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Abstract

:

Urbanization causes major changes in environmental systems, including those related with radiation balances and other meteorological conditions because of changes in surfaces and the physical environment. In addition, cities generate specific microclimates as a consequence of the diverse conditions within the urban fabric. Industrial parks represent vast urban areas, often neglected, contributing to the degradation of the urban environment, including poor thermal comfort as a result of soil sealing and low albedo surfaces. Nature-Based Solutions (NBS) can promote the mitigation of the anthropic effects of urbanization using nature as an inspiration. The present study, aimed at estimating the microclimate conditions in a fraction of the Argales industrial park in the city of Valladolid (Spain), with the use of the ENVI-Met software, assesses the current situation and a planned NBS scenario. Base scenario simulation results demonstrate different conditions across the simulations, with higher temperatures on sun-exposed surfaces with low albedo, and lower temperature spots, mostly associated with shadowed areas near existent buildings. After the simulation of the NBS scenario, the results show that, when compared with the base scenario, the projected air temperature changes reach reductions of up to 4.30 °C for the locations where changes are projected from impervious low albedo surfaces to shaded areas in the vicinity of trees and a water body.
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1. Introduction


Climate is one of the factors responsible for variations in landscapes, biological diversity, construction methods and typologies, as well as human habits and customs [1]. The relationship of society with its environment can be analyzed by the architecture of the place, which is, in many cases, related to the climatic and geographical environment [2]. In other words, the balance between humans and their habitat, as well as their harmony and adaptation to the environment through social and cultural expressions, is present across generations [3].



Understanding the urban climate is paramount for the development of design solutions to improve local conditions [4], as it should be considered in city planning and in promoting comfortable, salubrious and low-energy-consuming environments [5]. This idea, associated with that of Oke, Mills and Christen [6], correlates humans and vegetation with urban variables that must be considered in the study of urban climate, such as climate scales, physical and physiological bases, solar radiation, wind, humidity and topography [7].



Decades of research demonstrate that cities are almost always warmer than their surroundings because of the phenomenon known as the urban heat island (UHI) [6,8,9,10]. Assessments of differences in temperature between urban and rural areas contribute to analyses of UHI intensity. Such differences can be attributed to differential heating (from sunrise to sunset) and cooling (from sunset to sunrise) in urban areas [11,12].



The combination of climate change with the aggravated effects of the UHI can be seen as a determining context that should trigger change, thus fostering the implementation of measures that can help to attenuate air temperature in cities [13,14]. Climate change adaptation measures should help to alleviate effects on thermal comfort through adequate urban design policies [15].



In the development of urban sustainable solutions, it is necessary to plan projects that can promote urban transformation, seeking to make urban areas more pleasant to its users [16]. In this context, solutions that seek to mitigate anthropic effects while being inspired in nature are called Nature-Based Solutions (NBSs), and they incorporate natural elements into urban structures and have the premise of regenerating landscapes altered by humans [17,18,19]. Some examples of NBS are linear parks built around water bodies, such as rivers and streams, creating green corridors along their paths. These can integrate other solutions, consequently bringing synergy to already installed alternatives [20]. Green roofs and walls can also reduce temperatures and increase energy savings [21].



In 2021, the European Union developed a common manual for evaluating the impacts of NBS [16,22], which aims to provide professionals with a comprehensive framework for evaluations and a robust set of indicators and methodologies to assess them in 12 social challenges (Climate Resilience; Water Management; Natural and Climate Hazards; Green Space Management; Biodiversity; Air Quality; Place Regeneration; Knowledge and Social Capacity Building for Sustainable Urban Transformation; Participatory Planning and Governance; Social Justice and Social Cohesion; Health and Well-being; and New Economic Opportunities and Green Jobs). Nonetheless, the multiple benefits of NBS vary according to each alternative, as do their costs and benefits, which must be analyzed individually for each case [16].



In recent years, several relevant projects have approached the introduction of NBS in urban environments, including the following H2020 projects: OPERANDUM, BiodivERsA, CLEARING HOUSE, CLEVER Cities and NATURVATION.



NBS can help respond to various urban challenges, including those presented by brownfields, climate change, urban decay and infrastructure degradation [17,19,23]. Industrial zones take part in the physical and anthropic evolution of the city, entailing interactions between the natural and built environment, which can sometimes lead to the degradation of natural ecosystems [19,24]. To avoid this process, the sustainable rehabilitation of industrial parks tries to improve these urban contexts, facing the endemic problems of these frequently highly artificial urban landscapes [25].



Natural phenomena are often very complex, which makes them difficult to study and understand. One way to address complexity is to apply analysis models that allow the understanding and anticipation of these phenomena, and such is the case of using climate models to assess the impact of urban morphological changes on local meteorological conditions [3,26]. Their projections and results give essential information for the improvement of management and decision making because they investigate the degree to which climate change derives from natural variability, human intervention or combinations thereof [27].



The modeling process requires a theoretical, comprehensive and specific study, with the collection of as much information as possible; therefore, the simulations are close to reality and thus can provide reliable information that can inform efficient decision making [13].



One of the most widely recognized software for urban climate modeling is ENVI-Met, a tridimensional model that simulates the interactions of the surface–vegetation–atmosphere and generates simulations for the microscale dimension [28]. This software allows the investigation and quantification of the effects of urban planning and architecture on outdoor microclimate through simulation [29].



Envi-Met is notable for its ability to model changes in solar radiation by building structures and elements in the surroundings of a given location [30]. This software also estimates the effects of vegetation, including the potential temperature of leaves, considering photosynthesis rates, soil moist content and local evaporation rates [31,32]. One of its main advantages is the fact that it reproduces the main atmospheric processes that affect microclimate, including wind, its turbulence, radiation fluxes, air temperature and relative humidity, using the fundamental laws of thermodynamics and fluids mechanics [33,34]. The simulations consider daily cycles in complex urban structures, including buildings and vegetation in numerous shapes and sizes, from a microclimate perspective [35,36].



ENVI-Met has been used in several studies to simulate near-ground air temperatures and to help understand the impact of the urban form on microclimate [37,38,39,40]. This software can be used to simulate scenarios, often testing the benefits of NBSs, and its outputs can be used as a reference for urban design, with the purpose of mitigating the effects of heat islands in urban areas, as well as improving the thermal comfort of users [41,42,43,44,45].



