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Sun sails are a traditional street-scale shading strategy in Mediterranean cities to improve outdoor comfort. So far, their benefits for indoor comfort remain almost unexplored. To addresses this gap, we carry out thermal simulations using Finite Element Methods (FEM), a still novel approach in urban thermal studies that allows for highly detailed radiative computations at the building and street scales. We assess the potential of street sun sails to limit building cooling demands in a Mediterranean-climate city for twelve urban scenarios differing in orientation, façade reflectance, and sun sail color. Simulations show that the use of street sun sails allows for significant decreases in the air and surface temperature inside buildings, and consequently, in cooling demands (between 12% and 46%). Based on simulation results, we provide design guidelines for the installation of sun sails to maximize their effectiveness. This work illustrates how the rich visual feedback of FEM simulations can aid the decision-making process for urban design.

Introduction

Climate change is leading to an increase in ambient temperatures and the frequency, duration, and intensity of extreme heat events worldwide [START_REF] Revi | Urban areas[END_REF], particularly in the Mediterranean region [START_REF] Giorgi | Climate change projections for the Mediterranean region[END_REF]. Impacts of climate change are more severe in urban environments because of the urban heat island, a phenomenon exacerbated by the current urbanization dynamics [START_REF] Oke | Urban Climates[END_REF]. Thus, one of the main challenges of sustainable urban planning in Mediterranean cities is cooling-down built environments [START_REF] Norton | Planning for cooler cities: A framework to prioritise green infrastructure to mitigate high temperatures in urban landscapes[END_REF][START_REF] Smith | Designing urban spaces and buildings to improve sustainability and quality of life in a warmer world[END_REF][START_REF] Santamouris | Passive and active cooling for the outdoor built environment -Analysis and assessment of the cooling potential of mitigation technologies using performance data from 220 large scale projects[END_REF].

The Mediterranean climate is hot and dry during the summer, mild and wet during the winter. Therefore, a prime goal for climate-responsive urban designs in these regions is shading in summer but without restricting winter solar access or needing excessive water resources [START_REF] Chilton | Lighting and the visual environment in architectural fabric structures[END_REF][START_REF] Hwang | Seasonal effects of urban street shading on long-term outdoor thermal comfort[END_REF]. Removable textile solar protections meet these requirements. They have been traditionally used in Mediterranean cities to improve summer pedestrian comfort, mainly in commercial areas (e.g., awnings called 'toldos' in Spain [START_REF] Garcia-Nevado | Termografía del cañón urbano: uso de la perspectiva para una evaluación térmica global de la calle[END_REF]). These devices usually consist of a set of sun sails that create a canopy installed at different heights over the street. Street sun sails are becoming more and more popular not only in locations with historically hot summers [START_REF] Shashua-Bar | The cooling efficiency of urban landscape strategies in a hot dry climate[END_REF][START_REF] Shashua-Bar | The influence of trees and grass on outdoor thermal comfort in a hot-arid environment[END_REF] but also in temperate areas experiencing the increasing effects of global warming [START_REF] Smith | Designing urban spaces and buildings to improve sustainability and quality of life in a warmer world[END_REF][START_REF] Kántor | Human-biometeorological significance of shading in urban public spaces-Summertime measurements in Pécs, Hungary[END_REF].

In contrast to the extensive literature on self-shading urban forms [START_REF] Ali-Toudert | Numerical study on the effects of aspect ratio and orientation of an urban street canyon on outdoor thermal comfort in hot and dry climate[END_REF][START_REF] Bourbia | Impact of street design on urban microclimate for semi arid climate (Constantine)[END_REF][START_REF] Bourbia | Building cluster and shading in urban canyon for hot dry climate Part 1: Air and surface temperature measurements[END_REF] and trees [START_REF] Akbari | Cool surfaces and shade trees to reduce energy use and improve air quality in urban areas[END_REF][START_REF] Park | Variations in pedestrian mean radiant temperature based on the spacing and size of street trees[END_REF][START_REF] De Abreu-Harbich | Effect of tree planting design and tree species on human thermal comfort in the tropics[END_REF][START_REF] Morille | Preliminary study of the impact of urban greenery types on energy consumption of building at a district scale: Academic study on a canyon street in Nantes (France) weather conditions[END_REF], studies on street sun sails are still limited [START_REF] Kántor | Human-biometeorological significance of shading in urban public spaces-Summertime measurements in Pécs, Hungary[END_REF]. Investigations have focused so far on their impact on outdoor climate and pedestrian comfort.

These studies demonstrated that sun sails benefits for outdoor comfort are mainly due to a decrease in mean radiant temperature (MRT) [START_REF] Shashua-Bar | The influence of trees and grass on outdoor thermal comfort in a hot-arid environment[END_REF][START_REF] Kántor | Human-biometeorological significance of shading in urban public spaces-Summertime measurements in Pécs, Hungary[END_REF][START_REF] Paolini | Assessment of Thermal Stress in a Street Canyon in Pedestrian Area with or without Canopy Shading[END_REF], and to a lesser extent, in the air temperature inside the urban canyon (up to 3K [START_REF] Paolini | Assessment of Thermal Stress in a Street Canyon in Pedestrian Area with or without Canopy Shading[END_REF][START_REF] Saneinejad | Comparative assessment of various heat island mitigation measures[END_REF]). The intensity of these effects depends on two design-related aspects of sun sails: a) the optical properties of the tissue, dependent on the shape, color, and material of the yarn, and the openness of their weave [START_REF] Kotey | Determining off-normal solar optical properties of Roller Blinds[END_REF][START_REF] Kotey | Determining longwave radiative properties of flat shading materials[END_REF]; b) the spatial layout of the device, that is, the size, position, and tilt of the pieces [START_REF] Swaid | Intelligent urban forms (IUF) a new climate-concerned, urban planning strategy[END_REF]. In this respect, extensive high-mounted sun sails with low solar transmittance exhibit better performance than small-scale low-hanging ones with high openness [START_REF] Kántor | Human-biometeorological significance of shading in urban public spaces-Summertime measurements in Pécs, Hungary[END_REF]. Sun sails, particularly if high-mounted, cast shadows over the street buildings, reducing their solar loads and surface temperatures [START_REF] Garcia-Nevado | Assessing the cooling effect of urban textile shading devices through timelapse thermography[END_REF]. Both effects might help to avoid indoor overheating, and therefore, to reduce building cooling demands. The actual magnitude of these sun sail benefits remains yet unexplored. This gap in the literature motivates the present study. 4 5 The assessment of sun sail effects on the indoor thermal environment requires detailed modeling of heat exchanges at both building and street scale, with particular emphasis on radiative aspects. A fine discretization of the geometry is crucial in this regard since small surfaces within street canyons can exhibit high differences in their radiative balance.

