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Abstract

:

Within a context in which temperatures are increasing due to global warming, it is important to assess the capacity of buildings, old and modern, to respond to this new situation. Recent studies have highlighted the importance of understanding more about the thermal properties of traditional constructions. This study quantifies the impact of the high summer temperatures typical of the Mediterranean climate on traditional farmhouses in Eastern Almería (Spain). The study group of farmhouses was divided into three models representative of the different types of Eastern Almería vernacular architecture. Energy consumption in the three models was simulated using EnergyPlus. The three models were assessed in free-floating conditions. The window-to-wall ratio and U-factor values were studied in order to evaluate potential benefits in terms of energy efficiency. Outdoor and indoor temperatures were compared. Finally, an adaptive thermal comfort analysis was performed according to ASHRAE 55. Results highlight the ability of Eastern Almería farmhouses to mitigate extreme temperatures.
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1. Introduction


Climate change is producing high global warming in a short period of time, causing health, the economy and the environment to be negatively affected, such as the heat waves present in large cities [1,2,3]. This situation especially affects the Mediterranean area, whose temperatures exceed the global average by 1.4 °C [4]. Therefore, it is necessary for buildings to mitigate these effects and respond to future needs [4,5]. Currently, the main factor responsible for climate change is energy, which represents 60% of greenhouse gas (GHG) emissions. Therefore, the UN establishes in its 2030 Agenda the need to guarantee access to affordable, safe, sustainable and modern energy. This is related to the improvement of energy efficiency [6].



Numerous investigations today focus on knowing the energy conditions of buildings to detect energy efficiency [7,8,9,10,11,12]. Estimating energy efficiency has been the subject of research since the late 1980s, as there was already awareness that the energy performance of the building is decisive for this [13,14]. In the 1990s, the thermal response to heat input was identified; as a consequence, in the 2000s, work began with energy models to estimate thermal parameters through simulations [15,16,17]. In the 2010s, computer programs were developed to perform these energy simulations to quantify the energy savings of buildings and verify the results obtained in simplified models [18,19,20]. In recent years, it has been confirmed that the energy performance of buildings is conditioned by their physical characterization, which is why the aim is to estimate different climatic situations, a fact that especially benefits residential typology [13,21].



The parameters that allow thermal characterization and its simulation are the Window-to-Wall Ratio (WWR), which is the percentage of transparent area in the façades with respect to their opaque area, and the U-factor, which is the amount of heat transferred from the exterior to the interior of buildings through their construction elements. The parameter that quantifies thermal comfort conditions is the operating temperature according to ASHRAE 55 (2020) [22]. There are numerous investigations that study the thermal impact of the WWR through simulations [23,24,25,26]. The U-factor is used in many studies to quantify the capacity of buildings to conserve energy inside through simulations [27,28,29,30]. Regarding thermal comfort conditions, energy demand is defined as the energy necessary to maintain the comfort requirements inside the building (CTE HE 1, 2022) [31]. For this reason, the building envelope is studied as a key piece of its thermal behavior through simulations on White-Box Models [32,33,34,35,36,37]. Residential buildings are one of the main emitters of GHG, therefore, the main objective is not only to achieve zero emissions, but also to achieve energy improvement [38,39,40,41,42,43]. Along these lines, solutions for economic and environmental improvement are analyzed [38,39,40,41,42,43,44,45,46,47,48].



The aforementioned studies confirm the importance of energy evaluation of buildings through simulation, especially studies of unique buildings conditioned by their location or level of protection. No recent research has been found on the Mediterranean farmhouse. Therefore, there is a need to know its energy efficiency to guide the decision-making process towards climate change and adapt heritage to global warming. The specific contribution of the work is evaluating the thermal capacity of the Mediterranean farmhouse and quantifying the benefits of its physical configuration through White-Box Models representative of the farmhouses located in the rural environment of eastern Almería. The novelty of the work with respect to the existing literature is specified in the results by providing premises to develop strategies that adapt to current uses with good performance in the face of extreme climatic events. The article is structured in four phases: first, the characterization of the representative type models of the Mediterranean farmhouse is addressed; second, the methodology for evaluating the models is detailed; third, the results are presented and discussed regarding the benefits of the Mediterranean farmhouse to mitigate climate change; and fourth, the conclusions are addressed.




2. Literature Review


Various research focuses on understanding the consumption and energy efficiency performance of historic buildings through simulations [48,49,50,51,52,53,54]. However, it is important to focus on vernacular architecture studies, especially traditional homes, whose comfort conditions do not respond to a universal model, but rather undergo constant evolution depending on the climate and their location [55,56]. In this typology, initially and due to the absence of means, the optimization of behavior was achieved through passive strategies; however, the modernization of the construction sector is causing the loss of knowledge of bioclimatic design [57], and along with this comes the misuse of what exists.