Thus, trying to approach the urban climate through simulation and focusing on the analysis of the public infrastructure in an industrial park, this study aims at estimating microclimate conditions in a section of the Industrial Park of Argales in Valladolid (Spain), assessing the potential benefits of the introduction of NBS and focusing on Climate Resilience, with the help of ENVI-Met Software. This study includes the definition of a base and an NBS scenario, with the definition of 3D models, followed by simulations for equivalent climate conditions.



The study is part of the POCTEP INDNATUR project, developed by a partnership led by the University of Valladolid, along with six other partners, including the Polytechnic Institute of Bragança. The main objective of the project is to promote the improvement of environmental conditions in industrial zones or parks through the implementation of Nature-Based Solutions.




2. Materials and Methods


2.1. Study Area


This study takes place in Valladolid, the capital of the Spanish region of Castilla and Leon. It has approximately 300,000 inhabitants and covers over 200 km2 [46]. It has a diversified urban fabric [47], with industrial spaces close to the urban core, as is an industrial tradition [48]. The study area is located within the Argales Industrial Park (Figure 1), an area with a high concentration of industrial and commercial buildings, with vast impermeable areas and no public green spaces.



Valladolid has a Csa Climate by the Köppen–Geiger classification, which is a Mediterranean hot summer climate. This climate has moderate temperatures and changeable rainy weather during the winter. Summers are usually hot and dry.




2.2. Location of the Study Area


The size of the study area is one hectare (Figure 2) and is part of the urban redevelopment of the public road and sidewalk infrastructure by the European-funded INTERREG POCTEP INDNATUR project, including a comma-shaped roundabout, in a central area of the Argales Industrial Park near the Pilar Miró Roundabout. This area, until the fall of 2021, included a large open space with paved surfaces in streets and industrial building yards, including asphalt on roads and driveways, cement and stone on sidewalks and derelict land in the center of the roundabout. Buildings include commercial pavilions, with heights ranging from 1.8 m to 7.10 m. The southeast part of the simulation includes a fragment of a dry stream and large derelict land with railway tracks from a nearby train repair facility.




2.3. Modeling


For the modeling of the study area and simulation of microclimate conditions, the ENVI-Met Software was used. This software allows for investigating and quantifying the effects of architecture and urban planning on microclimate [37].



In the digitalization of the area to be modeled, a 1 m × 1 m × 1 m resolution was used, with a total of 100 × 100 × 30 grids. This resolution was chosen to provide a detailed representation of the area [49]. A grid was kept at the edge, avoiding instabilities in the modeling.



The model considers the interactions between three layers: the atmosphere, surface (including the various surface covers, buildings and vegetation) and soil [50]. Meteorological data for the model includes maximum and minimum values for air temperature and relative humidity as well as average wind speed and wind direction.



In this study, two scenarios were modeled. The first is a representation of the study area before any recent intervention, and the second incorporated Nature-Based Solutions, as part of the INDNATUR project. The scenarios are differentiated by the incorporation of vegetation in different strata while keeping the same characteristics of the urban geometry and artificial ground cover materials in other locations. The modeling materials used resemble those found in the study area, and they included: grass, asphalt, concrete pavement gray for sidewalks and clay and loam soil for exposed soil areas. For buildings, mostly concrete walls were used.



After integrating the 2D model inputs, ENVI-Met provides a 3D representation that allows the visual representation of the study area (Figure 3). With this 3D model validated, and considering the meteorological data input, ENVI-Met simulates the conditions for the given date and meteorological conditions.



Under the framework of the INDNATUR project, a new development was designed to contemplate a major NBS intervention in the study area, including the re-naturalization of the roundabout using vegetation and a water pond and changes in the sidewalks to incorporate porous surfaces and alignment trees. This new project should help to ameliorate the microclimate conditions.



For the NBS project, a new ENVI-Met scenario, designated the NBS scenario, was produced to contemplate the planned changes (Figure 4), considering that the elements were fully developed (adult trees). This new scenario was then modeled considering the same meteorological data and the same day of the year as the base scenario. Finally, these two scenarios were compared to assess the potential impact of the NBS on this case study location.



The location of the trees in the Pilar Miró street roundabout was limited by the existence of medium-voltage overhead powerlines, the traffic of heavy vehicles and the need for the proper operation of activities in the industrial area, as well as the existence of infrastructure incompatible with the roots of the trees (Appendix A) (Figure A1). For this location, a solution as natural as possible was designed, with a mixture of shrubby, perennia, and graminae species arranged in irregular groups of 5 to 7 units. In this location, the existence of the powerlines prevented the planting of very large trees. Acer campestre, deciduous trees, were planted on the outer edge of Pilar Miró street because they are close to the buildings.



Without facing limitations, the intervention on the dry bed of the Espanta stream included diverse varieties and sizes of evergreen and deciduous trees, which were planted to promote an increase in biodiversity while ensuring a high level of shadows on the nearby sidewalk.



The trees added in the model were consistent with the planted species, and they include Acer campestre, Cupressus stricta, Eleagnus angustifolia, Populus nigra, Prunus avium, Rhus typhina and Sorbus aucuparia. For grass species, the following were considered: Calamagrostis acutiflora, Centranthus ruber, Cistus albidus, Cistus salvifolius, Euphorbia characias, Gaura lindheimeri, Lippia nodiflora, Lygeum spartum, Nepeta faassenii, Perovskia atripcifolia, Pistacia lentiscus, Rubus Betty Ashburner, Salix purpurea Nana, Teucrium fruticans and Verbena banariensis. A choice was made for the NBS scenario by assuming that trees and grass have the maximum vegetative development.



All planted species were adapted to local climatic conditions and did not present any phytosanitary problems, as they are considered suitable for easy maintenance solutions with low maintenance costs.




2.4. Microclimatic Computer Simulation


The microclimatic computer simulation of the urban environment consists of a simplification of real scenarios that intends to represent the characteristics of the elements that constitute the space [29]; however, it is not a complete representation of the real world because it does not reproduce all its complexity.



This research studies the intra-urban layer by simulating building–urban environment interactions. For this purpose, the simple forcing method was used by considering on-site data collection, including wind speed and direction, air temperature and minimum and maximum relative humidity for the simulated day. With this information, the software simulates the behavior of the climatic parameters for a whole day [51].




