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Abstract

:

Since the beginning of the 20th century, many studies have focused on the possibility of considering the sky as a body characterized by an apparent temperature, and several correlations to quantify the apparent sky temperature have been proposed. However, the different models were obtained for specific meteorological conditions and through measurements at specific sites. The available models do not cover all locations in the world, although the evaluation of the sky temperature is fundamental for estimating the net radiative heat transfer between surfaces and the sky. Here, experimental data logged from a regional micrometeorological network (in Italy, within the Lazio region) were processed and used to identify an empirical model for the estimation of the sky temperature in the Mediterranean area. Data relating to atmospheric infrared radiation were used to compute the sky temperature, aiming at identifying a direct correlation with the ambient temperature. Climatic data acquired during 2022 were processed. The proposed correlations were compared with other models available in the literature, including the standard ISO 13790. This study proposes an annual-based direct correlation in its initial phase, demonstrating a superior fit to the measured data compared to well-known direct empirical models from the literature. Subsequently, quarterly-based correlations are introduced further in a secondary phase of the work to improve the model’s adaptation to experimental observations. The results reveal that quarterly-based correlations improve goodness-of-fit indexes compared to annual-based and well-known direct empirical correlations. Finally, a detached building was modeled via a dynamic code to highlight the influence of different correlations on annual energy needs.
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1. Introduction


Addressing the global climate emergency requires innovative approaches and technologies to minimize human impact. It is essential to prioritize reducing reliance on non-renewable energy sources and cutting greenhouse gas emissions.



These priorities were acknowledged as part of the 2030 Agenda for Sustainable Development, a program of action endorsed in September 2015 by the governments of all 193 member countries of the United Nations [1]. It identifies 17 Sustainable Development Goals, among which are the fight against climate change and the mission of inclusive, safe, long-lasting, and sustainable cities and human settlements [2].



Despite energy efficiency policies in Europe, it is worth observing that the residential sector still accounts for about 40% of the overall energy usage and over a quarter of CO2 emissions [3,4]. Among the main items of energy end uses, summer and winter air conditioning stand out [5]. Within cities, the first one improves the increasingly significant phenomenon of the so-called urban heat islands [6,7]. In countries characterized by hot climates, cooling is a driving factor in the demand for electricity. Therefore, much attention is paid to research in the field of materials intended for passive radiative heat dissipation. These materials allow thermal energy to be transferred from surfaces toward external space passively, i.e., without demanding any energy input to work [8]. This heat transfer occurs through a radiative transmission mechanism. It is well known that this is the fastest heat transfer process, and solar radiation reaches the Earth’s surface. All bodies characterized by a temperature above absolute zero continuously emit energy in the form of electromagnetic radiation, caused by molecular stirring. Thermal radiation encompasses the wavelengths of the electromagnetic spectrum that can heat a body upon absorption, ranging from 0.1 μm to 100 μm.



When considering surfaces such as building components, photovoltaic panels, or solar thermal collectors, it is necessary to consider the radiative heat transfer between them and the environment. The exchange of longwave infrared radiation between a surface and the sky depends on the specific exposure of the surface. This can be influenced by the slope, the presence of other bodies, and the temperature of the sky. The heat transfer with the sky vault is associated with the sky longwave radiation, which needs to be accounted for through the sky temperature concept. The sky temperature is the average of the ground temperature and the upper troposphere, where water vapor is much less abundant. Therefore, it does not represent the actual temperature of the sky but rather indicates that the sky is significantly warmer than space and cooler than clouds [9].



Urban areas exhibit significant spatial variations in terms of air temperature and shortwave radiation, influenced by factors such as surface cover, building heights, and green space percentage. These variations are crucial in shaping the urban climate and affect urban resilience [10]. Therefore, a comprehensive understanding of urban climate conditions from mesoscale [11,12] and microscale [13,14] perspectives is essential.



All this can be related to the building sector. Heat transfers between buildings and the environment occur through conduction, convection, and radiation. These heat exchanges are nowadays quantified through simulation software able to compute the energy needs for heating and cooling on a monthly or hourly basis. As mentioned before, the building sector in Europe is responsible for high energy consumption and polluting emissions. Consequently, detailed models are useful for simulating the thermal behavior of inefficient old buildings and testing the effects of energy retrofit solutions.