Keeping the existing stock of traditional buildings and vernacular Mediterranean architecture involves several benefits. In Mediterranean countries, the farmhouse is the representative typology of vernacular housing, considered a rural construction linked to agricultural exploitation and built with local materials. They present a geometry compatible with new and current uses, a fact in which lies their potential for reuse [58,59,60]. There are energy studies in which the typology of farmhouses in Mediterranean countries is studied [4,61,62,63,64,65]. Furthermore, the bioclimatic design of vernacular architecture has been evaluated and quantified through energy simulations [66,67,68,69,70,71]. The modeling procedure in the OpenStudio application for SketchUp and the simulation using the EnergyPlus 8.6.0.software are common in the evaluation of energy consumption in buildings [39,72,73,74,75,76,77,78,79] and in research related to natural ventilation [80,81]. The potential of the tool for climatic, thermal and hygrothermal studies is also the subject of study [82,83,84,85,86,87]. Another line of research related to vernacular housing in Mediterranean countries pursues the optimization of its thermal performance through the implementation of new materials [88,89] and the quantification of the heat transmission of its envelope [90].




3. Case Study


Vernacular architecture typically involves the use of local building materials and techniques that adapt to the particular circumstances of the local climate. It is therefore extremely heterogeneous [91,92]. The traditional Mediterranean dwelling located in rural and coastal regions [93] has been studied in numerous countries in the Mediterranean Basin, such as Cyprus [63,93,94], Greece [95], Italy [96,97], Spain [98,99] and Israel [100]. Similar constructions have also been studied in countries outside the Mediterranean region, such as Ghana [91].



The typical characteristics of traditional Mediterranean housing include thick walls and white lime-washed façades [96]. Sometimes, they also have inner courtyards as open-air private spaces [100]. Regarding doors and windows, these vary according to the particular region, as can be deduced from [100], who affirmed that façades typically contained just a few small window openings, in contrast to [101], who calculated a high WWR in the façades. Within the existing variants, in this research we will be studying the typical Mediterranean farmhouse in the eastern part of the province of Almería in SE Spain. From our on-site inspections, we found that these houses are normally located on a wide expanse of land suitable for cultivation that lies close to a water channel. The houses have either one or two floors. In the latter case, the upper floor does not normally occupy the entire area of the ground floor. The rooms intended for residential use are generally south- and east-facing, while those originally intended for keeping livestock and farm tools, are mostly oriented towards the north and west. The south façades have more and larger window openings while there are fewer, smaller ones on the north façades. In terms of building materials, the walls are made with limestone masonry and lime mortar and finished with a lime render. They are normally between 40 and 70 cm thick. There is no single criterion for the roof. Some have flat roofs covered with a lime mortar, while others have sloping roofs covered with ceramic tiles.



Figure 1 shows traditional Mediterranean houses from Eastern Almería locations.



3.1. Characterization of the Study Cases


The sample group studied in this research is made up of 27 farmhouses located in coastal municipalities in the province of Almería. In Table 1, the farmhouses have been classified into groups according to the number of floors, the surface area and the thickness of the exterior walls.



Table 2 shows that more than half of the sample farmhouses have a single floor and the rest have two or three floors. Regarding the surface, most of the sample farmhouses have a surface area of less than 500 m2 and the majority of farmhouses analyzed have a wall 50 cm thick. The sample is divided into three groups according to the characteristics of Table 1, and representative models are made. Since the differences between specimens with different surfaces are minimal, a model is designed in each range (see Figure 2). Two single-floor farmhouses, one with a flat roof and one with a sloping roof, and a two-floor farmhouse with a flat roof are modeled. The wall thickness also varies in the three models with the intention of quantifying its influence on the results.



The WWR of the façades of the buildings (see Table 3) is determined by the total area of the window openings (Sh) and the total area of the façade (Sf) expressed in Equation (1):


WWR = Sh/Sf × 100 [%]



(1)







In Model Type 1, the WWR is less than 10% in all four façades, with a minimum value of 4.29% in the south façade and a maximum value of 8.43% in the west façade. The lowest value is on the south façade of Model Type 1, at 4.29%, and the highest value is on the east façade of Model Type 2, a 35.47%. It is worth highlighting the particularity of Model Type 3: its northern façade is the one with the highest WWR; this is because its geometry is made up of an addition of volumes. The main volume is larger than that of the adjoining rooms, which correspond to a later construction and which, according to the sample analyzed, were smaller in size and, consequently, had a smaller WWR.



The importance and usefulness of calculating the WWR of the façades is demonstrated in the decisive role that WWR plays in the U-factor of the façades. The U-factor is calculated according to Equation (2).


U = 1/Rt



(2)




where Rt (m2·K)/W is the sum of different (convection and conduction) thermal resistances for all the layers of the particular construction element (roof, wall, etc.) and for the layers of indoor and outdoor air, as shown in Equation (3).


Rt = Rsi + ∑Rti + Rse



(3)




where Rsi and Rse are the surface thermal resistances corresponding to the indoor and outdoor air, respectively, for vertical enclosures and horizontal heat flow, with values of Rsi = 0.13 m2 K/W and Rse = 0.04 m2 K/W according to CTE [31]. The thermal resistance of each layer is calculated as follows in Equation (4).


Rt = e/λ



(4)




where e (m) is the thickness of the layer and λ (W/(m·K) is the thermal conductivity of the material.



The regulations applicable in the geographical area in which the buildings are located, CTE DB HE (2022) [31], establish limits for the U factor values for each construction element so as to guarantee thermal comfort inside the buildings. Although in this research we are studying historical buildings, we decided to use the values set out in current regulations because the aim was to assess whether these buildings are compatible with current uses.