2.5. Model Input Data


For an adequate representation of the local environment, it was necessary to collect data to be incorporated into the ENVI-Met simulation. Local spatial data were collected by QGIS 3.10.3 image interpretations of orthophotography and Google Earth, with the identification of land cover and building materials, along with measurements of the height of existing buildings and structures. These features were then validated by fieldwork using laser measurement equipment (STABILA LD 500, Annweiler, Germany). Vegetation data included tree species identification and 3D configuration. Variables such as canopy height and diameter were collected using a telescopic ruler. Surface materials were characterized by local interpretation with the identification of dominant colors and materials.



The computer simulation was performed according to the meteorological data collection period (23–24 June 2021) using two data collection systems: one was fixed (EF), used to collect the air temperature and relative humidity data; and one was mobile, used to collect the average radiant temperature and wind speed data.



The fixed station (FS) has compact data acquisition systems (“mini dataloggers”) with air temperature and relative humidity sensors (Gemini Data Loggers, model Tinytag TGP-4500, Chichester, West Sussex, UK). These systems were placed in shelters that protect them from radiation, at a height of 2.5 to 3 m from ground level, facing south so as not to suffer shading from the fixing pole. Their shelters are painted white to reduce the heating effects of the shelters. The mobile station, on the other hand, is a thermal microclimate data logging station—Delta Ohm 32.3, a multifunctional instrument that measures environmental conditions.



The simulated time is equivalent to a little more than a day, with a total of 29 h. Thus, the analyzed data start on 23 June 2021 at 6 h and end on 24 June 2021 at 18 h. Data collected locally were used to define the parameters for the ENVI-Met simulation (Table 1).





3. Results and Discussion


3.1. Microclimate Data Validation


3.1.1. Air Temperature


The microclimatic monitoring provided the air temperature profile over a 24 h campaign (Figure 5). These data were used as input to perform the simulations for both the base and the NBS scenario. The results show that data from the simulation overestimate the air temperature when compared to local measurements, and this difference can be justified by the use of the simple forcing method, in which the program forces the behavior of the climatic parameters during the day across the simulation area, not only including the data collection location, based on their maximum and minimum values used for the simulation input [52,53]. Nonetheless, the data follow a similar profile to the Pearson correlation between the two datasets, which is strong (0.777).




3.1.2. Relative Humidity


The relative humidity data from both fixed station and the base scenario simulation are presented in Figure 6. Values from the fixed stations were also used as input for the simulations, as well as for this study’s NBS scenario.



Relative humidity decreases during the day and rises at night, which can be mostly justified by the relation of this variable with the air temperature and pressure of the air; i.e., when the temperature decreases, the maximum amount of water vapor that can be present in the air decreases, and consequently, the relative humidity of the air mass increases. The changes in these two sets are similar, and the data correlation (Pearson) for these two datasets is very strong (0.960). Larger differences were found in the hours of higher relative humidity.




3.1.3. Wind Speed


Wind speed can have a major influence on the behavior of air temperature since it can affect dynamic processes such as convection. Figure 7 presents the variation of data from the two datasets: monitored and simulated (base scenario). The wind speed averages were used in the simulation of the base scenario and the scenario with the NBS.



Unlike the other variables, ENVI-Met generates stable values over the whole simulation, thus failing to grasp variations in wind speed across the day. Nonetheless, the data show that only light wind was present throughout the measurement campaign, thus limiting the potential effects of wind on local heat exchange processes.




3.1.4. Mean Radiant Temperature


Mean radiant temperature is a parameter influenced by surfaces’ albedo and by the shading from both buildings and trees. Its behavior changes throughout the day as a consequence of the solar radiation load [31]. The analysis between the monitored data and the baseline scenario simulation demonstrates that there was a similar MRT behavior at the pedestrian level (1.5 m above ground) for the measurement period (Figure 8).



The results show an overestimation of the MRT during the morning and afternoon periods and show similarities during the night. These differences can be explained due to the model resolution not being accurate in differentiating the shading caused by certain urban elements, as well as changes in cloud cover. Moreover, ENVI-Met may fail to completely traduce the complexity of surface albedos and vegetation properties (e.g., leaf area index), which may also justify the differences between monitored and modeled results [54,55]. Despite the differences in results, the data correlation (Pearson) between the two datasets is strong (0.870).





3.2. Scenarios


3.2.1. Air Temperature


Simulations were performed in ENVI-Met for air temperature (Figure 9). For this parameter, hourly maps were generated for 5 h (just before sunrise, with the lowest air temperature value), 7 h (just after sunrise), 12 h (noon, with the highest solar angle) and 17 h (mid-afternoon). The height considered for reading the model data was 1.2 m.



The simulations (Figure 9) allow us to foresee the influence of urban design on air temperature [45]. The results allow us to identify the potential influence of NBSs as solutions to improve thermal comfort, providing a detailed estimation of the benefits of the introduction of vegetation in a public road infrastructure in an industrial zone.



Overall, the base scenario had ranges of 2.7 °C, 1.4 °C, 8.3 °C and 10.5 °C for the simulated times of 5 h, 7 h, 12 h and 16 h, respectively. For the same periods, the simulations for the NBS scenario foresaw amplitudes of 10.5 °C, 7.1 °C, 4.3 °C and 9.7 °C, respectively.



The maps suggest that the highest air temperatures were expected to be reached over asphalt and sidewalks, whereas the lowest air temperatures were simulated over grass surfaces, under trees, and in other shaded locations from both buildings and trees. Before sunrise (5 h), the highest simulated temperatures are between 18.7 °C and 19.8 °C, concentrated in the traffic circle and asphalted area. With a sunrise (7 h), there was an increase in temperature, especially close to low albedo surfaces. For the following hours (12 h and 17 h), air temperature increased considerably, reaching maximum temperatures of 27.9 °C and 30.5 °C for the base and NBS scenarios, respectively.



For the NBS scenario, when compared with the base scenario, lower temperatures extended to the areas where trees were added, thus expanding the original cool areas in the base simulation. The most expressive differences were found at sunrise (7 h) and noon (12 h). These differences can be explained by the fact that, starting from dawn, trees partially intercepted the sun’s rays, causing lower solar incidence. Additionally, trees provide water vapor through transpiration, which helped reduce the air temperature. Grass surfaces also provided additional temperature reductions, especially when irrigated, although this vegetation was less effective than trees in thermal regulation.