The net radiative heat flux   (   q   r a d   )   between a building component and the sky vault can be computed by applying the following formula [15,16]:


    q   r a d   = ε σ   F   s k y   (   T   s   4   −   T   s k y   4   )  



(1)




where the emissivity of the building surface is represented by   ε  ,     F   s k y     is the sky view factor, and     T   s     is the surface temperature of the building component. Sky temperature (    T   s k y    ) is the average temperature of the sky. At the horizon, the sky temperature is equal to the ambient temperature. On the other hand, the coldest part of the sky is the portion above. Using a view factor value of 0.5 for vertical surfaces in energy simulations is a widely employed approach. This approach assumes a constant sky temperature, simplifying the computational process. However, this approach cannot be considered entirely representative [17]. To calculate the net radiative heat flux, the sky temperature is fundamental, but it is not measured by weather stations. Consequently, correlations have been developed to obtain the sky temperature as a function of climatic parameters.



Nowadays, energy simulation software programs exploit models for estimating the temperature of the sky [18]. Research in the literature shows that since the beginning of the 20th century, many studies have focused on the possibility of considering the sky as a body characterized by an apparent temperature. Based on this, several correlations to quantify the apparent temperature of the sky were proposed [19,20,21,22,23].



Analyzing the available sky temperature models in the literature, it is possible to distinguish empirical and detailed models [17]. Alongside them, it is also possible to mention the standard ISO 13790 [24].



Within empirical models, correlations for clear-sky and cloudy-sky conditions can be observed. These correlations are based on direct measurements of infrared radiation. Moreover, within these two classifications, it is possible to recognize direct models and sky emissivity models: The first ones allow for the calculation of the sky temperature by using only the ambient temperature (    T   a m b    ); the latter ones need the sky emissivity (    ε   s k y    ) evaluation to compute the sky temperature. This means that the sky is considered a gray body, characterized by an apparent emissivity. Consequently, atmospheric radiation (    q   s k y    ) can be calculated according to     q   s k y   =   ε   s k y     T   a m b   4    . By contrast, by considering the sky as a black body, atmospheric radiation can be computed by applying the well-known Stefan–Boltzmann law as a function of a sky emissivity equal to 1 and the fourth power of the apparent thermodynamic temperature of the sky. By comparing the two approaches, it is possible to obtain the equation     T   s k y   4   =   ε   s k y     T   a m b   4    .



Several direct and sky emissivity models for clear-sky conditions were presented in the literature.



In 1963, Swinbank [25] introduced a novel clear-sky direct model that allowed for the estimation of sky temperature solely based on ambient temperature data. The Swinbank correlation was derived by averaging the values of elevation and humidity. Later, in 1982, Garg [26] proposed a different clear-sky direct model for estimating the sky temperature. Based on experimental investigations conducted in Australia, the author proposed a correlation for directly computing the sky temperature simply by subtracting 20 °C from the ambient temperature observations. In 1918, Angström [27] presented the first clear-sky emissivity model. Based on an extensive set of observations performed in Algeria (Bassour), the proposed correlation ensures the computation of the sky’s emissivity, considering the prevailing atmospheric vapor pressure at any given time. Starting from climate data recorded in the United Kingdom in 1932, Brunt [28] introduced a novel sky emissivity correlation valid for clear-sky conditions. The correlation estimates the sky emissivity based on the square root of water vapor partial pressure and two empirical dimensionless coefficients (a = 0.52 and b = 0.065). The correlation assumes that the sky emissivity varies linearly with the said parameter. After two years of observations in Ohio, USA, Sloan et al. [29] developed an alternative clear-sky emissivity model in 1956 to estimate the sky emissivity using only absolute humidity (AH) data. In 1969, Idso and Jackson [30] presented another clear-sky emissivity correlation for assessing sky emissivity under clear-sky conditions, relying only on air temperature values. From 1982 to 2004, several clear-sky emissivity models were proposed for estimating sky emissivity as a function of the dew point temperature only [31,32,33,34,35].



On the other hand, different direct and sky emissivity models were proposed over the years considering the impact of clouds on the calculation.