The existing tools to simulate the energy behavior of buildings -based on lumped-capacitance models -do not allow for accurately predicting how sun sails alter the radiative exchanges of the street. The main shortcomings of these tools concern the computation of the distribution of surface temperatures, and thus, of urban longwave fluxes [START_REF] Allegrini | Impact of radiation exchange between buildings in urban street canyons on space cooling demands of buildings[END_REF][START_REF] Evins | Simulating external longwave radiation exchange for buildings[END_REF][START_REF] Frayssinet | Modeling the heating and cooling energy demand of urban buildings at city scale[END_REF]. Several studies have demonstrated that longwave radiation exchanges between a building and its environment could have a significant impact on building cooling needs [START_REF] Allegrini | Impact of radiation exchange between buildings in urban street canyons on space cooling demands of buildings[END_REF][START_REF] Evins | Simulating external longwave radiation exchange for buildings[END_REF][START_REF] Allegrini | Influence of the urban microclimate in street canyons on the energy demand for space cooling and heating of buildings[END_REF]]. An alternative to overcome these limitations is to carry out the simulations using Finite Element Methods (FEM). This simulation technique, commonly used within the mechanical engineering domain, is still novel in thermal studies within urban contexts [START_REF] Aguerre | A street in perspective: Thermography simulated by the finite element method[END_REF]. Street sun sails provide an interesting example to test the capabilities of FEM thermal simulations as a tool to help designers in their decisionmaking process.

Goals and structure of the work

The goal of the present work is to assess the potential of street sun sails to limit indoor overheating and, consequently, building cooling demands. We foresee an urban scenario where streets covered by sun sails become semi-enclosed spaces. In such environments, collective shading devices would replace individual solar protections, allowing for interiors with a direct visual connection with the exterior. Through simulations, we quantify the impact of street sun sails on indoor air and surface temperatures of buildings under different urban configurations. The aim is to assess the influence of two design aspects on the cooling potential of sun sails:

-The tissue color. For the same weave openness, black tissues have lower transmittance but higher solar absorptance than white ones [START_REF] Kotey | Determining off-normal solar optical properties of Roller Blinds[END_REF]. Therefore, darker sun sails block more shortwave radiation but emit more longwave radiation as they overheat to a greater extent [START_REF] Kotey | Determining longwave radiative properties of flat shading materials[END_REF]. The final impact of these opposite factors on building interiors is not intuitive and requires specific analyses.

-The street characteristics. Radiative exchanges within the street depend on its geometrical and material properties. In this paper, we investigate if the street orientation and reflectance are determining factors regarding the effectiveness of this urban shading device to reduce building overheating. tradition in the use of street sun sails (Section 3.1). Based on one of its districts, we develop an urban model conceived to conduct FEM thermal simulations (Section 3.2) under several scenarios (Section 3.3). Due to the lack of specific commercial FEM software for urban thermal studies, we chose to extend the capabilities of Cast3M [START_REF] Fichoux | Présentation et Utilisation de Cast3M, Documentation Cast3M[END_REF], an open-code software developed for the nuclear energy domain. Modifications implemented in Cast3M (Section 4) allow for incorporating detailed radiative computations, in shortwave and longwave, both at the building and the street scales.

Based on the simulation results, we analyze the effect of sun sails on the air and surface temperatures of buildings (Section 5.1), and how these factors affect their cooling demands (Section 5.2). In section 6, we discuss the validity and limitations of these results. In Section 7, we present the conclusions of the work.

Case study

Site description

Cordoba (37.8°N, 4.8°W) is a historical city of Andalusia, the southern region of Spain. It has a Mediterranean climate, classified as 'Csa' in the Köppen-Geiger scale [START_REF] Kottek | World Map of the Köppen-Geiger climate classification updated[END_REF]. According to the long-time records from Cordoba's airport (Table 1), winters in this region are usually mild. In contrast, climatic conditions in summer are hot and dry, with a high presence of cloudless days. The average air temperature in July and August reaches 28°C, with mean maximums up to 37°C. The severe weather conditions in summer are a source of discomfort for both citizens and tourists, limiting daytime outdoor activities. Since 2002, the local government and a commerce association have been installing street sun sails as a heat mitigation strategy in four commercial streets of the city center (Fig. 1). This neighborhood is a compact urban tissue comprising 20th-century buildings that pre-date any thermal regulations, with geometrical and material characteristics common to other Mediterranean cities. For this reason, we selected this area as a basis for the urban model used in our simulations.

In 2019, sun sails in Cordoba covered an area of some 3000 m 2 . They consist of a set of polygonal pieces of microperforated polyester tissue with an exterior coating of PVC. Pieces are fastened to the upper part of façades through metallic tensors leaving gaps in-between to reduce wind drag effects and the stagnation of warm air [START_REF] Del Río | Memoria de Licitación de Proyecto de entoldado de calles del centro de córdoba 2018[END_REF]. The period of 

Urban model

As shown in Fig. 2, our simulation model consists of a symmetrical street comprising two arrays of five three-story buildings (W/H = 0.6). Each row of buildings has only two faces affected by convection and radiation: the roof and the façade towards the street (white), with a 20% glazed surface (blue). The rest of the external faces are whether basement floors in contact with the soil or interior walls considered adiabatic (red). Interior walls and floors allow for heat exchange by conduction between the adjacent indoor spaces. Two versions of this mock-up are generated: with and without sun sails (yellow). To represent these shading devices, we model a single volume, very thin, located at the top of the canyon, leaving a gap between it and the buildings. FEM computations require meshing the 3D model. Here this task takes place in Cast3M, using only linear hexahedrons (8 nodes). We run several pre-simulation tests to assess the sensitivity of results to the mesh refinement. Fig. 3 provides an example of the impact of the mesh-density on surface temperatures. 10

Based on these pre-simulation tests, we set a mesh density for each model component able to provide both accurate computations and high-quality graphics (Table 2). To this end, the mesh is refined at the building façades -especially at windows-to account for the shadow effects in an accurate way. Also, to ensure a correct simulation of the non-linear evolution of temperatures through the elements, we divide each building component into several layers (Table 2). Presimulations show that three layers are necessary for temperatures to converge in the more exposed parts of buildings (roof, façade, windows), but only two in the interior and common wall (Table 2). This layered configuration brings a higher refinement at the model edges (Fig. 4). The model used in our thermal simulations contains 148180 hexahedra.