The addition of vegetated areas in the NBS scenario contributed to reductions in the heat island effects, as shown in Figure 9A2,B2, with reductions in air temperature over the afternoon periods. This phenomenon can be justified by increases in evapotranspiration, which contributed to increases in relative humidity.



The presence of vegetation in the urban fabric has proven to be efficient in regulating air temperature. The radiant energy received produces a high level of evapotranspiration when combined with good site irrigation, which can help maintain the vegetation’s capacity to contribute to local thermal comfort.



For the simulations performed for the base and NBS scenario (Figure 9), there was a smaller temperature reduction for the dawn period when compared with the afternoon period. A similar result can be found in a study by Silva and Shinzato et al. [51,56], which points out that the method used for simulation, simple forcing, which does not use many input parameters and forces the climatic behavior, may not generate fully realistic scenarios [28,57,58,59]. Ketterer and Matzarakis [55] as well as Middel et al. [30] report higher simulated values for daytime air temperature and lower values for nighttime. For this study, ENVI–Met generally tended to underestimate all Ta values. This lack of coincidence between the measured and predicted values was also identified by Tsoka et al. [39], analyzing several papers that used ENVI-Met for simulations for various purposes.



The simulated scenarios demonstrate that, in general, the addition of green areas and nature-based solutions can potentially decrease air temperature, especially in early afternoon hours, where solar incidence is stronger and where surfaces warm throughout the previous hours, and these results are consistent with those of Tsoka et al. and Tsilini et al. [39,43]. In simulations performed in tropical climates, Morakinyo and Lam [44] had similar results, highlighting the importance of tree selection as unique characterization parameters in conjunction with leaf area index (LAI) values, leaf density distribution (LAD) by height and the planting pattern or arrangement, which can affect trees’ potential benefits.




3.2.2. Wind Speed


Wind speed simulations (Figure 10) produced little variation throughout the day, as ENVI-Met does not consider relevant variations in wind speed and direction inputs throughout the simulation, offering similar results for each of the periods.



In all periods, lower wind speeds were found near the buildings, whereas open areas exposed to predominant wind had higher wind speeds.



The results suggest that the addition of vegetation in the NBS did not induce considerable changes; however, there was an increase in wind speed in the west direction. This result can be justified because the model was simulated by a single input value of wind speed and direction, southeast of the maps, without providing visible changes throughout the day. These circumstances are, according to Ketterer and Matzarakis [55], related to the modeled values of wind speed, which do not represent the measured data correctly, assuming a constant value.



The ENVI-Met model has been very rarely evaluated for its ability to accurately reproduce diurnal wind speed profiles. Some authors [39,54,60] have suggested that the model is unable to simulate relevant variations in wind speed and direction because of the static nature of the model, which provides little variation from the initial parameters’ definition, corresponding to the daily mean values.




3.2.3. Mean Radiant Temperature


In this study, mean radiant temperature (MRT) is the parameter proportionately most affected by the shadows cast by trees and buildings [33]. The simulations (Figure 11) demonstrate how this variable changed at the pedestrian level (1.2 m) for the four simulation periods, for both the base and NBS scenarios.



MRT expresses the effects of direct and reflected shortwave and longwave radiation fluxes at a given location [61]. As expected, solar radiation played an important role in MRT, and higher values can be understood mostly as a consequence of both low albedo on the ground and wall surfaces and sun exposure on those surfaces. Consequently, higher differences were found between sunny and shaded areas, with maximum values on paved surfaces.



Nights are cooler (Figure 11A1,A2) because, during this period, there is no incoming shortwave radiation, i.e., there is an energy deficit, and the surface–atmosphere system cools down through the emission of longwave radiation into space. Both scenarios have low MRTs compared to the others before sunrise; however, in the NBS scenario, there was an increase in the MRT in the center of the area because, with the addition of vegetation, there was an increase in energy dissipated during the night due to its low albedo.



From dawn (Figure 11B1,B2), the sun incidence can be noticed from the northeast side through the red and pink colors. Note that the trees in the central region prevented radiation from direct incidence on most of the study area, reducing the MRT on the opposite side of the simulation.



For the NBS scenario, trees (Figure 11C2,D2) primarily provided solar radiation shielding, preventing direct shortwave radiation. The lawn in the roundabout also acted as an attenuator of reflected radiation, since plants intercept part of the shortwave radiation and integrate it into their physiological processes, such as photosynthesis. Thus, as can be seen in Figure 10, after sunrise, it was expected that the areas with added vegetation, in general, had a lower MRT.



In urban areas, heat transmission by radiation is the most important factor in the energy exchange processes between the human body and its environment. During the night, the simulations show the influence of trees (Figure 11), which can be explained by their energy balance, demonstrating the effectiveness of the software in designing tree models in detail [62].



ENVI-Met provides similar behaviors between air temperature and MRT, especially when considering the spatial variability in the selected spaces [63]. Therefore, the results (Figure 11) are consistent with the characteristics of the urban geometry at each site; however, as suggested by Acero and Herranz-Pascual [54], ENVImet still fails to grasp every aspect from the microscale energy radiation balance (e.g., diffuse/reflected radiation or longwave radiation), which can be explained by the limited options regarding surfaces’ albedos and vegetation properties.





3.3. Comparison between Scenarios


3.3.1. Air Temperature


The map (Figure 12) expresses the variation across the modeling space and presents a prediction of the behavior of the study area for the solar noon period, when the differences are most expressive, from the four periods in this study. This first representation compares the simulations between the base scenario and the NBS scenario.



It is important to note that the places with major temperature reductions were located where the NBS simulation included additional trees and grass, on the dry stream between the roundabout and the railway tracks. In these locations, ENVI-Met estimated reductions of up to 4.96 °C. Inside the traffic circle area, the expected air temperature decrease was smaller though significant, around 3.45 °C to 3.96 °C. The smallest reductions were simulated for shaded areas near the buildings, areas already cooler and those which had no addition of vegetation.



The projected differences in air temperature between scenarios suggest that NBSs, and particularly vegetation introduction, when fully developed, can promote decreases in air temperature, as there were general decreases in temperature in the simulated area. Tsoka et al. [39] report that, in their study, the simulation revealed that ENVI-Met can be considered a useful tool for the definition of heat mitigation strategies with the incorporation of urban vegetation, giving even better results when using combined strategies, such as green roofs.