Among these, there is the simplified and practical direct cloudy-sky correlation proposed by Dreyfus [36] in 1960. This correlation allows for estimating the sky temperature by imposing the identity between sky and ambient temperatures. In 1967, Whillier [37] introduced an alternative simplified direct cloudy-sky model, offering a user-friendly method for computing the sky temperature by subtracting 6 °C from the ambient temperature observations. In 1987, after analyzing climatic data from 68 cities in the US, Fuentes [38] modified the Swinbank [25] model and proposed an alternative direct cloudy-sky correlation for estimating the sky temperature starting from ambient temperature data. With the undeniable variability of sky conditions and the consequential impact of cloud presence on infrared radiation observations, various cloudy-sky emissivity models have been proposed in the literature over the years. These models aim to adjust clear-sky correlations and extend their applicability to cloudy conditions. Among these, the Clark and Allen [39] correlation, introduced in 1978, remains in use in the dynamic code EnergyPlus 22.1.0 [40]. The authors presented a correction factor (    C   a    ) to account for the variation of sky cover in sky emissivity computation. The correction factor varies with clear-sky conditions (N) and is the ratio of observed cloud sky atmospheric radiation to estimated clear-sky atmospheric radiation. In 1980, Kasten and Czeplak [41] proposed an alternative emissivity model for cloudy skies, which employs a cloudiness factor (CF) to account for varying sky conditions. Specifically, a CF value of 0 represents a clear-sky scenario, whereas a CF of 1 signifies an utterly overcast sky. In 1984, Berdahl and Martin [42] introduced a sky emissivity correlation based on the cloud sky fraction (    f   c l o u d    ), which can be compared to the Kasten and Czeplak correlation [41]. An     f   c l o u d     index of 0 represents a clear-sky condition, while a value of 1 represents an overcast sky scenario.



Detailed models, in contrast, analyze the atmospheric components to assess gases’ radiative characteristics and calculate infrared radiation. These sophisticated models necessitate comprehensive data on pressure, temperature, density relative to elevation, gas concentration, and spectral absorption coefficients. In 1961, Bliss [43] introduced one of the most practical correlations among the detailed models. This correlation allows for the estimation of the sky’s emissivity based solely on dew point temperature data.



More exhaustive information on the most well-known models in the literature for estimating the temperature of the sky is reported in [17].



Lastly, the formulas reported in ISO 13790 identify a simplified approach, with a sky temperature value predictable by subtracting a specific constant from the ambient temperature, based on the climatic area (temperate, sub-polar, or tropical). The classification of available models is shown graphically in Figure 1.



The correlations proposed over time are related to local climatic conditions and measurements conducted at specific locations. Such variations have been an essential factor in the development of new models. In 2019, Evangelisti et al. [17] provided a literature review of the available formulas for the evaluation of the sky temperature and sky emissivity, considering models suggested since 1918, and also provided a comparison among them. The current models vary substantially in form and complexity. The authors concluded that the best formula for the Mediterranean area cannot be identified due to the lack of equations for all areas of the World.



For this reason, this work, which can be identified as a follow-up of [17], aimed to suggest a new correlation for the Mediterranean area starting from experimental data acquired by a micrometeorological network installed in the Lazio region (Italy). Climatic data logged in 2022 were processed to provide a preliminary new direct model and an alternative methodological approach in terms of data processing for the sky temperature estimation. Moreover, the proposed correlation was compared with others available in the literature [36,37,38], including the ISO 13790 standard. Finally, a detached building was modeled via dynamic simulation software to assess the effect of different correlations on annual energy needs for air conditioning.



The preliminary direct model proposed here could be considered an alternative solution to the standardized model provided by ISO 13790, widely used in engineering practices for assessing sky temperature in regions with temperate climates, such as Italy. Finally, the methodological approach presented here can be applied by considering other datasets related to different geographical areas for the requirements of calibrated energy models.




2. Materials and Methods


2.1. The Micrometeorological Network


A micrometeorological network was designed by ARPA Lazio [44] in 2012 to support the assessment and forecasting of air quality within and near Rome (see Figure 2a,b). The stations are equipped with meteorological sensors for measuring environmental temperature, humidity, pressure, and precipitation, associated with sonic anemometers, pyranometers, and pyrgeometers. The measurement sites comply with the indications of the World Meteorological Organization. Figure 2b shows the different positions of the weather stations. For this work, meteorological conditions recorded in station number 3 in Figure 2b were selected based on the availability and completeness of the climatic data.