Radiative calculations run over the skin of the mock-up, that is, a 3D surface model composed of the 98384 quadrilaterals. The next step is the assignment of physical properties to the model. The thermal properties of volume elements are described using three parameters (Fig. 4): thermal conductivity (k, in Wm -1 K -1 ), density (ρ, in kgm -3 ), and specific heat (c, in Jkg -1 K -1 ). The selected values correspond to representative building systems of the investigated urban area: pillarand-beam concrete structure, floors with ceramic beam filler blocks, uninsulated double brick-leaf façade, single-pane glass windows, granite street pavement, and lightweight plastic textile solar protection. Surfaces are characterized by their optical properties (Table 3). These describe the proportion in which surfaces transmit (directly and diffusely), reflect (specularly and diffusely), and absorb the impinging radiation at each wavelength. Following the CIE notation [START_REF]CIE: Commission Internationale de L'Eclairage, International Lighting Vocabulary[END_REF], we express the probability of occurrence for each of these options using the coefficients τr, τd, ρr, ρd, and α (Eq.1):

τr + τd + ρr + ρd + α = 1

The optical properties may significantly vary along the spectrum. However, following the most usual practice [START_REF] Beckers | Multiscale Analysis as a Central Component of Urban Physics Modeling[END_REF], we work with average properties in two separate wavebands: longwave (above 4μm) and shortwave (below 4μm).

Depending on their behavior in the visible spectrum, we differentiate three types of materials in our model: opaque, translucent, and semi-opaque. Ground, façade, and roof surfaces are opaque and behave as perfect diffusers (τr = τd = ρr = 0). Windows are transparent elements that allow the incident radiation to be directly transmitted, specularly reflected, and absorbed (τd = ρd = 0). In glazed surfaces, the value of the direct transmittance and reflectance varies with the angle of incidence following Fresnel laws. To model this behavior, we use the simplified expressions developed by Schlick [START_REF] Schlick | An inexpensive BRDF model for physically-based rendering[END_REF].

Sun sails are made of open-weave tissues that partially block the incident radiation. Experimental measurements [START_REF] Kotey | Determining off-normal solar optical properties of Roller Blinds[END_REF] show that this kind of fabric transmits solar radiation both directly (τr ) and diffusely (τd). The fraction of radiation that is blocked is whether absorbed or reflected backward diffusely (ρr =0). The amount of energy passing directly through the tissue (τr) depends on its openness (A0) and varies with the angle of incidence. At a normal incidence (θ=0°), tissue transmittance is maximum, and its value corresponds to the openness factor of the tissue (A0 = τr θ=0° ). As incidence increases, τr-value diminishes gradually to zero at θ=65°. The tissue color affects the amount of energy that is diffusely reflected or transmitted. Our study assumes that diffuse transmission (τd ) and reflection (ρd ) do not depend on the angle of incidence.

In surfaces with an angular-dependent reflectance and transmittance, such as sun sails or windows, the absorptance behaves in the same way. We simplify this angular dependence by considering a constant value of total absorptance [START_REF] Nicodemus | Directional reflectance and emissivity of an opaque surface[END_REF]. It consists of a direction-averaged value of the absorptance from all directions of incidence (hemisphere).

All materials in our model behave as opaque gray bodies in the infrared spectrum, that is, perfectly diffuse emitters and reflectors (τr,lw = τd,lw = ρr,lw = 0), as described in Equation 2. The absorption coefficient

, of each face is hence independent of the angle of incidence and equal to their emissivity (Kirchhoff's law). Since construction materials usually have high emissivity [START_REF] Vollmer | Infrared Thermal Imaging. Fundamentals, Research and Applications[END_REF], we set a default emissivity of 0.9 for all the built surfaces. Sun sail emissivity is set to 0.75, corresponding to an open weave tissue with an openness factor of A0 = 18% [START_REF] Kotey | Determining longwave radiative properties of flat shading materials[END_REF].

+ ρd,lw = ε + ρd,lw = 1

(2) 

Simulation cases

Fig. 5 summarizes the simulation cases analyzed in this work. The sun sail effects are investigated in twelve urban scenarios, resulting from the variation of three parameters:

• Type of solar protection: unsheltered and sheltered with white and black sun sails.

• Façade reflectance: dark and light-colored façades, which stand for redbrick and whitewashed walls, respectively.

• Street orientation: N-S and E-W streets.

The simulations are performed during two periods: one week around the summer solstice (from June 24 to 29) and another around the autumn equinox (from September 24 to 29). The analysis focuses on the last day of each period:

June 29 and September 29. These days represent two differentiated conditions regarding the sun exposure of street surfaces during the sun sail season in Cordoba (from May to October). The analysis of 12 urban scenarios in 2 simulation periods brings about 24 simulations in total. 

Calculation methods and tools

Our simulations comprise two steps. First, we compute the radiative exchanges between the sky and the model surfaces using several tools developed by the authors (Subsection 4.1). Then, we carry out the thermal simulations in a generic FEM software adapted to deal with urban problems (Subsection 4.2), using the results of the first step as boundary conditions.

Radiative inputs for thermal simulations

The sky is a primary source of longwave and shortwave radiation. To compute the amount of sky radiation that is absorbed in both wavelengths ( , ), we have developed an algorithm [START_REF] Bugeat | A Multi-Scale Consideration of Daylight in a Real Urban Context[END_REF] based on the radiosity method [START_REF] Goral | Modeling the interaction of light between diffuse surfaces[END_REF].

This technique requires meshing the complete urban scene, including the sky. Following [START_REF] Beckers | A general rule for disk and hemisphere partition into equal-area cells[END_REF], we divide the sky vault into 5000 equal-area cells with the best possible aspect ratio. To calculate the radiance of each sky cell, we use two anisotropic sky models: the Pérez model for shortwave [START_REF] Perez | All-weather model for sky luminance distribution-preliminary configuration and validation[END_REF] and the Martin & Berdhal one for longwave [START_REF] Martin | Summary of results for the spectral and angular sky radiation measurement program[END_REF]. The inputs for the Pérez model are the normal direct and horizontal diffuse irradiances (from Cordoba's weather file [45]), and the sun position at each time step (calculated as explained in [START_REF] Beckers | Les anomalies, l'équation de Kepler[END_REF]). The Martin & Berdhal model computes the global sky emissivity at each time step using the following data from weather files: water vapor pressure, relative humidity, air temperature, and cloud cover. The global sky emissivity is used to calculate the directional sky emissivity as a function of the zenith angle.