The curves in Figure 13 represent the hourly variation of air for the two defined scenarios. The curves follow a similar daily variation pattern; however, the incorporation of the NBS in the scenario determined reductions in the simulated air temperature in all periods, although they were more expressive in periods of greater solar incidence.



The incorporation of vegetation in streets and sidewalks determines potential reductions in air temperature. In a period of higher relative humidity (Figure 6), a minimum reduction of 0.94 °C at 5 a.m. and 6 a.m. was identified, with a maximum reduction of 4.95 °C observed in the sunny periods.




3.3.2. Mean Radiant Temperature


The results presented in Figure 14 express the differences between the base scenario and the effects of incorporating vegetation (NBS scenario) on the average radiant temperature, measured at the pedestrian level for the solar noon period.



In general, when observing the differences between the base scenario and the NBS scenario, there was an estimated reduction in MRT in the largest proportion of the map, between −7.28 °C and −4.32 °C, identified in yellow. The greatest reduction was estimated for the central region of the map, visible with the colors in blue tones, followed by colors close to the green, located mostly near the buildings. Only a few small points are shown by orange and pink colors, which identify smaller reductions in MRT.



Looking at the differences in the study area for the noon period, the greatest reductions in MRT were simulated for the areas where there was a major introduction of trees, assuming their full development, with reduction that reached over 19 °C. At these locations, solar radiation was partially absorbed by the leaves, avoiding some reflection to other surfaces [64]. In addition to receiving direct radiation, the vegetation intercepted the radiation coming from horizontal and vertical surfaces.



It is important to mention that, during this simulated period, the area was mostly affected by direct solar radiation, forming a distinctive low temperature in shadow areas near buildings, which is represented by green. In these areas, milder reductions occurred, ranging from 10.25 °C to 7.28 °C.



Figure 14 also shows that changes in the surroundings, such as the addition of trees and vegetation; different urban materials with different reflectivity and emissivity; and building configurations (orientations and inclinations), can favor radiative exchanges between building facades and surfaces, causing increases in absorption or reductions in radiation [36].



Differences between the base and the NBS scenario change throughout the study timeframe for the reference location (Figure 15). During the night, differences were small, with slightly higher temperatures in the NBS scenario. This difference can be explained by the lower sky view factor (SVF) near tree canopies, which can reduce the nighttime longwave radiation emissions [54].



For the afternoon period, the decreases in both air temperature and MRT were more expressive, suggesting that the changes incorporated for the new scenario provided decreases in air temperature. Successful incorporations of trees were also studied by Ferwati et al. [65].



For sunrise, the reference location in the base scenario was more exposed to solar radiation when compared with the projected NBS scenario, a factor that, combined with the thermal behavior of the vegetated surroundings, explains the lower MRT simulated for this second scenario.



The base scenario overestimated the MRT when compared to the monitored data (Figure 7), mainly in the afternoon period, and this overestimation was also reported by other authors using ENVI-Met [55,63,66,67]. Thus, the results suggest that the calculation of the radiation fluxes may not be entirely accurate and may explain differences in the modeled results.






4. Limitations


As previously suggested in this article, ENVI-Met still has some limitations, such as the ones regarding the thermal behavior of building walls, which can influence microclimate, as a single material is assumed by the model, differing from reality [15]. Additionally, the simulations of air temperature and relative humidity are adjusted by the model during the simulations, whereas wind conditions and cloudiness remain almost unchanged [68].



Another limitation is associated with MRT and the estimation of radiative fluxes, which seems to be slightly inaccurate, even though a strong correlation was found between the modeled and measured data [69]. Finally, anthropogenic heating, vehicles and mechanical cooling systems that can alter thermal conditions are not accounted for in the model [44].




5. Conclusions


This study used climate modeling to estimate the potential benefits of incorporating NBS in the public road infrastructure of an industrial park through ENVI-Met simulation. With the use of this modeling software, it was possible to estimate differentiated patterns in the behavior of air temperature, relative humidity, mean radiant temperature and wind speed for two scenarios: a base and an NBS scenario. When comparing these two scenarios, for a summer day, the results show potential reductions in air temperature as a potential effect of the implementation of an NBS project, including new vegetation elements, changes in land cover and the incorporation of water bodies.



NBS proved to be effective for the particular study, demonstrating that it is possible to transverse cities into greener and more innovative models. This concept has significant potential in climate change mitigation and adaptation in urban areas, and it contributes to the resilience and livability of cities.



The results show a good correlation between the values that were measured and the base scenario in all climatic parameters, with strong to very strong correlations. In a more detailed data comparison, coherent behavior was observed, although with overestimations in the air temperature and MRT. However, for MRT, the values were overestimated by ENVI-Met, mostly in the period from sunrise to noon.



Finally, when comparing the simulation of the current scenario with the new NBS scenario, positive results were obtained for all periods, suggesting that the proposed Nature-Based Solutions may potentially decrease air temperature for the simulation context. Overall, the software was able to estimate air temperature and other variables. Nonetheless, the simulation maps still showed inconsistent results, which can be partially attributed to the limitations of the simulation process.



A possible method for future modeling design is to measure multiple points within a domain and to study other ways to simulate the data using the full forcing method to draw the best conclusions and to confirm the quality of ENVI-Met simulations.



Under the INDNATUR Project framework, additional studies and actions will be carried out, including: ENVI-Met simulations for all seasons, with special emphasis on extreme climate circumstances (cold and heat); and validation campaigns, with on-site data collection to validate the simulated results. In addition, as INDNATUR interventions already took place, data will be continuously collected with the help of on-site sensors (air temperature and relative humidity), complemented by monitoring campaigns. This newly acquired data, along with additional modeling (e.g., different times of day), will provide further understanding on the potential benefits of NBS in industrial parks.
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Figure A1. Graphic of the area in which the different plant species are indicated. 
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Figure 1. Location map for the Argales region in Valladolid/Spain. 
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Figure 2. Location of the study area. 
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Figure 3. A 3D model of the study area before the INDNATUR Project intervention. 
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Figure 4. A 3D model of the study area after the INDNATUR Project intervention. 
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Figure 5. Monitored and simulation air temperature (Base Scenario) at the monitoring location. 
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Figure 6. Monitored and simulation relative humidity (Base Scenario) at the monitoring location. 
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Figure 7. Monitored wind speed between actual and modeled scenarios. 