3.2. Location of Case Studies and Climate Analysis


The farmhouses in our case study are located in the province of Almería on the Mediterranean coast in southeast Spain, a semi-arid area with an average annual rainfall in its different regions of between 380 and 760 mm. This results in a hot, dry climate with an average annual temperature of over 18 °C [102,103]. The farmhouses are situated at an average altitude of 356 m above sea level.



This climate in the Mediterranean as a whole can be categorized as a warm temperate or mesothermal climate, with an average temperature of 8 °C in the coldest month and 25 °C in the warmest month. The western Mediterranean is characterized by dry summers with an average maximum temperature of 25 °C.



The CTE DB HE (2022) [31] standard classifies the different parts of Spain into climatic zones based on the province and its altitude above sea level, for the purpose of defining the exterior parameters in a typical year that may be used in the calculations in relation to possible energy savings. In this case study, as the province is Almería and the farmhouses are located within the altitude range of 351 to 400 m above sea level, the study area is classified as climate zone B3. The letter B indicates a mild winter climate with a severity of between 0.23 and 0.5, while the number 3 indicates a harsh summer climate with a severity value of between 0.83 and 1.38. This study focuses on the summer months, the period with the highest temperatures in this area, in order to assess the thermal behavior of these buildings when exposed to the most unfavorable conditions. In the course of this research, we used temperature data for the year 2022, the most recent year for which all the information is available.





4. Methodology


4.1. The Simulation: The Numerical Study


The three models were subjected to an energy simulation, in order to assess their thermal behavior in a “free floating” state, that is, without the support of artificial air conditioning, ventilation, heating or cooling systems. In this simulation, the EnergyPlus 8.6.0 software, a tool that offers reliable results, was used through the OpenStudio application for SketchUp. The first stage was to enter the geometric data for the models defined by the SketchUp 2019 software, namely the envelopes, openings and perimeters of their construction elements, differentiating between interior, exterior and areas in contact with the ground. The modeling also takes into account the orientation of each farmhouse for obtaining reliable self-shadows. In this stage, thermal bridges located at the junctions of the enclosure with the openings are considered, and they are modeled using subsurfaces in the enclosure. These subsurfaces are assigned the value of an equivalent surface thermal transmittance (UP) to the linear thermal transmittance characteristic of each thermal bridge. This equivalence is obtained from Equation (5):


UP = Ψ/h,



(5)




where:




	
UP is the equivalent surface thermal transmittance (W/m2K) of the thermal bridge.



	
Ψ is the linear thermal transmittance (W/mK) of the thermal bridge. Tabulated values in CTE DB HE3 [31].



	
h is the length equivalent to the dimension of the existing thermal bridge (m).








Secondly, the thermal characteristics of each model were defined using the OpenStudio 1.1.0 application, specifying the boundaries of the various thermal zones. Given that the models do not have an air conditioning system, a free-floating simulation was performed. It is assumed that the three models are unoccupied, as is the case in studies such as [99], in order to obtain results unaffected by potential ventilation or curtain manipulation, which could be caused by occupants. In this scenario, it accurately reflects reality, as a significant portion of the studied sample consists of uninhabited constructions. Table 4 shows the thermal properties considered for the envelope building materials taken from [103], except for single glass windows, whose thermal properties are available in the software database.



Finally, the EnergyPlus 8.6.0 energy simulation tool was applied using the previously entered data together with the outdoor temperature data for the province of Almería (Spain) provided by the developers of this tool. At the same time, the values for the different parameters were obtained. These included U-factor and WWR values, together with the maximum, average and minimum daily temperatures during the summer period and the adaptive thermal comfort analysis, as defined by the standard ASHRAE 55 (2020) [22]. Figure 3 shows the procedure followed.



It is important to note that Models Type 1 and 2 (MT1 and MT2) have a single thermal zone for which a single set of thermal behavior results are obtained. However, Model Type 3 is made up of a sum of volumes and must therefore be approached in two different ways: firstly, by calculating average values (simplified MT3 = equivalent to a single thermal zone) to enable its comparison with the other two models (MT1 and MT2); and secondly, as an independent model establishing a comparison between its different spaces (detailed MT3).



Figure 4 shows the monitored external temperature and the external temperature from the climatic data available in AEMET [104], taken from the Huércal-Overa Meteorological Station (Almería), as it is the closest to the sample location, at 7.4 km away. Additionally, it is the only municipality where there are specimens of the sample with a meteorological station. It is situated at an altitude of 300 m, representing a difference of 56 m compared to the average altitude of the sample. In this research, official AEMET [104] data is utilized, as there is an observation that there are no significant differences of more than 3 °C between the two datasets. In Figure 4, a range of temperatures and temperature differences between consecutive days is observed, characteristic of the sub-arid features of the Mediterranean climate variant in the province of Almería.




4.2. Calibration and Validation of the Model Types


The three models were monitored from 21 June 2022 to 22 September 2022, using the Elitech RC-5+ temperature monitor. For the calibration and validation of each model, the indoor air of four rooms in each model was recorded, one facing each cardinal point, to obtain an average value. The calibration and validation procedure described in [98] was followed because it serves the same purpose of studying the temperature inside the constructions. To achieve this, uncertainty indices specified in the guidelines of ASHRAE Guideline 14-2014 [105] are used, namely the Mean Bias Error (NMBE), the Coefficient of Variation of the Root Mean Square Error (CVRMSE), and the Coefficient of Determination (R2), defined in Equations (6)–(8), respectively. For validation, monitored data are employed every hour throughout the entire study period.