2.2. Methodology


The infrared atmospheric radiation and ambient temperature data were acquired in 2022. A preliminary data cleaning procedure was accomplished via the programming and numeric computing platform MATLAB R2024a [45]. The climatic data were organized within tables, and time intervals relating to missing data were excluded. The measured longwave atmospheric radiation (    q   s k y    ) was used to compute the sky temperature by using the following equations:


    q   s k y   = σ   T   s k y   4    



(2)






    T   s k y   =         q   s k y     σ         1   4      



(3)




where   σ   is the Stefan–Boltzmann constant, and     T   s k y     is the temperature of the sky.



By applying Equation (3), a preliminary direct model was identified as a function of the ambient temperature (    T   a m b    ). Employing the available climatic data, the proposed model allows for expressing the sky temperature as a function of the ambient temperature, in the form of a straight-line equation (    T   s k y   = m   T   a m b   + c  ).



The methodological approach is characterized by two steps. Within the first step, the data recorded for all of 2022 were processed following an annual-based approach (considering the measured longwave atmospheric radiation and ambient temperatures acquired during the whole year). The following goodness-of-fit indexes were computed for assessing the reliability of the proposed empirical correlation: coefficient of determination (R2), normalized mean bias error (NMBE), and the coefficient of variation of the root mean square error (CV(RMSE)).



The coefficient of determination (R2) is a frequently employed statistical parameter, ranging from 0 to 1, for assessing model uncertainty [46]. This index gauges the proximity of simulated values to the regression line of measured values. A higher value indicates a closer alignment between simulated and measured values, while a lower value indicates a weaker correspondence. According to the ASHRAE Guidelines [47] and IPMVP [48], the R2 value should be at least 0.75 for calibrated models. The coefficient of determination can be calculated as follows:


    R   2   =       n ·   ∑  i = 1   n      m   i   ·   s   i     −   ∑  i = 1   n      m   i   ·     ∑  i = 1   n      s   i        ( n ·   ∑  i = 1   n        m   i     2   −   (   ∑  i = 1   n      m   i   )     2   )   · ( n ·   ∑  i = 1   n        s   i     2   −   (   ∑  i = 1   n      s   i   )     2   )          2    



(4)




where n is the number of recorded observations,     m   i     is the i-th measured value, and     s   i     is the i-th simulated value.



The normalized mean bias error (NMBE) is a normalization of the mean bias error (MBE). MBE is a nondimensional bias measure between measured and simulated data defined as follows:


  M B E =     ∑  i = 1   n    (   m   i   −   s   i   )       ∑  i = 1   n    (   m   i   )      



(5)







It is worth noting that the MBE is characterized by a cancellation effect, where a positive bias compensates for a negative bias. The NMBE can be calculated in the following manner:


  N M B E =   M B E     m  ¯    × 100 %  



(6)




where     m  ¯    is the mean of the measured values.



Finally, the coefficient of variation of root mean square error (CV(RMSE)) allows us to define how well a model fits the data by using offsetting errors between measured and simulated data. This index can be computed as follows:


  C V   R M S E   =      ∑  i = 1   N      (   m   i   −   s   i   )   2   / N        m  ¯     



(7)







ASHRAE Guidelines 14 [49] define calibration as a process for reducing the uncertainty of a mathematical model by comparing the result simulated by the model (considering specific conditions) with data obtained from measurements. The accuracy of the calibration procedure can be assessed based on the monthly and hourly criteria reference values for the NMBE and CV(RMSE) furnished by ASHRAE Guidelines 14. The monthly NMBE is expected to be within ±5%, whereas the hourly NMBE should be within ±10%. In contrast, the monthly CV(RMSE) should be within ±15%, while the hourly CV(RMSE) should be within ±30%.



The obtained correlation was compared with the available direct models for cloudy-sky conditions, documented in Table 1, for computing sky temperatures, also taking into account the formula recommended by ISO 13790, currently used in engineering applications for estimating the sky temperature in geographical areas characterized by temperate climatic conditions.



Based on the obtained goodness-of-fit index values, an alternative approach was proposed in the second phase of the work. R2 values were computed considering monthly, bimonthly, and quarterly approaches in order to identify the best solution for grouping the available experimental acquisitions. The bimonthly approach consisted of dividing the data into 2-month time intervals (January–February, March–April, and so on). On the other hand, in the quarterly breakdown approach, the data were grouped in 3-month time intervals (from January to March, from April to June, from July to September, and finally, from October to December).



Finally, the evaluation of the influence of different correlations on building energy needs for cooling and heating was assessed. A detached building was modeled via TRNSYS 16 simulation software, and the sky temperature correlations listed in Table 1 along with the proposed equations were applied.