Figure 7. Monitored wind speed between actual and modeled scenarios.



[image: Infrastructures 07 00085 g007]







[image: Infrastructures 07 00085 g008 550] 





Figure 8. Monitored mean radiant temperature between actual and modeled scenarios. 
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Figure 9. Simulated air temperature for the base and NBS scenarios. Hours: (A1,A2), 5 h; (B1,B2), 7 h; (C1,C2), 12 h; (D1,D2), 17 h. 
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Figure 10. Simulated wind speed for the base scenarios and scenarios with NBS interventions. Hours: (A1,A2), 5 h; (B1,B2), 7 h; (C1,C2), 12 h; (D1,D2), 17 h. 
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Figure 11. Simulated mean radiant temperature for the base scenarios and scenarios with NBS interventions. Hours: (A1,A2), 5 h; (B1,B2), 7 h; (C1,C2),12 h; (D1,D2), 17 h. 
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Figure 12. The air temperature difference between the base scenario and NBS scenario at noon. 
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Figure 13. Air temperature profile for the base scenario and NBS scenario for the measurement location. 
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Figure 14. Differences in mean radiant temperature between the base scenario and NBS scenario at noon. 
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Figure 15. Mean radiant temperature profile for the base scenario and NBS scenario, considering the initial monitoring location. 
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Table 1. Setting up climate data for microclimate simulation in ENVI_met®.
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Ta (°C)

	
RH (%)

	
WS (m/s)

	
WindDir (deg)




	
Input Data






	
Maximum

	
27.60

	
88.53

	
1.4

	
121.5




	
Minimum

	
9.19

	
22.60








Ta: Air Temperature; RH: Relative Humidity; WS: Wind Speed; WindDir: Wind Direction.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 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/).






media/file13.jpg
P

Mositored dats

HER

[Rp—

st

wa
wa
o

el
st






media/file4.png
160°0'W 40°0°E

» J

N '3 - .

S o A 5 T P ELy e .,
~ o I A = 2 T« P,
o) t“!;vjrisx Y e R ae 34

160°0W_____ 130°0E

= 1Argales [ Spain Datum WGS 84
.1 Castilla and Leon J Valladolid






media/file30.png
l . Monitoring Point

Absolute difference Mean
Radiant Temp.

below -19.14 °C
-19.14 to -16.18 °C
-16.18 to -13.21 °C
-13.21 to -10.25 °C
-10.25 to -7.28 °C
-7.28 to -4.32 °C
-4.32 to -1.35 °C
-1.35to 1.61 °C
1.61 to 4.58 °C
above 4.58 °C

JHLEEEN

Min: -22.11 °C
Max- 7 58 O






media/file18.png
Base Scenario

Monitored data

80.00

70.00

60.00
50.00
40.00
30.00
20.00

drnjerodurd) juerper UedN

10.00

0.00

00-41
00-91
00-G1
00-71
00-€1
00-¢1
00-11
00-01
00:6
00-8
00-4
00-9
00-9
00-¥
00-€
00-¢
00-1
00:0
00-€¢
00-¢¢
00-1¢
00-0¢
00-61
00-81
00-41






media/file21.jpg
Base Scenario NBS Scenario






media/file26.png
. Monitoring Point

Absolute difference Potentia
Air Temperature

below -4.96 °C

-4.96 to -4.46 °C
-4.46 to -3.96 °C
-3.96 to -3.45 °C
-3.45 to -2.95 °C
-2.95 to -2.45 °C
-2.45 to -1.95 °C
-1.95 to -1.45 °C
-1.45 to -0.94 °C
above -0.94 °C

SECERE

Min: -5.46 2C
NMax: -0.44 °C






media/file27.jpg
B Scnario

Base Scnario

ssa82e

(o) amenduny






media/file3.jpg





media/file22.png
Wind Speed

below 0.32 m/s
0.32 to 0.64 m/s
0.64 to 0.96 m/s
0.96 to 1.28 m/s
1.28 to 1.60 m/s
1.60 to 1.92 m/s
1.92 to 2.24 m/s
2.24 to 2.56 m/s
2.56 to 2.88 m/s
above 2.88 m/s

NI

.00 m/s
.20 m/s

22
%5
Q,JCJ

5
c.
92
o
@
0
c.

below 0.32 m/s
0.32 to 0.64 m/s
0.64 to 0.95 m/s
0.95 to 1.27 m/s
1.27 to 1.59 m/s
1.59 to 1.91 m/s
1.91 to 2.23 m/s
223 to 2.54 m/s
2.54 to 2.86 m/s
above 2.86 m/s

JNRCERE

00 m/s
18 my/s

g2
%5
r_gO

Wind Speed

below 0.35 m/s
0.35 to 0.70 m/s
0.70 to 1.06 m/s
1.06 to 1.41 m/s
1.41 to 1.76 m/s
1.76 to 2.11 m/s
2.11 to 2.46 m/s
2.46 to 2.82 m/s
2.82to 3.17 m/s
above 3.17 m/s

IR ENEN

.00 m/s
52 my/s

<<
mi—l
% 2

r_,_]D

z
o
oh
n
o
0
0
o

below 0.36 m/s
0.36 to 0.71 m/s
0.71 to 1.06 m/s
1.06 to 1.42 m/s
1.42 to 1.77 m/s
1.77 to 2.13 m/s
2.13 to 2.48 m/s
248 to 2.84 m/s
2.84 to 3.19 m/s
above 3.19 m/s

e

.00 m/s
S5 my/s

<<
m’-‘
X 2

r_‘gO

NBS Scenario

= =
&

(B2)

Wind Speed

below 0.31 m/s
0.31 to 0.62 m/s
0.62 to 0.93 m/s
0.93 to 1.24 m/s
1.24 to 1.55 m/s
1.55 to 1.86 m/s
1.86 to 2.17 m/s
217 to 2.48 m/s
2.48 to 2.79 m/s
above 2.79 m/s