  N M B E =   1   m   ∗     ∑  i = 1   n        m   i   −   s   i         n   ∗ 100  



(6)






  C V R M S E =   1   m   ∗      ∑  i = 1   n          m   i   −   s   i       2       n    ∗ 100  



(7)






    R   2   = 1 − ∗       ∑  i = 1   n        m   i   −   s   i         2         ∑  i = 1   n        m   i   −       2      



(8)




where:




	
m = monitored temperature



	
s = simulated temperature



	
n = number of temperatura data to work with.








Table 5 displays the average values for each Model Type, which adhere to the limits set by ASHRAE 14 [105].




4.3. Adaptive Thermal Comfort According to ASHRAE 55


In this study, thermal comfort was analyzed by obtaining the adaptive thermal comfort values according to the standard ASHRAE 55 (2020) [22]. Two ranges of comfort temperatures are established based on the average outdoor temperatures. One of the ranges indicates an acceptability percentage of 80%, while the other range indicates an acceptability percentage of 90%. Equation (9) is used to obtain the ideal comfort temperature values:


To = (TMT + Tmed)/2



(9)




where TMT is the temperature of the analyzed model and Tmed is the mean temperature inside the farmhouse. In order to analyze the most unfavorable conditions during the study period, the TMT value was taken as the maximum daily value within the model. Once we had calculated T0, we then calculated 80 and 90% of its excess and default values to determine the acceptability percentages. Figure 5 shows the acceptability percentage ranges for the average outdoor temperature in Almería during the period considered in this study:





5. Results


The following subsections show the results obtained from the study of the layout and the orientation of the three models.



5.1. Impact of Orientation on the Performance of the Three Models


This section presents the U-factor results for the envelope of the three models, obtained through numerical calculations as outlined in the Technical Building Code (CTE) [31]. Threshold values are included for verification purposes.



Table 6 shows the U-factor values for the construction elements in Models Type 1, 2 and 3 and the threshold values established in the CTE DB HE (2022) [31] for the climatic zone in which the study area is located.



It is observed that the U-factor in the walls in contact with the outside air is higher in Model Type 1, at 1.54 W/m2 K, and lower in Model Type 3, at 1.19 W/m2 K; these differences are due because the models have different thicknesses, being greater in Model Type 3 and lower in Model Type 1. It is observed that the U-factor in the covers in contact with the outside air is greater in Model Type 2, at 2.00 W/m2 K, and, in Models Type 1 and 3, it is 1.94 W/m2 K, since Model Type 2 has a sloping roof and the other two have a flat roof. In the case of soils in contact with the ground, the three standard models have the same value because the physical characteristics are identical. Comparing these values with the limits of the regulations, in all cases it is exceeded. Table 7 shows the U-factor values for the openings (doors and windows) in Models Type 1, 2 and 3 and the limit values established in the CTE DB HE (2022) [31] for the climatic zone within which the study area is classified.



In all three models, the openings obtained a U-factor value of 5.9 W/m2 K. This is due to the fact that the geometric and thermal characteristics are the same in all three cases. Comparing the different limits established by the regulations based on the orientation, openings and WWR, it is observed that the values are exceeded in all the façades of the three models.



As seen previously, the CTE DB HE (2022) [31] establishes limit values for the U-factor of solid construction elements and openings based on their Window-to-Wall Ratio (WWR). However, it does not provide absolute limit values for the façade, resulting from combining the U-factor of the enclosure with the U-factor of the opening in their proportion. Nevertheless, this parameter is very useful for comparing the three models with each other. Table 8 shows the U-factor for the four façades in each model obtained from the U-factor of the solid building elements of the models (Table 6), the U-factor of the voids of the models (Table 7) and the WWR.



These data allow us to compare the U-factor between façades.



As expected, the U-factor value of the façade is higher than the U-factor of the solid element because it transmits more heat by having a transparent percentage and, consequently, thermal bridges. On the other hand, it is lower than that of the openings because these elements are entirely transparent. It is determined that the lowest U-factor is found on the south façade of Model Type 1, with a value of 1.71 W/m2 K, and which has the lowest WWR. The highest U-factor is found on the east façade of Model Type 2, with a value of 3 W/m2 K, which coincides with the highest WWR. As expected, the U-factors of the façades are greater than the U-factors of the solid elements and less than the U-factor of the hollow elements.




5.2. Analysis of the Interior Temperature of the Models


On the basis of the outdoor summer temperatures, the simulation produced the following thermal data for the interior temperatures for the three models. Figure 6 shows the maximum daily interior temperatures for Model Type 1, Type 2 and Simplified Type 3 and the maximum daily exterior temperatures.



