elaouzy and
Fadar [41] conclude that not all passive techniques are cost-effective, particularly those with
high initial costs, such as phase change materials, shading, green roofs, and green walls,
which result in longer payback periods. However, combining multiple passive methods,
such as PCMs (Phase change materials), reflective paint, thermal insulation, glazing, and
shading strategies in hot climates, and insulated glazing systems in cold climates, offers
significant opportunities for enhancement of the performance of buildings. Energy and life
cycle cost savings ranged from 6.7% to 66.2% and 12% to 52%, respectively, with payback
periods ranging from 0.5 to 84 years.

Additionally, it is pertinent to mention that dynamic simulations were conducted
using diverse building configurations and a combination of bioclimatic strategies tailored
to the weather conditions of the Guadalupe Valley. These simulations analyzed thermal
performance and the cost per energy consumption of each proposed model. The findings
from these analyses will be disseminated in forthcoming papers.

Furthermore, it is important to note discrepancies in the microclimate monitoring
data of the study area regarding exterior relative humidity measurements compared to
estimated data. The estimated maximum relative humidity in summer reached 98.5%,
while the highest monitored measurement was 86%. The monitored data was collected for
two seasonal periods and not for the entire year, as the microclimate monitoring continued
beyond the conclusion of this study.

5. Conclusions

The results of the study showed that, based on the monitoring data and the physical
characteristics of the area, bioclimatic strategies can be effectively designed for winery
buildings that require specific interior hygrothermal conditions for wine aging and produc-
tion. The method employed represents a valuable, educational, and simplified tool which
enables the identification of bioclimatic adaptation techniques by considering estimated
and monitored weather data. The main findings of this study are summarized as follows:

• High thermal mass (HTM) for summer and shading has the major potential of use
for wine cellar design in the climate conditions of the Guadalupe Valley since they do
not require water availability or electrical energy, which would benefit small artisanal
producers.
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• The importance is established of strategic cooling interventions in wine cellar design to
ensure optimal aging conditions, especially during warmer months. Dynamic thermal
simulations would provide valuable insights into the effectiveness of bioclimatic
approaches in reducing reliance on energy-intensive cooling systems, thus optimizing
both operational costs and environmental impact.

• In particular, the results suggest the use of direct evaporative cooling with some consid-
erations, and not for the entire year, and emphasize the potential of thermal mass as an
alternative method for maintaining optimal conditions without compromising humid-
ity control. The observed discrepancies in relative humidity measurements underscore
the need for ongoing monitoring to comprehensively assess environmental conditions
and inform design decisions for wine cellar facilities in the Guadalupe Valley.

• Bioclimatic design techniques identified through psychrometric charts can ensure
that interior conditions are optimized for wine aging while providing a comfortable
environment for workers (production area) and visitors.

In conclusion, utilizing simulation-based approaches informed by monitoring data
offers a practical means of achieving energy efficiency and user comfort objectives in the
design of winery facilities. This integrated approach aligns with sustainable practices
and contributes to the overall success and longevity of the wine production environment.
The results of this paper can represent a starting point to contribute to the more global
and ambitious goal of reducing electricity demand and CO2 emissions for climatic control
in buildings.
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