In particular, the “TRN-Build” type was used for modeling two cubic-shaped structures characterized by different thermal insulation levels. The walls of the first building (labeled as B1) were made of solid bricks plastered on both sides. On the other hand, the second building (labeled as B2) had walls made of concrete and an external XPS layer, plastered on both sides. The thermophysical properties of the wall layers are listed in Table 2. A user-defined correlation based on the formula suggested by ISO 6946 [50] was set for external heat transfer convective coefficients:


    h   c   = 4 v + 4  



(8)




where   v   is the wind speed.



According to ISO 7730 [51], the heat gains from occupants of conditioned spaces were set equal to 65 W for sensible heat and 55 W for latent heat (low activity level). Moreover, the heat gain from the electrical apparatus was set equal to 140 W. The indoor temperature set points were 20 °C for heating and 26 °C for cooling.



On the other hand, the “TRNSYS Simulation Studio” was used for modeling the environment in terms of climatic conditions, and sky temperature was computed by applying both the specific “Type 69” (widely used as a standard component of the library and based on the Berdahl and Martin [42] formulation for computing the emissivity of the sky and thus the sky temperature) and the assembly function to insert the equations shown in Table 1 and the new ones proposed here.



The outcomes from all the considered approaches were analyzed and compared. Figure 3 shows the flowchart of the applied methodology.





3. Results and Discussion


3.1. Empirical Correlations for Estimating the Sky Temperature


As mentioned, climatic data in 2022 were collected from a weather station within the ARPA micrometeorological network in Lazio, Italy. Ambient temperature and infrared radiation data were analyzed to propose a new correlation for estimating the sky temperature in the Mediterranean area.



From the acquired     q   s k y     data, the sky temperature values were computed by applying Equation (3) and used with     T   a m b     data to identify the most suitable direct correlation for evaluating the sky temperature as a function of the ambient temperature. Figure 4 shows the new correlation (red line), also providing a comparison among the proposed function and the available equations proposed by Dreyfus (yellow line), Whillier (purple line), Fuentes (light blue line), and the ISO 13790 standard (gray line). The findings reveal that the proposed annual-based formula is more accurate in fitting the temperature data recorded in 2022 than the other ones. Among the well-known correlations available in the literature, the ISO 13790 equation seems to fit the observed climate conditions better. As illustrated, the linear regression procedure reveals an annual-based correlation characterized by an R2 value slightly lower than 0.7. On the other hand, the NMBE and CV(RMSE) result in values equal to   − 7.9 ×   10   − 13   %   and   − 317.4 %  , respectively. The indexes were computed using the     T   s k y     values derived from the experimental longwave radiation and the sky temperatures were computed by applying the function shown in Figure 4. Notably, while the NMBE value meets the calibration criteria outlined in ASHRAE Guidelines 14, the R2 and CV(RMSE) values need improvement. Specifically, the coefficient of determination falls below 0.75, and the coefficient of variation of the root mean square error exceeds 30%.



Despite the unsatisfactory indices, it is possible to observe that the preliminary suggested equation better estimates the sky temperature values based on experimental data. The proposed model is related to a methodological approach based on the processing of data that can be downloaded and managed by professionals, thus obtaining a specific equation as a function of the processed data. What has been stated is even more evident if a comparison is made with the other correlations in the literature.



The discrepancies in the results highlighted in Figure 4 are related to models derived from experimental measurements conducted in parts of the world other than the Mediterranean. In particular, the Whillier model was established in 1967, based on measurements conducted in the US, by correcting ambient temperature by 6 °C. On the other hand, the Fuentes model was identified in 1987, based on data measurements from 68 cities in the US, starting from the correlation proposed by Swinbank [25] and modifying it, employing a clearness index (this is the ratio between the measured solar radiation and the total solar radiation that could be received under completely clear-sky conditions). Finally, the Dreyfus model equals ambient and sky temperatures, thus obtaining higher sky temperature values than the other correlations.



Based on the acquired data, an analysis was conducted using monthly, bimonthly, and quarterly segmentation methods to determine the optimal approach for data organization. The R2 values were then assessed to discern the most effective data-splitting strategy. Figure 5 depicts that the quarterly-based segmentation has superior accuracy, yielding higher R2 values over extended periods. Conversely, the monthly segmentation exhibits reduced accuracy in representing the observed climate conditions for 2022 compared to the other segmentation methods.