Figure 6 shows the temperature difference between the outdoor and indoor of each model. Model Type 1 has a maximum daily indoor temperature of 25.8 °C and a maximum average daily indoor temperature during the summer period of 23.6 °C (±1.97). Model Type 2 has a maximum daily indoor temperature of 29 °C and an average maximum daily indoor temperature during the summer period of 23.0 °C (±1.89). Model Type 3 has a maximum daily indoor temperature of 30.0 °C, with an average maximum daily indoor temperature during the summer period of 24.8 °C (±2.20). If we consider that the maximum daily outdoor temperature is 40.7 °C with an average maximum daily temperature of 32.7 °C (±2.52), the maximum temperature for Model Type 1 is 15.2 °C lower than the outdoor temperature, the maximum temperature for Model Type 2 is 14.2 °C lower than the outside temperature and the maximum temperature for Model Type 3 is 11.2 °C lower than the outside temperature. As we can see, Model Type 1 and Model Type 2 obtain more similar values compared with Model Type 3, and are more extreme, as can be observed in the maximum and minimum peaks of the graph shown in Figure 6. Furthermore, it can be observed that Model Type 2, the only one with a sloped roof, exhibits the lowest temperature during a significant portion of this period, at 20.1 °C.



Figure 7 shows the data for Detailed Model Type 3, i.e., the maximum values for the spaces that make up the building. Differences between the different spaces can be observed and are significant in the case of maximum temperatures. The highest, most unfavorable values were obtained for Detailed Mode Type 3. Specifically, the spaces with the most unfavorable values are the upper floor of the main house, the upper floor of the hayloft and the laborer’s room. For their part, the rooms with the most favorable values are the northwest annex of the main house, the ground floor of the hayloft and the ground floor of the main house. It is noted that the ceiling of the ground floor and the entire upper floor have a thermal capacity that provides thermal insulation to the ground floor.



Regarding the spaces with the most unfavorable values, we can see that the upper floor of the main house, with façades facing north, east and south, has a maximum temperature of 32 °C, and an average maximum daily temperature of 26.8 °C (±2.16) during the summer period. The upper floor of the haystack, which has façades on all four sides, has a maximum temperature of 31.4 °C, and an average maximum daily temperature during the summer period of 26.4 °C (±2.30). The Sharecroppers’ house, with façades facing north and east, has a maximum temperature of 30.5 °C, and an average maximum daily temperature during the summer period of 25.8 °C (±2.18). Regarding the rooms with more favorable values, the northeast annex of the main house has a maximum temperature of 28.5 °C, with an average maximum daily temperature during the summer period of 23.8 °C (±2.26). The ground floor of the main house, facing north, has a maximum temperature of 27.6 °C, and an average maximum daily temperature during the summer period of 21.6 °C (±2.24). Lastly, the ground floor of the haystack, with façades facing north and southwest, has a maximum temperature of 27.4 °C, and an average maximum daily temperature during the summer period of 21.5 °C (±2.23).



Detailed Model Type 3 offers a wider range of temperatures than Simplified Model Type 3, with differences of up to 16.4 °C. This results in more days with extreme maximum temperatures.




5.3. Adaptive Thermal Comfort in Standard Models According to ASHRAE 55


The assessment of the impact of the outdoor temperature on the thermal performance of the three models from the point of view of comfort is shown in Figure 8 and Figure 9. They show the oscillation of the operative indoor temperature inside in relation to the average outside temperature, according to ASHRAE 55 (2020) [22].



Figure 8 shows the adaptive thermal comfort ranges established from the average outdoor temperature and the indoor operating temperatures during the summer period for Models Type 1 and 2. In Model Type 1 (Figure 8a), 15% of the days in the summer period fall outside the comfort range, 10% are within 80% acceptability limits, 70% are within 90% acceptability limits and 5% coincide with the comfort temperature. In Model Type 2 (Figure 8b), 5% of the days in the summer period are outside the comfort range, 30% are within 80% acceptability limits, 60% are within 90% acceptability limits and 5% of the days coincide with the comfort temperature.



The next stage was to look at the adaptive thermal comfort ranges for Simplified Model Type 3 and for the most unfavorable situation in Detailed Model Type 3, as established from the average outdoor temperature and the indoor operating temperature during the summer period. Figure 9a shows that, in Simplified Model Type 3, 5% of the days in the summer period are outside the comfort range, 5% are within the 80% acceptability limits, 80% are within 90% acceptability limits and 10% of the days coincide with the comfort temperature. Figure 9b shows the results for the unfavorable situation in Detailed Model Type 3. In this case, 20% of the days are outside the comfort range, 20% are within 80% acceptability limits, 39% are within 90% acceptability limits and 10% of the days coincide with the comfort temperature. It should be noted that, in both cases, the acceptability percentages only refer to the maximum limits because there are no values less than the ideal comfort temperature.





6. Discussion


6.1. Characterization of Models, Simulation Setup, and Study Limitations


The decisions made during the simulation ensure the obtainment of reliable results. One of these decisions involves verifying the temperature difference between the climatic data file and the data collected during the monitoring campaign, ensuring it does not exceed 3 °C. Regarding the interior temperatures of the models, they undergo a thorough and detailed calibration and validation process following ASHRAE 14 (2014) [105] for greater precision in the results. Additionally, the models include the thermal bridges existing at the junctions between different construction elements and are simulated using the most commonly used calculation engine in simulation literature, EnergyPlus, through the OpenStudio application for SketchUp, incorporating ASHRAE 55 (2020) [22] criteria. As for the study’s limitations, the models do not account for ambient humidity or its transfer through construction elements due to a lack of means for measurement.