L

(J(J m/s
10 m/s

<2

._
% 5
Q,.JG

Wind Speed

below 0.31 m/s
0.31 to 0.62 m/s
0.62 to 0.93 m/s
0.93 to 1.24 m/s
1.24 to 1.54 m/s
1.54 to 1.85 m/s
1.85 to 2.16 m/s
2.16 to 2.47 m/s
247 to 2.78 m/s
above 2.78 m/s

OU m/s
.09 m/s

IRRECNE

22
§:
uO

Wind Speed

below 0.36 m/s
0.36 to 0.72 m/s
0.72 to 1.07 m/s
1.07 to 1.43 m/s
1.43 to 1.79 m/s
1.79 to 2.15 m/s
2.15 to 2.50 m/s
2.50 to 2.86 m/s
2.86 to 3.22 m/s
above 3.22 m/s

IRRECON

.00 m/s
58 m/s

<<

m.—l
rJJO

2
3
o)
U
B
o
0
o)

below .36 m/s
0.36 to 0.72 m/s
0.72 to 1.08 m/s
1.08 to 1.44 m/s
1.44 to 1.80 m/s
1.80 to 2.16 m/s
2.16 to 2.52 m/s
2.52 to 2.88 m/s
2.88 to 3.24 m/s
above 3.24 m/s

L






media/file19.jpg
Base Scenario NBS Scenario

&=
&
5
&

=
=
E
K






media/file7.jpg





media/file28.png
NBS Scenario

Base Scenario

Lo
99!

o (o N es N (9!
. AN AN

(D,) 2Injeraduwd} Iy

o
i

00-41
00-91
00:G1
00-71
00-€1
00-¢1
00-11
00:01
00-6
00-8
00:-4
00-9
00:¢
00-¥
00-€
00-¢
00-1
00-0
00-€¢
00-¢¢
00-1¢
00-0¢
00-61
00-81
00-41






media/file10.png
L S L] T S OO T S SN






media/file32.png
NBS Scenario

Base Scenario

-
N

-
\O

- -
5 4

o

(Q\

drnjerodurd) juerper UedN

00-41

00-91

00-G1

00-71

00-€1

00-¢1

00°11

00-01

00:6

00-8

00-4

00-9

00-9

00-¥

00-€

00-¢

00-1

00:0

00-€¢

00-¢¢

00-1¢

00-0¢

00-61

00-81

00-41






media/file14.png
Base Scenario

Monitored data

80.00
60.00

100.00
40.00
20.00

(%) Arprumy aAnjeray

0.00

00-41

00-91

00-G1

00-71

00-€1

00-¢1

00°11

00-01

00:6

00-8

00-4

00-9

00-9

00-¥

00-€

00-¢

00-1

00:0

00-€¢

00-¢¢

00-1¢

00-0¢

00-61

00-81

00-41






media/file11.jpg
[ —

0

B
H

iz
wz
iz
oz
st
ot
wzt

FEEEE

pr—






media/file6.png
000' gOOO’E

INTERVENTION ZONE
OF ARGALES

20°0'N

Legend:
Co Monitoring Point

) simulated Parcel in the Study Area

UTM Projection

63°0'S

Datum WSG 84

Zone 30 North






media/file15.jpg
Wind spocd ()

— Monitored data

— Bse o

v
2szzzzz2:53:52:2:8%2533:2:82823Z83%8%
fEFFIARETIIIIIREIEIIIAEEE

1700






nav.xhtml


  infrastructures-07-00085


  
    		
      infrastructures-07-00085
    


  




  





media/file16.png
Monitored data Base Scenario
2.00

1.80
1.60

00-41

00-91

00:G1

00-71

00-€1

00-¢1

S
~ N

0011

00:01

00-6
00-8

00:-4
00-9
00:¢
00-¥
00-€

00-¢
00-1
00-0
00-€¢
00-¢¢
00-1¢
00-0¢
00-61

> 00:8T

AN

00-41

1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

(s/ux) paads purp






media/file2.png
VN

11,12, 13,17, 18, 21, 22, 23, 24

Trees

2 Eleagnus
angustifolia

Vegetati the Pil

Shrubbery

11 Cistus albidus

P Wifnls

4 Cupresus stricta

13 Teucrium
fruticans

14 Pistacia lentiscus
15 Rubus “Betty
Ashburner”

16 Salix purpurea
“Nana”

Perennial and
ground cover plants
17 Centrantus ruber

18 Gaura lindheimeri
19 Euphorbia
chacaricias
“Wulfenii”

20 Lipia nodiflora

21 Nepera faassenii

22 Perovskia
atripcifolia
23 Verbena
bonariensis

Gramineae plants
24 Calamagrostis
acutiflora “Karl
Foerster”

25 Lygeum spartum

Trees

1 Acer campestre

Trees
1 Acer campestre

5 Prunus avium
6 Populus nigra

7 Tilia cordifolia
8 Sambucus nigra
9 Crataegus
monogyna

10 Sorbus aucuparia

Shrubbery
26 Abelia grandiflora
“Prostata”

27 Lonicera nitida

Vegoetati h

Perennial and
ground cover plants

Hygrophytic plants
28 Epilobium
hirsutum

29 Iris pseudoacorus
30 Lythrum salicaria

31 Juncus acutus

Gramineae plants






media/file20.png
Base Scenario

Air Temperature (5h)

below 17.3 °C
17.3to 17.6 °C
17.6 to 17.9 °C
179 to 18.1 °C
18.1 to 18.4 °C
18.4 to 18.7 °C
18.7 to 19.0 °C
19.0 to 19.2 °C
19.2 to 19.5 °C
above 19.5 °C

Min: 17.1 °C
Max: 19.8 °C

Air Temperature (7h)

below 18.5 “C
18.5 to 18.6 °C
18.6 to 18.7 °C
18.7 to 18.9 °C
18.9 to 19.0 °C
19.0 to 19.2 °C
19.2t019.3 °C
19.3t0 194 °C
19.4 to 19.6 °C
above 19.6 °C

Min: 18.3 °C
Max: 19.7 °C

Air Temperature (12h)

below 20.4 ©
204to21.3°
21.3t022.1°
221 to 229"
229 to 23.7 °C
23.7 to 24.6 °C
246 to 254 °C
25.4 t0 26.2 °C
26.2 to 27.0 °C

above 27.0 °C

NN

Min: 19.6 °C
Max: 27.9 °C

Air Temperature (17h)

below 21.1 °C
21.1to 22.1 °C
22.1t023.2°C
23.2 to 24.2 °C
242 to25.3°

253 to 26.3 °C
263 to 274 °C
27.4 to 28.4 °C
28.4 t0 29.5 °C
above 29.5 °C

Min: 20.0 °C
Max: 30.5°C

Air Temperature (5h)
below 10.3 ©
103t011.3°
113t0124°
124t0134°
13.4to 1457
14.5t0 15.5°
15.5t016.6°
16.6to17.6°
17.6 to 18.7 °C
above 18.7 °C

nNnnnnnnoO

Min: 9.