The first step of the radiosity method is the computation of the view factors . In its classical approach, the radiosity method only allows for computing the diffuse exchanges of radiation among opaque surfaces. To incorporate translucent and specular surfaces in shortwave, we replace conventional view factors by extended view factors ( * ), a technique developed by Sillion and Puech [START_REF] Sillion | A general two-pass method integrating specular and diffuse reflection[END_REF], and implemented in [START_REF] Bugeat | A Multi-Scale Consideration of Daylight in a Real Urban Context[END_REF]. We accelerate this computation by using Embree®, a high-performance ray-tracing kernel developed by Intel [START_REF] Wald | Embree : A Kernel Framework for Efficient CPU Ray Tracing[END_REF]. The extended radiosity approach allows performing accurate calculations of the radiative exchanges in the complete urban scene (view-independent), taking into account the optical properties of the sun sails (τr, τd, ρd, α).

Then, we calculate the irradiance received from the sky at each model patch. In shortwave, we need to solve the system of linear equations in Eq. ( 3). The first term of this equation accounts for the radiation coming directly from the sky vault; the second, for the reflections coming from the environment (buildings, street ground and sun sails); the third, for the radiation reaching a surface after being transmitted through another surface (windows and sun sails).

)

, and

,! are the longwave irradiance on the patch i or j (Wm -2 ); " ,! is the longwave emittance of patch j (Wm - 2); (1 -) ! is the longwave diffuse reflectance of patch j; ! is the classical view factor between patches i and j.

To solve both systems, we use a Jacobi iterative algorithm, which allows for controlling the number of reflections taken into account [START_REF] Cohen | Radiosity and realistic image synthesis[END_REF]. Based on pre-simulation tests, we set 10 reflections for both shortwave and longwave computations.

Finally, we obtain the flux absorbed by each surface by multiplying the received irradiance by its absorptance, as expressed in Eq. 5 for shortwave, and in Eq. 6 for longwave.

, = , , With, , = 1 -# ,/, -# ,$, -% ,/, -% ,$, (5) , = , , With, , = (6) 

FEM thermal simulations

To solve the thermal problem, we use Cast3M © [START_REF] Fichoux | Présentation et Utilisation de Cast3M, Documentation Cast3M[END_REF], a finite element program developed by the French Commissariat for Atomic Energy and Alternative Energies (CEA). Once settled the initial and boundary conditions, this software allows for solving the discretized heat equation (Eq. 7) to find the nodal temperatures of the mesh (0).

1 0 2 + 34 567$ + 4 5678 + 9 /:$ (0); 0 = < + 9 /:$ (0) 0 /:$ => (7)

1 is the capacitance matrix [JK -1 ]; 4 567$ is the conductivity matrix [WK -1 ]; 4 5678 is the conductivity matrix for convection [WK -1 ], comprising all the ℎ 5678, [Wm -2 K -1 ]; Q is a term associated with the boundary conditions [WK -1 ],

which includes atmospheric radiation fluxes ( , + , ) and convective fluxes (ℎ 5678, A 0 : /, ) [Wm -2 ]; 9 /:$ is the conductivity matrix for radiation [WK -1 ]; 0 /:$ => is the vector of the equivalent temperatures of the environment [K].

To obtain the average room temperature, new nodes are added to the vector of unknown temperatures (0). These virtual nodes exchange energy with the surrounding room surfaces by convection. According to the typical weak wind conditions in Cordoba, the exterior convection transfer coefficients are constant low values: 20 Wm -2 K -1 for roofs and 10 Wm -2 K -1 for surfaces within the canyon. Based on thermal regulations [START_REF]CSTB (Centre Scientifique et Technique du Bâtiment[END_REF], the interior convection coefficients are equal to 2.5 Wm -2 K -1 for walls and 0.7 Wm -2 K -1 for horizontal surfaces (assuming a descendent flux). We set a constant rate of one air change per hour.

Simulations were conducted with a 1-hour time step over two five-day periods: 24-29 June and 24-29 September. In all simulations, the initial temperature for all the surfaces and the air inside buildings was assumed equal to the external air. So, at B = 0, 0 7 = 0 : / =CD . To avoid any influence of initial conditions, our analyses rely on the results obtained for the last day of each investigated period.

Two types of boundary conditions need to be defined to solve the heat transfer problem. Dirichlet's boundary conditions consist of imposed temperatures at certain domain boundaries: the exterior air and the ground at 1.5-meter depth, retrieved from Cordoba's weather file. Neumann's boundary conditions consist of imposed fluxes: radiation coming from the sky vault, both in shortwave ( , ) and longwave ( , ). Both fluxes, independent of the surface temperature, are computed in the previous step (Section 4.1) and used as thermal loads in Cast3M.

We assume that the urban model is surrounded by an infinite ground at the air temperature. Since all the surfaces are considered gray perfect diffusers for FEM simulation, we can re-use the pre-computed view factor matrix ! (Section 4.1), thus reducing computational times. To solve the linear system of Eq. ( 6), we implement the Jacobi iterative algorithm in Cast3M. This computation allows for obtaining the long-wave flux received at any patch i of the scene coming from the rest of the urban surfaces at each time step: E*lw,i . Based on this flux, we define a new variable 0 /:$ =>, (Eq. 8), which represents the uniform temperature of a fictive blackbody enclosure (ε = 1) that would result in the same net radiation energy exchange with the patch i as the actual complex environment.

0 /:$ =>, = ( G H.J * KL M ) G/O (8) 
After linearization, the net thermal flux ∅ exchanged by the patch i can be expressed as the product of a radiative coefficient ℎ /:$ 7QG and the temperature difference between the patch i and its environment, as show in Eq. 9:

∅ = ℎ /:$ 7QG (0 7QG -0 /:$ =>, 7QG ) (9) 
With: ℎ /:$ 7QG = R S((0 7 ) T -(0 /:$ =>,

7

)²)(0 7 + 0 /:$ =>, 7 )

The representation of surface temperatures is obtained with a post-processing carried out in Matlab © .