Therefore, the data were organized using a quarterly breakdown method to derive distinct mathematical models for different periods of the year. Four quarterly correlations for estimating     T   s k y     were identified, which are presented in Table 3.



Also in this step, sky temperature values were computed by employing the well-known cloudy-sky direct correlations listed in Table 1, and the outcomes were compared with those obtained from the proposed quarterly correlations (see Figure 6).



The accuracy of the proposed quarterly empirical formulas was evaluated by calculating the already mentioned goodness-of-fit indexes, obtaining quite improved values during the hottest months of the year (quarters II and III, that is, from April to September). The overall obtained indexes are shown in Table 4. The highest R2 values can be observed during the second and third quarters. Being close to zero value, NMBEs always meet ASHRAE calibration criteria. By contrast, the CV(RMSE) index falls below 30% only in the third quarter. The obtained results demonstrate a more accurate estimation of     T   s k y     during the summer season (July, August, and September) when the identified correlations are employed.



This approach allows us to progressively compute sky temperatures by applying different equations along the year as a function of the specific quarter. The reliability of the quarterly-based approach in estimating the     T   s k y     values for all 2022 can thus be assessed by computing the goodness-of-fit indexes using all the 2022     T   s k y     values (calculated from the longwave radiation) as the measured data and all the 2022     T   s k y     values computed from the proposed quarterly-based correlations as the simulated values. According to this, Table 5 reports all the goodness-of-fit index values obtained using the quarterly-based correlations, Fuentes, and ISO 13790 models. Utilizing the quarterly-based correlations resulted in a high R2 value compared to the previously discussed annual-based empirical correlation. However, it should be noted that the CV(RMSE) value failed to meet the calibration criteria proposed by ASHRAE. The small NMBE values observed can be attributed to the characteristics of our dataset and the methodology employed in our study.



Starting from the climatic data related to 2022, the proposed correlation outperforms the one suggested by ISO 13790 and Fuentes (i.e., the two correlations closest to the one proposed). This can be demonstrated by recalculating the goodness-of-fit indexes, considering ISO 13790 and Fuentes correlations as references for simulated sky temperatures (see Table 5). The quarterly-based approach allows us to obtain the best values of the indexes, even if they do not completely meet the criteria suggested by ASHRAE.




3.2. Influence of Sky Temperature Correlations on Building Energy Simulations


TRNSYS 16 software was used for creating a model of a detached building, and different correlations for assessing the sky temperature were applied. Figure 7 shows the results in terms of annual heating and cooling energy needs, also providing a comparison between structures characterized by different thermal insulation levels (B2 was better thermally insulated than B1).



For B1, heating energy demands ranged between 3926 kWh (obtained by applying the Dreyfus correlation) and 5929 kWh (obtained by applying the annual-based correlation). On the other hand, cooling energy demands ranged between 2748 kWh (found using the quarterly-based correlation) and 6378 kWh (found using the Dreyfus correlation).



For B2, the lowest heating energy demand (2519 kWh) was found by applying the Dreyfus correlation. By contrast, the highest value (3839 kWh) was obtained by applying the annual-based correlation. Considering cooling energy needs, the lowest value (3246 kWh) was found by applying the quarterly-based correlation, and the highest value (6454 kWh) was simulated using the Dreyfus equation. Considering the sky temperature equal to the ambient temperature, the Dreyfus equation resulted in the lowest heating energy needs and the highest cooling energy demands.



Taking ISO 13790 as a reference, the percentage differences computed using the different tested correlations are listed in Table 6. It is possible to observe the highest variations during summer, with values ranging from −35.28% to +50.20% for B1 and from −30.31% to 38.56% for B2.



In light of the newly proposed correlations for estimating sky temperature using a quarterly segmentation method, it is pertinent to compare them with ISO 13790 taking into account the quarterly-based approach as a reference. This can be useful because the Standard is widely employed in engineering practices to estimate sky temperature in regions with temperate climates, such as Italy. When comparing the results from the approach based on quarterly divisions with those derived from the simplified equation proposed by the ISO standard, differences in heating and cooling estimations are observed. Heating variations ranged from −9.58% (for B1) to −7.98% (for B2) while cooling variations ranged from 59.50% (for B2) to 75.94% (for B1).