.'IC
7°C

=<
© o

viax:

Air Temperature (7h)

below 13.2 °C
13.2t0139°
13.9to 14.7 ©
14.7 to 1547
154 to 16.1°
16.1to 16.8
16.8to17.5°
17.5t018.2°
18.2to 18.9°
above 18.9 °C

oEoNONONONS NSNS

Min: 12.5 °C
Max: 19.6 °C

Air Temperature (12h)

below 19.7 °C
19.7to 20.1°
20.1 to 20.6 ©
206t021.0°
21.0to21.4°
214 t0219°
219t022.3°
223t022.7°
22.7t023.2°
above 23.2 °C

oo 0nn

Min: 19.3 °C
Max: 23.6 °C

Air Temperature (17h)

below 20.5 °C

20.5to 21.4 °C
21.4to 22.4 °C
22.4to 23.4 °C
23.4to 24.3 °C
24.3 to 25.3 °C
25.3 to 26.3 °C
26.3 to 27.3 °C
27.3to 28.2 °C
above 28.2 °C

\

Min: 19.5 °C
Max: 29.2 °C





media/file23.jpg
NBS Scenario






media/file5.jpg
INTERVENTION ZONE|
OF ARGALES

UTM Projection
Datum WSG 84

Zone 30 North






media/file24.png
(C1)

AT R ‘ -
—
= - l Mean Radiant Temp.
- o below 34.37 °C

Base Scenario

Mean Radiant Temp.

below 9.90 °C

9.90 to 10.77 °C
10.77 to 11.65 °C
11.65 to 12.52 °C
12.52 to 13.40 °C
13.40 to 14.27 °C
14.27 to 15.14 °C
15.14 to 16.02 °C
16.02 to 16.89 °C
above 16.89 “C

NN

Min: 9.02 °C
ax: 17.77 °C

<

Mean Radiant Temp.

below 11.12 °C

11.12 t0 12.72 °C
12.72 to 14.32 °C
14.32 to 15.91 °C
15.91 to 17.51 °C
17.51 to 19.11 °C
19.11 to 20.70 °C
20.70 to 22.30 °C
22.30 to 23.89 °C
above 23.89 °C

AEEn

Min: 9.53 °C
Max: 25.49 °C

34.37 to 37.01 °C
37.01 to 39.66 “C
39.66 to 42.31 °C
42.31 to 44.96 “C
44 .96 to 47.61 °C
47.61 to 50.26 °C
50.26 to 52.91 °C
52.91 to 55.56 °C
abowve 55.56 °C

Min: 31.72 °C
I | Max: 58.21 "C

(D1)

Mean Radiant Temp.

below 38.55 °C

41.53 to 44.50 °C
44.50 to 47.48 “C
47.48 to 50.46 °C
50.46 to 53.43 °C
53.43 to 56.41 °C
56.41 to 59.39 °C
59.39 to 62.36 °C
above 62.36 “C

AEEEN

Min: 35.57 °C
Max: 65.34 °C

38.55 to 41.53 “"CL

't:rrr._,_ l

T

g

<

NBS Scenario

Mean Radiant Temp.

below 1.85 °C
1.85 to 2.92 °C
2.92 to 3.99 °C
3.99 to 5.05 °C
5.05 to 6.12 °C
6.12 to 7.19 °C
7.19 to 8.25 °C
8.25 t0 9.32 °C
9.32 to 10.39 °C
above 10.39 °C

LU

Min: 0.79 °C
Max: 11.45 °C

Mean Radiant Temp.

below 7.34 °C
7.34 to 991 °C
991 to 12.48 °C
12.48 to 15.04 “C
15.04 to 17.61 °C
17.61 to 20.17 °C
20.17 to 22.74 °C
22.74 to 25.30 °C
25.30 to 27.87 °C
above 27.87 °C

Min: 4.78 °C
ax: 30.43 °C

Mean Radiant Temp.

below 26.64 °C

26.64 to 29.43 °C
29.43 to 32.21 °C
32.21 to 34.99 °C
34,99 to 37.77 °C
37.77 to 40.56 °C
40.56 to 43.34 °C
43.34 to 46.12 °C
46.12 to 48.90 °C
above 48,90 °C

SRNCURE

Min: 23.86 °C
ax: 51.69 °C

Mean Radiant Temp.

below 31.10 °C

31.10 to 34.25 °C
34.25 to 37.40 °C
37.40 to 40.55 °C
40.55 to 43.70 °C
43.70 to 46.85 °C
46.85 to 50.00 °C
50.00 to 53.15 °C
53.15 to 56.29 °C
above 56.29 “C

R

Min: 27.95 °C
Max: 59.44 °C





media/file29.jpg
[\

Y ——

Absolute difference Mean
Radiant Temp.

below -19.14 °C
19,14 to 16,15 °C|
16,15 to-13.21 °C]
1321 101025 °C]

|
|
-
|
B 1025t0-7.28°C
| |
==

725 10-4.32°C
43210135 °C
13510161 °C
16110458 °C
above 4,58 °C

Min: 221 °C






media/file1.jpg





media/file31.jpg
[ —

R R EEE]






media/file25.jpg





media/file12.png
Base Scenario

Monitored data

35.00

30.00

25.00

20.00
15.00
10.00

5.00

arnjeroduroy Iy

0.00

00-41

00-91

00:G1

00-71

00-€1

00-¢1

0011

00:01

00-6

00-8

00:-4

00-9

00:¢

00-¥

00-€

00-¢

00-1

00-0

00-€¢

00-¢¢

00-1¢

00-0¢

00-61

00-81

00-41






media/file9.jpg





media/file0.png





media/file8.png





media/file17.jpg
iz

oz
o
st
st
wa

28888 8¢s
489%94d8

om

T —