Results

The cooling effect of sun sails on building temperatures

The results of FEM simulations show that sun sails have noticeable cooling effects on building surface temperatures.

The intensity of these effects varies depending on the street orientation and the period of analysis. Close to the summer solstice, sun sails produce their maximum effects in the N-S street. Close to the autumn equinox, these happen in the E-W one. This section focuses on the latter scenario, where sun sails exhibit higher effectiveness. Fig. 6 shows the outdoor temperatures of the dark E-W street when unsheltered and covered by black sun sails on September 29 (Fig. 6a and6b). It also depicts the corresponding temperatures on the upper floor of the south-facing building (Fig. 6c and6d). 20

Sun sails have a global cooling effect on outdoor surfaces during daytime (Fig. 6a and6b). Their most significant benefits take place over the sunlit urban surfaces, which overheat significantly less in the sheltered street. The maximum cooling effect concentrates on the two upper floors of the south-facing building, which receives solar radiation for most of the day, especially around midday. In the unsheltered situation, the temperature of these surfaces reaches 50°C at 13:00 h. By using street sun sails, they remain at 35°C, a temperature close to that of the outdoor ambient. Sun sails also have a noticeable cooling effect over the already shaded surfaces. In Fig. 6, this cooling effect is more evident over the north-facing building. Here, the difference between the sheltered and unsheltered situations reaches up to 3°C around midday. This cooling down is due to a decrease in the solar radiation received from the sky vault (diffuse) and the environment (reflected), and in the longwave fluxes coming from the opposite façade.

Due to their low inertia, sun sails warm up quickly and in a significant way when receiving solar radiation, especially if black. As shown in Fig. 6, these shading devices reach 46°C at 13:00 h, exceeding the outdoor air temperature by 12°C.

Sun sails become thus a source of longwave radiation to buildings, limiting their radiative cooling potential towards the sky. During the night, the sun sail temperature falls slightly below the ambient air, due to their significant radiative losses.

Results in Fig. 6 show that the installation of street sun sails leads to a generalized cooling down of indoor spaces, which concerns all the room surfaces. The main effects of sun sails are due to the reduction in the amount of solar radiation received by the windows. Consequently, both the glazing itself and the sunlit surfaces warm up to a lesser extent in sheltered streets. Close to the autumn equinox, a large part of the floor of the room in Fig. 6 receives direct sunlight for most of the day. The use of street sun sails prevents the warming of this surface by up to 9°C at midday, reaching 26°C instead of 35°C. As for the glazing, sun sails help to limit their overheating by up to 4°C at 13:00 h. The low solar absorptance of single-pane clear-glass windows explains this relatively small effect compared to the one found over other sunlit elements (e.g., indoor floor). This cooling effect is only significant while windows are sunlit. If not, glazing temperature approaches the outdoor ambient temperature in all cases, due to its relatively low inertia.

The presence of sun sails allows for a reduction in the temperature of the inner face of the façade wall. This effect is especially noticeable in two moments: around midday, over a small area close to the windowsill (up to a 10°C less at 13:00 h), and after the sunset, over the entire opaque façade (up to 4°C less at 21:00 h). In the first case, the temperature decrease is due to a reduction in the conduction heat flux through the geometrical thermal bridge of the 21 window opening. The second case evidences the potential of street sun sails to reduce nocturnal façade overheating resulting from the delay in heat flux conduction.

Sun sails also have non-negligible cooling effects over the ceiling and the partition walls. As shown in Fig. 6, these surfaces remain between 2°C and 4°C colder in the sheltered streets throughout the day.

The intensity of sun sail effects on surface temperature depends on the features of the shading device and the street, as shown in Fig. 7 and Fig. 8. These images depict the difference in surface temperatures between the sheltered and unsheltered cases for different configurations of the E-W street at three representative times of the day: close to midday, in the early night, and before dawn. Areas in blue represent the surfaces that remain colder thanks to the sun sails and, in red, those that get warmer. In the daytime, the outside surface of buildings is always colder (up to 18°C) when sun sails are present (Fig. 7).

Conversely, during nighttime, the upper floors of buildings get warmer (up to 2°C) in the sheltered streets in all the cases. The nocturnal drawback of sun sails does not have any evident repercussions on the inner surfaces of the southfacing building (Fig. 8), which remain between 2°C and 12°C colder in the sheltered streets all day long. These results suggest that the performance of sun sails could somehow improve by removing these devices at night.

The color of sun sails has a limited impact on their cooling potential over surfaces. Using black sun sails allows for higher decreases in building surface temperatures in all streets. However, differences with white devices do not exceed 1°C on the outside and 0.5°C on the inside.

Sun sails are more effective in reducing outdoor and indoor surface temperatures when installed over streets with dark façades. Outside, sun sail cooling effects over dark buildings are higher than over the light ones by up to 9°C in the sunlit areas and 2°C in the shaded parts (see Fig. 7 at 13:00). Inside, this difference is more evident on the façade wall, reaching up to 2°C at 21:00 h.

Simulations also show that the use of street sun sails helps to cool down the air inside buildings. This effect exists in all the scenarios but varies in intensity between the cases and simulation periods. Tables 4 and5 present the maximum decrease in indoor air temperatures due to the use of black and white sun sails, respectively. The results in both tables allow for differentiating the sun sail effects among building floors and streets depending on their orientation and reflectance (light-colored streets in gray, dark-colored streets in black). The cooling effect of sun sail varies among floors depending on their solar loads: the higher sun exposure, the more effective is the use of sun sails. For the two investigated days, the highest reduction in air temperatures takes place on the top floor of buildings. This highlights the interest of placing the shading devices at the top of the canyon to maximize their benefits. At the beginning of summer, the maximum effect occurs on the third floor of the dark westfacing building, with decreases of up to 1.9°C for the white device and 2.2°C for the black one. By the end of the season, sun sails allow for a reduction in air temperature of up to 2.8°C for the white device and 3.0°C for the black one on the third floor of the dark south-facing building.

As shown in Fig. 9, the cooling effect of sun sails on indoor air temperature lasts all day long, being more significant during daytime -several hours after the irradiation peak over the buildings -and decreasing gradually during the night. differences are limited, not exceeding 0.4°C (Fig. 9). Buildings receive lower shortwave loads when sheltered by the black sun sails. However, they receive higher longwave loads coming from the black shading devices and lower coming from other buildings. Our results show that the net radiative loads received by façades (i.e., in shortwave and longwave) are higher when sheltered by the white sun sails. Sun sails have a similar impact on indoor air temperatures in light and dark streets, with differences between the two environments of less than 0.4°C. In the darker streets, sun sails are more effective on the floors mainly receiving direct radiation, but less in those mainly receiving reflected radiation. In the lighter streets, we find the opposite trend. This self-balancing phenomenon is particularly evident between the south and north-facing buildings close to the autumn equinox. 