4. Conclusions


In this work, experimental data acquired in 2022 by an Italian micrometeorological network were processed to identify a new direct model for the estimation of the sky temperature in the Mediterranean area. The proposed correlation was compared with other models available in the literature, including the standard ISO 13790. Finally, a detached building was modeled via TRNSYS to focus on the influence of different correlations on annual energy needs for heating and cooling.



A single correlation was primarily identified by processing data related to the whole year, obtaining an R2 value slightly lower than 0.7, an NMBE equal to   − 7.9 ×   10   − 13   %  , and a CV(RMSE) of   − 317.4 %  . Given the unsatisfactory indexes, an approach based on the identification of multiple correlations for a single year was used, considering quarters. Thus, four equations were found, observing a clear improvement in the indicators only for the third quarter, related to the months of July, August, and September.



Despite the unsatisfactory indices, it is possible to observe that the preliminary identified equations better estimate the sky temperature values based on experimental data. The proposed model is related to a methodological approach based on the processing of climatic data that can be downloaded and managed by professionals, thus obtaining a specific equation as a function of the specific processed data.



However, by comparing the sky temperatures obtained from the radiation data with those calculated from the various mathematical models tested for the year 2022, large discrepancies were identified. Nevertheless, is noteworthy that the direct models available in the literature (including ISO 13790) can be applied for simulating the thermal behavior of buildings and engineering devices based on average climatic conditions (e.g., in the case of energy certification of buildings), while for considering energy retrofit strategies for existing structures, calibrated dynamic simulations are fundamental based on specific thermal boundary conditions. The approach proposed here allows for the identification of the best sky temperature correlation for the time and area under investigation (i.e., the area in which the building is located and the period for which there are measured data useful for calibrating the energy model), based on experimental data.



The limits of this work are related to (i) data processing based on the year 2022 only, (ii) data processing based on only one weather station, and (iii) the impossibility of having identified a direct correlation (therefore simple to use) for the coldest months of the year. These aspects will require further efforts during future research developments.



It is also important to observe that the lack of equations for all regions of the world leads to the unfeasibility of defining the most suitable formula. However, model comparison can be useful to guide user choice in energy simulations and engineering applications.



Future developments will concern the analysis of a greater volume of data, deriving from more weather stations and considering more years. Furthermore, a more accurate statistical data analysis will be pursued, considering both air temperature and relative humidity trying to identify models characterized by more satisfactory index values.
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Figure 1. Existing sky temperature models. 
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Figure 2. (a) Italy; (b) positions of the meteorological stations within and around Rome. 
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Figure 3. Diagram of the applied methodology: black lines refer to the first step of the research; red dotted lines refer to the second step. 
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Figure 4. Comparison among the proposed annual-based empirical correlation and the other available correlations in the literature (Dreyfus [36], Whillier [37], Fuentes [38], and ISO 13790). 
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Figure 5. Comparison among the obtained coefficient of determination values by employing different data-splitting approaches. 






Figure 5. Comparison among the obtained coefficient of determination values by employing different data-splitting approaches.



[image: Energies 17 02228 g005]







[image: Energies 17 02228 g006] 





Figure 6. Comparison among the proposed quarterly-based correlations and the other available equations in the literature (Dreyfus [36], Whillier [37], Fuentes [38], and ISO 13790). 
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Figure 7. Annual heating (a) and cooling (b) energy demands. 
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Table 1. Empirical cloudy-sky direct models.
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	Model
	Date
	Equation





	Dreyfus
	1960
	     T   s k y   =   T   a m b     



	Whillier
	1967
	     T   s k y   =   T   a m b   − 6   



	Fuentes
	1987
	     T   s k y   = 0.037536   T   a m b   1.5   + 0.32   T   a m b     



	ISO 13790
	2008
	     T   s k y   =   T   a m b   − 11   










 





Table 2. Thermophysical properties of the wall layers (from inside to outside).
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Building

	
Layer

	
Thickness [m]

	
Thermal

Conductivity [W/mK]

	
Mass

Density [kg/m3]

	
Specific Heat

Capacity [J/kgK]






	
B1

	
Plaster

	
0.02

	
0.700

	
1400

	
1000




	
Solid brick

	
0.58

	
0.770

	
1600

	
840




	
Plaster

	
0.02

	
0.700

	
1400

	
1000




	
B2

	
Plaster

	
0.02

	
0.700

	
1400

	
1000




	
Concrete

	
0.20

	
0.730

	
1600

	
1000




	
XPS

	
0.06

	
0.034

	
50

	
1450




	
Plaster

	
0.02

	
0.700

	
1400

	
1000











 