6.2. Influence of U-Factor and Orientation in the Models


The results confirm that smaller façades are associated with a low WWR, as is the case in Model Type 1 and in the west façade of Model Type 2. For the same WWR range, higher U-factor values are detected on the west façade and lower ones on the south façade of Model Type 1, which implies that the south façade of Model Type 1 has the best thermal behavior. U-factor values increase in line with increases in WWR, which is why, in Models Type 2 and 3, the north and east façades, which have the highest WWR, also have a slightly higher U-factor. The west façade, however, which has a lower WWR, has a correspondingly lower U-factor, thus worsening its thermal behavior. The eastern façade of Model Type 2, which is in the highest WWR range, has the highest U-factor.



Regarding compliance with the U factor limits established by CTE DB HE (2022) [31], we found that the values for the exterior walls of the three models do not comply with the limits established by the CTE and that the thermal response improves in line with the thickness of the walls. The roofs do not meet the limits required by the CTE either, although the flat roof in Models Type 1 and 3 behaves better than the sloped roof in Model Type 2. The floors in all three types of farmhouses have the same characteristics and good thermal behavior, unlike the walls and roofs. Table 4 shows that, in general terms, the U factor values are between 30 and 40% of the limit value, with the exception of the east and north façades in Model Type 2, the façades with the highest WWR values in the study, which reach 75 and 93% of the limit values, respectively.



These results show that the south- and east-facing façades perform best, so confirming the findings of [106,107], for whom the south-facing façades achieved the best results, unlike [108]. In addition, north-facing façades with a low WWR obtained similar results to the south- and east-facing façades, so confirming the findings of [23].




6.3. Behavior of Models in the Face of Extreme Temperatures


The results of our research highlight that the traditional farmhouses in the study area behave well in the face of the extreme temperatures to which they are exposed during the summer months. The three models demonstrate their ability to mitigate a certain amount of heat when maximum temperatures are reached outside. Model Type 2 shows the best performance in this situation, reducing the maximum outside temperature by up to 10.1 °C, which makes it the most favorable case when the outside temperature increases. For its part, Model Type 1 shows the lowest mitigation capacity, reducing this temperature by 9.2 °C. Simplified Model Type 3 achieved similar results to Model Type 1, with a maximum temperature reduction of 8.3 °C compared with the maximum outside temperature.



However, to obtain a complete vision of Model Type 3, the results for the simplified version must be compared with those for the detailed version. The results show that the space that behaves worst in the face of extreme outdoor temperatures is located on the upper floor, which is incapable of mitigating the heat. By contrast, on the ground floor, the space with the best thermal behavior manages to reduce the highest temperatures by up to 9.6 °C. In short, Detailed Model Type 3 has worse results because its top floor has a larger area exposed to the elements. By contrast, the ground floor is quite well protected from them by the upper floor. This is because the upper floor acts as an air chamber between the outside and the ground floor, providing thermal insulation.




6.4. Adaptive Thermal Comfort in Standard Models According to ASHRAE 55


In general, the operation of the models is highly satisfactory during the summer period according to the ASHRAE 55 (2020) [22] guidelines; the results clearly demonstrate the thermal capacity of the architectural typology. In the adaptive thermal comfort study, Models Type 1 and Type 2 had a high percentage of operating temperatures within the acceptability limit of 90%, in line with [109]. However, unlike [110], there are some days within the summer period in which the operating temperature does not meet the acceptability limit of 80%. With respect to the Model 3, it is proven that the Simplified Model has 30% more days with operating temperatures within comfort limits compared with the Detailed Model. In line with [111], the average operating temperature for the Simplified Model falls within the 80% acceptability limit, a situation that does not apply to the Detailed Model, where, in line with [101], the average operating temperature exceeds this limit. On the other hand, the Simplified Model is more compliant with the limits of ASHRAE 55 (2020) [22] compared with the Detailed Type. In line with [111], the Simplified Model meets the limits for an additional 15% of days more than the Detailed Model. Instead, this Detailed Model Model agrees with [108] in exceeding these limits frequently.





7. Conclusions


Within the current context of climate change, the decision-making process must be guided towards bioclimatic design and existing built heritage must be adapted to help mitigate the effects of global warming. With this in mind, energy simulations can be carried out on existing buildings so as to assess their thermal conditions and energy efficiency and decide what measures must be taken within the guidelines established by the regulatory framework. To this end, in this research, we evaluated the impact of the Mediterranean climate on representative models of traditional Mediterranean architecture in general and of the Eastern Almería farmhouse in particular. The results highlight the benefits of buildings of this kind which apply passive strategies to mitigate the extreme temperatures being produced by climate change.



The main conclusions obtained are as follows:




	
Regarding orientation, WWR and U-factor values, it can be deduced that the smaller the surface area of the façade, the lower its WWR tends to be, which results in a lower U-factor and better thermal capacity.



	
It should be noted that in façades with similar WWR values, the most favorable orientation is south and the most unfavorable is west. Despite this, all the façades met the limits established by CTE DB HE (2022) [31].



	
The modeling phase is a crucial factor in the simulation to obtain reliable indoor temperatures, a necessary condition for the preservation of the built heritage [112]. This includes the process of calibrating and validating the models, as well as characterizing thermal bridges.