The impact of sun sails on cooling demands at street level

A classical approach to estimate cooling energy demands of buildings in a certain location is the degree-hour method [START_REF]Degree-days: theory and application[END_REF]. Here, we use a similar approach to assess the impact of sun sails on cooling demands, but using the simulated air temperatures instead of climatic data as inputs. First, we calculate the cooling degree hours (CDH, in °C) at each floor, as the deviation between the simulated indoor air temperature and a selected reference base temperature, here fixed at 22°C following [START_REF] Spinoni | Changes of heating and cooling degree-days in Europe from 1981 to 2100[END_REF]. Then, we sum the cooling degree hours at each floor for the two central buildings of the model to obtain the street cooling degree hours (Street-CDH, in °C). Thanks to this parameter, it is possible to analyze the sun sail effects at a global street level using a single value. Fig. 10 Results show that sun sails lead to a reduction in cooling demand for all the urban scenarios assessed, with decreases in the street cooling degree hours ranging from 12% to 46%. The effectiveness of sun sails in reducing cooling needs varies in time and between orientations. Close to the summer solstice, sun sail cooling effects are more significant in the N-S street than in the E-W one, with decreases in Street-CDH by up to 46% and 24%, respectively. Conversely, close to the autumn equinox, sun sails reduce building cooling demands to a greater extent in the E-W street than in the N-S one, with reductions in Street-CDH by up to 35% and 29%, respectively. Sun sail benefits are hence more constant throughout the season in the N-S street than in the E-W one. However, the most significant cooling effect happens in the E-W street at the end of the season. These outcomes highlight the potential of urban sun sails regardless of the street orientation and encourage an installation process that begins in the N-S street before moving on to the E-W streets. Moreover, sun sails should remain installed in E-W streets until the end of summer to shelter the top floors of the south-facing buildings, even though sunrays do not reach the canyon floor.

The color of sun sails affects their cooling potential in a non-negligible way. Black sun sails exhibit better performance than the white ones for all the simulated cases. The cooling demand for buildings under black sun sails is between 5% and 12% less than under the white ones. This difference means that between 14% and 50% of the total cooling potential of street sun sails depends on their color. The little differences in the hourly air temperature due to sun sail color (Section 5.2) result in significant differences in the daily cooling demands in terms of street cooling degree hours.

In deep urban canyons, changes in reflectance have little impact on the cooling demand due to the radiative trapping phenomenon [START_REF] Allegrini | Influence of the urban microclimate in street canyons on the energy demand for space cooling and heating of buildings[END_REF]. This behavior explains why unsheltered streets present almost the same cooling needs regardless of their façade reflectance. Because of this, sun sails are equally effective in streets with dark and light-colored façades.

Differences in the cooling potential of sun sails between these two scenarios are marginal, not exceeding 2%.

To conclude this section, we present a summary of the main effects of street sun sails on buildings temperatures and cooling demands:

• The use of sun sails allows for a global cooling-down of the street during the day, with reductions in outdoor surface temperatures of up to 18°C. However, it leads to an increase of up to 2°C during the night.

• Building interiors are significantly colder in streets covered by sun sails. Room surfaces remain colder between 2°C and 12°C all day long. Decreases in air temperatures are usually higher in the upper floors and can reach up to 3°C in the E-W street and up to 2.2°C in the N-S one.

• The use of sun sails limits cooling demands in all the urban configurations. This effect is higher if the sun sails are black instead of white. The decrease in the cooling degree hours reaches up to 46% in the N-S streets and up to 35% in the E-W ones.

Discussion

Our simulations highlight the importance of thorough radiation calculations at both the street and building levels for obtaining reliable results in urban thermal studies. A crucial aspect is the number of reflections in shortwave computations. This parameter should be sufficiently high to account for the actual effect of inter-reflections within the canyon that leads to a radiative trapping phenomenon [START_REF] Qin | Urban canyon albedo and its implication on the use of reflective cool pavements[END_REF][START_REF] Montavez | A Monte Carlo model of the nocturnal surface temperatures in urban canyons[END_REF]. To illustrate this aspect, Fig. 11 compares the simulation results obtained using 1 and 10 reflections for an east-facing apartment in dark and light-color streets.

Simulations using one reflection seem to indicate that the same apartment would remain colder in a white urban canyon than in a darker one. Higher-detailed computations demonstrate, though, that this observation is misleading in some street configurations (e.g., deep canyon, unprotected windows). Using ten reflections, we found that increasing façade reflectance has little effect on cooling demands or might be even counterproductive. As further explained in Fig. 12, the reason is that the use of white paint in urban canyons has opposing effects on building thermal loads: a decrease in conduction fluxes through the opaque part of the façades (-2115 Wh) and an increase in solar loads through windows (+2231 Wh). The offsetting of these effects explains why buildings in our case study have similar cooling demands and why sun sails are equally effective regardless of the street reflectance. We found that indoor longwave computations are essential for an accurate assessment of cooling demand. Fig. 13 compares the results of our simulations with those obtained from simulations taking into account longwave exchanges only on the outside surfaces. These results show that the longwave exchange between the room surfaces leads to a homogenization of their temperatures. This effect is especially evident on the ground and ceiling surfaces. Indoor longwave exchanges also affect room air temperature in a non-negligible way (up to 1°C in this example), hence influencing cooling needs. Our study presents and tests a FEM-based approach to analyze the thermal behavior of urban environments that can aid decision-making. This work shows that FEM simulations, excessively time-consuming until recently, are now a reasonable time-cost option: the 1-day FEM simulation over the urban model of this work takes around 10 minutes with a standard PC. The main advantage of FEM methods is the possibility of generating spatialized thermal results over the complex geometries. This capability is of particular interest in shading-related studies since working with the actual geometry facilitates the interpretation of the instantaneous and delayed effects of shadows (inertia). Despite the additional benefits of the method implemented here, it still presents some limitations:

• Urban air temperatures within the city might be higher than in the surrounding rural areas due to the urban heat island effect. This phenomenon significantly reduces the cooling potential of night ventilation for buildings in urban environments. Our thermal simulations do not account for the urban heat island effect nor the possibility of nocturnal ventilation.