Table 3. Quarterly-based correlations for calculating the sky temperature.
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	Quarter
	From
	To
	Correlation





	I
	January
	March
	     T   s k y   = 1.13   T   a m b   − 19.99   



	II
	April
	June
	     T   s k y   = 0.91   T   a m b   − 16.25   



	III
	July
	September
	     T   s k y   = 0.75   T   a m b   − 10.35   



	IV
	October
	December
	     T   s k y   = 0.81   T   a m b   − 13.34   










 





Table 4. R2, NMBE, and CV(RMSE) for the quarterly-based approach.
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	Quarter
	R2 [−]
	NMBE [%]
	CV(RMSE) [%]





	First (I)
	0.38
	3.69   ×   10−13
	−68.70



	Second (II)
	0.69
	1.44   ×   10−14
	164.40



	Third (III)
	0.75
	−1.28   ×   10−13
	21.53



	Fourth (IV)
	0.37
	−4.59   ×   10−13
	−373.01










 





Table 5. R2, NMBE, and CV(RMSE) considering ISO and Fuentes correlations as reference.






Table 5. R2, NMBE, and CV(RMSE) considering ISO and Fuentes correlations as reference.





	Correlation
	R2 [−]
	NMBE [%]
	CV(RMSE) [%]





	Quarterly-based approach
	0.70
	   − 5.83 ×   10   − 13     
	−307.26



	Fuentes
	0.67
	−552.02
	−670.60



	ISO 13790
	0.68
	−389.29
	−502.34










 





Table 6. Heating and cooling percentage differences considering ISO 13790 as reference.
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	Correlation
	QheatB1
	QcoolB1
	QheatB2
	QcoolB2





	Berdahl and Martin (Type 69)
	5.88%
	−12.18%
	6.38%
	−10.04%



	Dreyfus
	−28.02%
	50.20%
	−28.47%
	38.56%



	Whillier
	−16.02%
	29.42%
	−16.52%
	23.07%



	Fuentes
	−0.20%
	18.88%
	−0.15%
	14.63%



	Annual
	8.70%
	−4.93%
	9.00%
	−3.65%



	Quarterly
	4.46%
	−35.28%
	2.16%
	−30.31%
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
Heating Coling

e oaman e acwm
iy et e, )
£ i — | e
e —— H—————)
P e —— L i ————
I Dyl — T Do —
T e — L —

SOl e B

gy demand b K g) gy demand o ool WA )





media/file4.png
Fiumicino
o1

Lido di Osti






nav.xhtml


  energies-17-02228


  
    		
      energies-17-02228
    


  




  





media/file2.png
SKY TEMPERATURE MODELS

-

r

Empirical
models

—

’ Direct models I

Sky emissivity
models

4

Detailed
models

| Direct models |

l
ﬁ Cloudy sky h

Sky emissivity
models

g

| 15013790 |

y

Temperate: Tgpy = Tomp — 11
Sub-polar: Tsxy = Tamp — 9
Tropical: Tgiy = Tgmp — 13






media/file5.jpg
‘Weather data from the
micrometeorological network
(2022)

= Atmospheric radiation

+ Ambient temperature

1

Data cleaning

T

r——— Tastngmodes i |__
Liing rom 2023 dota Totare ;
prmE— | S !
iy i

"Ate the goodness-of-fit 3
indices satisfactory? Building energy simulation
model
Influence on building
energy need:

Comparison






media/file3.jpg





media/file1.jpg
Dirct modes

SKY TEMPERATURE MODELS

Empircal

2 2

Detied
models

Sy cnisiviy
modds

Siy cnisaviy
“models

Temperae: Tyey = Ty = 11
Sub-polr: Ty = Tomp ~ 9
Topicl: Ty -1






media/file7.jpg
N @ & g
s 8 & 8

Sky Temperature (°C)
3

Tair (2022)
—Annual
—— Dreyfus
~——Whillier
~ Fuentes
—IsO

Tky = 0.98Tamb-17.40
R%=0.6816

—10 0 10 20 30 40

Ambient Temperature (°C)






media/file10.png
o)
|

-] () uoneuruajap

}

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

0 JUADYIA0D

Monthly