	
The indoor temperature values of the models were obtained by simulation. The results show that farmhouses with compact floor plans and sloping roofs (Model Type 2) have the greatest thermal capacity to mitigate the extremely high outdoor temperatures in the summer in the study area. By contrast, the worst response to extreme temperatures was obtained in farmhouses composed by addition disaggregated rooms on the top floor (Detailed Model Type 3).



	
In the two-story farmhouses (Model Type 3), the thermal capacity of the walls, roofs and ceilings of the upper floor creates an air chamber that increases the difference between the extreme exterior temperature and the interior temperature of the ground floor. However, the difference between the exterior temperature and the interior temperature of the upper floor is not as noticeable.



	
The thermal comfort assessed according to the ASHRAE 55 (2020) [22] guidelines confirms that in farmhouses with compact floor plans and sloping roofs (Model Type 2), the temperature is maintained within the established acceptability limits for a longer period. According to these same guidelines, the compact farmhouses (Model Type 1) are the ones with the worst response. The compact farmhouse and most of the rooms of the disggregated farmhouses (Models Type 1, Type 2 and Simplified Model Type 3) meet the requirements of ASHRAE 55 (2020) [22] for more than half the summer period, a situation that does not occur in the most unfavorable room of the disaggregated farmhouse (Detailed Model Type 3).








This study confirms that the different types of farmhouses studied have sufficient thermal capacities to respond to the climatic conditions of Eastern Almería, which gives them added value in addition to their importance as heritage buildings. Thus, vernacular architecture and historic buildings demonstrate great thermal capacity facing extreme temperatures, thanks to the materials of their construction elements, the thickness of their envelopes and the orientation of their façades. Therefore, the results obtained can be used as a guide for designers and construction industry investors, in order to pursue projectual solutions that appropriately reflect the current market needs of high energy performance of the built environment. The research carried out shows that traditional Mediterranean architecture has the necessary thermal properties for the climate in this region, demonstrating that the particular characteristics of these buildings enhance thermal comfort inside them. This research could be expanded by analyzing a longer period of time and extending it to different typologies, climates and locations. Future insights could provide for the implementation of sensitivity analysis and/or threshold analysis for different values of the considered energetic parameters, in order to verify the robustness of the developed models. This would enable us to validate this method for evaluating the bioclimatic design of traditional buildings, so that they can be taken into account in future regulations and guidelines for mitigating the impact of climate change in existing buildings.
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Abbreviations




	e
	Thickness (m)



	h
	Width (m)



	HVAC
	Heating, Ventilation and Air Conditioning



	Rse
	Outdoor Air Superficial Thermal Resistance (m2 K/W)



	Rsi
	Indoor Air Superficial Thermal Resistance (m2 K/W)



	Rt
	Superficial Thermal Resistance (m2 K/W)



	SDG
	Sustainable Development Goal



	Sf
	Façade area (m2)



	Sh
	Window area (m2)



	T0
	Operative temperature (°C)



	TMT
	Indoor temperature of the Model Type (°C)



	Tmed
	Average indoor temperature



	U-factor
	Superficial Thermal Transmittance (W/m2 K)



	UHI
	Urban Heat Island



	UP
	Equivalent superficial Thermal Transmittance of the thermal bridge (W/m2 K)



	WWR
	Window-to-Wall Ratio



	λ
	Thermal conductivity (W/mK)



	Ψ
	Linear thermal transmittance (W/mK)
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Figure 1. (a) Doña Jacoba farmhouse, Huércal Overa (Almería). (b) Management House of the Marqués de Chávarri, Mojácar (Almería). (c) House of Los Fuentes, Carboneras, (Almería). (d) Cortijo Morata, Vera (Almería). (e) La Providencia Winery, Antas (Almería). (f) Farmhouse Cayuela, Níjar (Almería). 
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Figure 2. Layout of the three models. (a) Model Type 1 with flat roof. (b) Model Type 2 with sloping roof. (c) Model Type 3 with flat roof. Spaces: (1) Main house. (2) Laborer’s room. (3) Warehouse. (4) Pen. (5) Stable. (6) Hayloft. (7) Yard. 
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Figure 3. Outline of the procedure. 
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Figure 4. Thermal difference between the climatic data available from AEMET [104] and the monitored temperature. 
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Figure 5. Acceptability percentage ranges for adaptive thermal comfort in Almería during the summer period. 
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Figure 6. Maximum daily interior temperatures for Model Type 1, Type 2 and Simplified Type 3 and maximum daily exterior temperatures during the summer period. 
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Figure 7. Maximum daily interior temperatures for Detailed Model Type 3 and maximum daily exterior temperatures during the summer period. 
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Figure 8. Adaptive thermal comfort of Models Type 1 and 2 according to ASHRAE 55 [22]. (a) Model Type 1. (b) Model Type 2. 
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Figure 9. Adaptive thermal comfort in Simplified and Detailed Models Type 3 according to [22] ASHRAE 55. (a) Simplified Model Type 3. (b) Most unfavorable situation in Detailed Model Type 3. 
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Table 1. Factors used to classify the sample group: number of floors; surface area; thickness of the exterior walls.
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Specimens