• The presence of urban sun sails will modify the wind flow and air temperature within the canyon. This work did not account for either of these effects, whose analysis would require the use of computational fluid dynamics (CFD). Installing street sun sails would somehow block the wind flow, lowering wind speeds within the canyon. The use of dark sun sails with gaps in-between could help offset this drawback by fostering the ascendant flux of hot air within the canyon. This increase in natural convection could be particularly desirable in cities like Cordoba, where calm wind conditions are recurrent. Future works should address the combined potential of sun sails to increase airflow and decreasing air temperature in such urban locations.

• The level of detail in the modeling of urban long wave exchanges in this study represents a leap forward in the current practice of building energy simulations. However, since we assume all surfaces to behave as opaque gray bodies, there are three aspects not covered in this work: specular reflections of thermal radiation, angular dependence of emissivity, and infrared transparency of materials (e.g., sun sails).

• Our method does not allow yet for conducting simulations over urban models with dynamic geometries, that is, those changing throughout the simulation. Therefore, the present study limited itself to streets staying unsheltered or sheltered by the sun sails all day long. The use of night-removable devices could bring additional cooling benefits to explore in future works.

• The goal of our simulations is to assess the thermal effects of street sun sails on building interiors. Conversely, the available experimental data only cover their impact on the outdoors. This lack of data prevents comprehensive validation of simulations against measurements, but still, some basic verifications are possible.

In this regard, we compared the outdoor simulation results with a thermographic campaign conducted in the same urban area of Cordoba [START_REF] Norton | Planning for cooler cities: A framework to prioritise green infrastructure to mitigate high temperatures in urban landscapes[END_REF], finding a reasonable agreement between both datasets. As in simulations, measurements in a N-S street on a hot sunny day close to the summer solstice show that façades were colder during the day (up to 6°C) and slightly warmer during the night (≈1°C) due to the use of sun sails. The magnitude of these effects falls within the range defined by simulations. Additional fieldwork would be necessary for a more exhaustive validation of the results. The present work provides valuable insights into the design of these campaigns, such as the need for daylong measurements, spatialized data acquisition, and multi-scale tests (e.g., campaign involving indoor-outdoor thermography and specific tests on the actual optical properties of sun sail tissues). areas within the Mediterranean region (e.g., a mid-latitude, compact urban form, medium-weight lowinsulated buildings, low-glazing ratios, etc.) Findings in our work are also valid for these urban environments.

Assessing the effectiveness of street sun sails in other contexts would require additional simulations taking into account their specific climate, construction systems and urban morphology (e.g. lower aspect ratios). The FEM method used in this paper could help to investigate the following cases: i. Highly glazed districts. Modern business and commercial areas usually present high-glazing ratios and cooling demands. Sun sails could help to reduce energy consumption and glare discomfort.

ii. Temperate climates. As global warming progresses, building overheating problems are becoming an issue in temperate-climate locations, where there was no need for active cooling so far. Sun sails could constitute a climate change adaptation strategy in these regions, avoiding the installation of cooling systems.

iii. Developing countries. Generally, buildings and urban public spaces in developing countries are both poorly conditioned. As a low-cost and technically simple intervention, street sun sails could be a heat mitigation strategy suitable for some of these cities, depending on the local climate and materials.

Conclusions

The main objective of this study was to assess the potential of using solar protections at the street scale to limit the cooling demands at the building scale in Mediterranean-climate cities. Addressing this question requires detailed radiation simulations that are beyond the capabilities of the standard building simulation tools, particularly regarding urban longwave exchanges. To overcome these limitations, we opted for a simulation approach scarcely explored in urban thermal studies so far: the finite element method. This paper describes a set of improvements made to a generic FEM software to adapt it for urban thermal simulations with detailed shortwave and longwave computations, both at the building and the street scale.

In this study, we built a model based on a Cordoba district, as a representative example of the climate and urban layout in many Mediterranean cities. Simulations showed that the presence of street sun sails leads to significant decreases in air and surface temperatures inside buildings (up to 3.0 °C and 12°C, respectively). Both effects have a direct impact on building cooling demands. We found that the use of sun sails could limit the cooling degree hours at the street scale between 12% and 46% for the two days evaluated. Based on our simulations, we draw the following conclusions that can help in the design of this kind of urban intervention not only in the Cordoba case but also in urban areas with similar layouts:

• For all the assessed scenarios, we found that buildings sheltered by black devices have lower cooling demands than those sheltered by white ones due to their lower total transmittance. Therefore, the selection of darker tissues is desirable.

• Sun sails are highly effective in the two assessed street orientations, but their maximum cooling potential happens in different moments. Close to the summer solstice, sun sails benefit mainly N-S streets. In contrast, by the end of this season, these devices are especially beneficial in E-W streets. Thus, sun sails should be installed beginning on the N-S streets before moving to the E-W ones, and removed in the opposite order.

• Due to a radiative trapping phenomenon, buildings in deep urban canyons present similar cooling demands regardless of their façade reflectance. Thus, sun sails are equally effective in streets with dark and lightcolored façades.

• This work highlights the potential of sun sails as a generalizable intervention at the urban tissue scale, regardless of their street orientation and reflectance. Sun sails are especially beneficial for the upper floors of buildings. Thus, high-mounted devices are always desirable to maximize their positive effects on building users' and pedestrians' comfort.

  Heatwaves and peaks over 40°C on air temperature are recurrent, having reached 46.9°C on 13 July 2017. The wind conditions prevailing in Cordoba's Airport are light NE/SW breezes (< 3 m/s on average). Within the city, wind speeds are usually lower, leading to frequent episodes with no wind inside deep urban canyons.
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 1 Fig. 1. Plan and street views of the sun sails installed in Cordoba city center in 2019.

Fig. 2 .

 2 Fig. 2. Dimensions of the studied urban model (m).

Fig. 3 .

 3 Fig. 3. Pre-simulation tests with different mesh refinements:Impact of the façade mesh-density (left) on the surface temperature (right). The mesh-density in 'c' was the one chosen for this study.

Fig. 4 .

 4 Fig. 4. Cross-section of one of the model buildings with the meshing and thermal properties used for simulations.
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 5 Fig. 5. Summary of simulations.

Fig. 6 .