	
Floors

	
1 floor

	
15




	
2 floors

	
9




	
3 floors

	
3




	
Surface

	
Surface < 500 m2

	
11




	
500 m2 < Surface < 1000 m2

	
9




	
Surface > 1000 m2

	
7




	
Thickness

	
45 cm

	
3




	
50 cm

	
20




	
65 cm

	
4











 





Table 2. Classification of the sample group. Distinguishing characteristics of each type and number of houses.
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	Model Type 1
	Model Type 2
	Model Type 3





	Identifying

characteristics
	1 floor

Surface < 500 m2

45 cm thick walls

Flat roof
	2 floors

500<Surface<1000 m2

50 cm thick walls

Sloping roof
	2 floors

Surface > 1000 m2

65 thick walls

Flat roofs



	Specimens
	11 specimens

41% of the sample
	9 specimens

33% of the sample
	7 specimens

26% of the sample










 





Table 3. WWR for the four façades in the three models classified according to CTE DB HE (2022) [31].
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Model

	
South

	
East

	
North

	
West






	
Type 1
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4.29%

	
7.14%

	
7.14%

	
8.43%




	
Type 2

	
[image: Sustainability 16 00746 i005]

	
[image: Sustainability 16 00746 i006]
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21.68%

	
35.47%

	
30.65%

	
7.36%




	
Type 3
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16.53%

	
12.02%

	
22.12%

	
11.15%




	
WWR ranges established in CTE DB HE (2022) for limit transmittance values

WWR: [image: Sustainability 16 00746 i013] 0–10% [image: Sustainability 16 00746 i014] 11–20% [image: Sustainability 16 00746 i015] 21–30% [image: Sustainability 16 00746 i016] 31–40%











 





Table 4. Thermal properties considered for the materials in the building envelopes.
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	Conductivity (W/mK)
	Specific Heat (J/kgK)
	Solar Absorptance





	Masonry
	1.06
	1000
	0.30



	Lime
	1.00
	1000
	0.92



	Plaster
	0.80
	1000
	0.40



	Wood
	0.15
	1600
	0.50



	Topsoil
	0.52
	1840
	0.50



	Ceramic tile
	1.00
	800
	0.50










 





Table 5. Statistical indices for model validation with ASHRAE.
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NMBE (%)

	
CVRMSE (%)

	
R2




	

	
Model

Value

	
ASHRAE Limit

	
Model

Value

	
ASHRAE Limit

	
Model

Value

	
ASHRAE Limit






	
Model Type 1

	
−7.40

	
±10.00

	
15.30

	
<30

	
0.79

	
>0.75




	
Model Type 2

	
−6.10

	
±10.00

	
10.20

	
<30

	
0.88

	
>0.75




	
Model Type 3

	
−4.20

	
±10.00

	
8.40

	
<30

	
0.93

	
>0.75











 





Table 6. U-factor values for the construction elements in models and threshold values in the CTE DB HE (2022) [31].
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	Element
	Model Type 1

(W/m2K)
	Model Type 2

(W/m2K)
	Model Type 3

(W/m2K)
	DB HE Limit

(W/m2K)

(CTE, 2022)





	Walls in contact with the outside air
	1.54
	1.43
	1.19
	0.56



	Covers in contac with the outside
	1.94
	2.00
	1.94
	0.44



	Floors in contact with the ground
	5.20
	5.20
	5.20
	0.75










 





Table 7. U-factor values for the openings (doors and windows) in the models and threshold values in the CTE DB HE (2022) [31].
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Model

	
South

	
East

	
North

	
West






	
Type 1

U = 5.9 W/m2K
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Ulim = 5.7 W/m2K

	
Ulim = 5.7 W/m2K

	
Ulim = 5.4 W/m2K

	
Ulim = 5.7 W/m2K




	
Type 2

U = 5.9 W/m2K
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Ulim = 5.7 W/m2K

	
Ulim = 4.0 W/m2K

	
Ulim = 3.0 W/m2K

	
Ulim = 5.7 W/m2K




	
Type 3

U = 5.9 W/m2K
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Ulim = 5.7 W/m2K

	
Ulim = 4.9 W/m2K

	
Ulim = 3.3 W/m2K

	
Ulim = 4.9 W/m2K




	
WWR ranges established in CTE DB HE (2022) for limit transmittance values

WWR: [image: Sustainability 16 00746 i013] 0–10% [image: Sustainability 16 00746 i014] 11–20% [image: Sustainability 16 00746 i015] 21–30% [image: Sustainability 16 00746 i016] 31–40%











 





Table 8. U-factor for the four façades in each model.
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Model

	
South

	
East

	
North

	
West






	
Type 1
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U = 1.71 W/m2K

	
U = 1.85 W/m2K

	
U = 1.85 W/m2K

	
U = 1.90 W/m2K




	
Type 2
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U = 2.39 W/m2K

	
U = 3.00 W/m2K

	
U = 2.79 W/m2K

	
U = 1.75 W/m2K




	
Type 3
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U = 1.96 W/m2K

	
U = 2.04 W/m2K

	
U = 2.22 W/m2K

	
U = 1.47 W/m2K




	
WWR ranges established in CTE DB HE (2022) for limit transmittance values

WWR: [image: Sustainability 16 00746 i013] 0–10% [image: Sustainability 16 00746 i014] 11–20% [image: Sustainability 16 00746 i015] 21–30% [image: Sustainability 16 00746 i016] 31–40%
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