 6 Fig. 6. Outdoor and indoor surface temperatures in the dark E-W street on September 29: unsheltered (a and c) vs covered by black sun sails (b and d). Interior views correspond to the upper floor of the south-facing building, marked with a dashed line on the exterior views.
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 78 Fig. 7. Impact of sun sails on outdoor surface temperatures in an E-W street on September 29: light-colored street with white (a) and black (b) sun sails; dark-colored street with white (c) and black (d) sun sails.

Fig. 9 .

 9 Fig. 9. Indoor air temperatures on the 3 rd floor of a dark street unsheltered and covered by sun sails for: the west-facing building on June 29 (up) and the south-facing building on September 29 (down).

  compares the Street-CDH for all the street configurations tested on June 29 (left) and September 29 (right). Bar subdivisions allow for representing the CDH of the building at each side of the street.

Fig. 10 .

 10 Fig. 10. Street cooling degree hours (Street-CDH, in °C) for all the street configurations assessed on June 29 and September 29.

Fig. 11 .

 11 Fig. 11. Impact of the street reflectance on the air temperature depending on the number of reflections for shortwave computations. These results correspond to the 2 nd floor of the east-facing building located in a dark/light-colored street without sun sails on June 29.

Fig. 12 .

 12 Fig. 12. Conduction heat flux through the opaque part of the façade (up) and transmitted shortwave flux through glazing (down) for the apartment in Fig. 11 in a dark and light-colored street.

Fig. 13 .

 13 Fig. 13. Impact of indoor longwave exchanges on the surface and air temperature. These results correspond to the 3 rd floor of the south-facing building in the dark-colored unsheltered street on September 29.

  

Table 1 .

 1 Climate data of Cordoba, Spain (1981-2010, Cordoba Airport, source: AEMET [33])

		Ta MAX	Ta AVE	Ta MIN	RH	Wind AVE	Cloudless	
		(ºC)	(ºC)	(ºC)	(%)	(m/s)	days	
	Jan	14.9	9.3	3.6	76	2.3	10.3	
	Feb	17.4	11.1	4.9	71	2.4	8.8	
	Mar	21.3	14.4	7.4	64	2.6	8.5	
	Apr	22.8	16.0	9.3	60	3.3	5.8	
	May Jun Jul Aug	27.4 32.8 36.9 36.5	20.0 24.7 28.0 28.0	12.6 16.5 19.0 19.4	55 48 41 43	3.1 3.2 3.0 3.0	7.3 13.7 20.9 19	Sun sail use
	Sep	31.6	24.2	16.9	52	2.6	10.3	
	Oct	25.1	19.1	13.0	66	2.3	7.8	
	Nov	19.1	13.5	7.8	73	2.0	8.4	
	Dec	15.3	10.4	5.5	79	2.5	8.1	
	YEAR	25.1	18.2	11.4	60	2.7	130.5	

Table 2 :

 2 Mesh refinement for the different components of model.

	Model components	n. elements / m 2	m 2	n. layers
	Façade walls	20	0.050	3
	Interior walls	20	0.050	2
	Common walls	10	0,100	2
	Windows	40	0.025	3
	Roof / Floors	13	0.077	3
	Street ground	8	0.125	3
	Soil	13	0.077	3

Table 3 :

 3 Optical properties of urban and sun sail surfaces.

	Surface		τr	τd	ρr	ρd	α	188
	Façade	Dark Light	0 0	0 0	0 0	0.30 0.70 0.70 0.30	189
	Street ground		0	0	0	0.10 0.90
	Roof		0	0	0	0.85 0.15
	Ceiling		0	0	0	0.85 0.15	0.90
	Floor		0	0	0	0.40 0.60
	Wall		0	0	0	0.85 0.15
	Windows 1		0.80	0	0.10	0	0.10
	Sun sails 1,2 White 0.18 0.12 Black 0.18 0	0 0	0.62 0.08 0.75 0.08 0.74

Table 4 .

 4 Maximum decrease in indoor air temperatures due to the use of black sun sails in buildings facing South, North, East and West.

	Black sun sails -ΔMAX (°C)	S	Summer solstice N E	W	S	Autumn equinox N E	W
	1 st floor	Light façade Dark façade	1,1 1,1	0,6 0,5	1,2 1,0	1,3 1,1	0,7 0,7	0,5 0,2	0,7 0,6	0,7 0,6
	2 nd floor	Light façade Dark façade	0,8 0,8	0,7 0,5	1,7 1,6	1,9 1,8	2,6 2,8	0,7 0,4	1,0 1,0	1,1 1,0
	3 rd floor	Light façade Dark façade	0,4 0,4	0,4 0,4	2,0 2,0	2,2 2,2	2,7 3,0	0,6 0,3	1,3 1,3	1,3 1,3

Table 5 .

 5 Maximum decrease in indoor air temperatures due to the use of white sun sails in buildings facing South, North, East and West.

	White sun sails -ΔMAX (°C)	S	Summer solstice N E	W	S	Autumn equinox N E	W
	1 st floor	Light façade Dark façade	0,9 0,9	0,4 0,3	0,9 0,8	1,0 1,0	0,6 0,6	0,3 0,1	0,5 0,5	0,6 0,5
	2 nd floor	Light façade Dark façade	0,5 0,6	0,3 0,3	1,3 1,3	1,5 1,5	2,3 2,6	0,5 0,2	0,8 0,8	0,9 0,9
	3 rd floor	Light façade Dark façade	0,0 0,1	0,1 0,1	1,6 1,8	1,8 1,9	2,4 2,8	0,3 0,1	1,1 1,2	1,0 1,1

For surfaces with angular dependent-features, we provide values at normal incidence (θ = 0°).

Tissue with an openness factor of A0 = 18%, made of white (ρ=0.90) or black fibers (ρ=0.10).

This work makes a twofold contribution to the field of climate-conscious urban design, which concerns both the topic addressed and the method. On the one hand, our findings help to fill the gap regarding the effectiveness of street sun sails by providing insights about their benefits for indoor conditions. On the other, this work gives an example of the utility of using FEM in the thermal assessment of urban interventions. Interventions at street scale, such as the installation of sun sails, modify conduction and radiation energy exchanges between outdoor and indoor environments in a non-intuitive way. Therefore, visualizing the distribution of outer and inner surface temperatures is essential to understand these interactions, as well as their final impact on the indoor air temperature. FEM simulations have demonstrated to be a useful tool for urban design, able to provide rich visual feedback that can aid the decisionmaking process.
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