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Abstract. The aim of this study is to investigate the contribution of building envelopes to 
outdoor comfort. Using current advanced energy simulation tools, the study proposes an 
evaluation of how and how much opaque facades with their thermal and optical properties 
affect outdoor comfort. Simulations of the universal thermal climate index (UTCI) and mean 
radiant temperature (MRT) are used in different configurations to compare and estimate the 
direct contribution of opaque facades. This study aims to highlight the specific benefits 
provided by interventions in building envelopes involving only constructive and material 
variations, changing the thermal behaviour of building components. The results of this study 
evidence the contribution of overheating conditions directly related to the thermal behaviour of 
building envelopes, highlighting the energy share directly depending on the properties of 
building components. Simulation results for outdoor UTCI and MRT with maps and data for 
the current status of an urban case study area as the reference scenario are compared to 
different intervention scenarios, changing the properties of building components and varying 
elevation configurations, showing and quantifying the increase or decrease of simulated 
indices. Ultimately the role of thermal behaviours of building components in the urban heat 
island is assessed.  

1.  Introduction 
In the context of climate change (CC) on the local scale, the urban heat island (UHI) phenomenon 
represents a most important and heartfelt issue that involves the effects of overheating conditions and 
reduced outdoor thermal comfort on liveability and environmental quality [1]. Recently, the 
phenomenon of UHI has also appeared in minor urban contexts. Due to the advances in global 
warming, with already widely recognized urban issues such as anthropogenic heat, urban geometry, 
urban materials, buildings, reduced green surfaces and natural landscapes [2–3], the HUI has also 
begun to have significant impacts in small cities.  

Many studies, increased exponentially in recent years, have discussed and investigated UHI and 
outdoor comfort in different ways and mainly in relation to anthropogenic heat [4], sky view factor, 
local climate zones [5], urban surfaces with nature-based solutions, paying more attention to 
horizontal surfaces [6] and building morphology [7]. While buildings have been considered in relation 
to geometry, elevation and density, the contribution of building envelopes with their thermal 
behaviours is still not sufficiently investigated [8]. Among the factors influencing the UHI, building 
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envelopes play a role in the whole thermal process: absorbing, retaining and re-emitting solar 
radiation. Variations on buildings’ volume, height of buildings, window to wall ratio and the addition 
of shading systems have been correctly evaluated as effective strategies to reduce UHI [9–10], but 
limited studies have focused on the direct effects and contributions provided by the thermal properties 
of opaque facade materials [11]. In particular, is possible to assume that the thermal and optical 
properties of wall materials, such as emissivity, specific heat, density and solar absorption, can also 
contribute to outdoor comfort, and their optimization and modification through minor building 
interventions could play a role in reducing the UHI. The expected increase in the average and peak 
temperatures in cities in the near future will need to be answered with fast and effective solutions. The 
evaluation of how much opaque facades could contribute therefore represents valuable information.  

2.  Research aims 
The main target of this study is to investigate how and how much opaque facades with their thermal 
and optical material properties affect outdoor comfort, using two main parameters: the UTCI and 
MRT. Without considering possible building interventions such as the modification of geometry or 
volume, or window ratio, this study seeks to contribute evidence only on overheating conditions 
directly related to the thermal behaviours of opaque facades, derived from the energy share directly 
dependent on the thermal and optical properties of building components. 

The novelty of this study lies in focusing on how much and where interventions on building 
facades can provide benefits for outdoor comfort, directly highlighting contributions from different 
parts of the facade elevation. In this sense, this study proposes to investigate if and how interventions 
designed to mitigate HUI in building envelopes at different heights improve outdoor comfort. Thanks 
to current energy simulation tools, it is possible to compare alternative scenarios, exploring results 
from different configurations and partial variations, and to highlight corresponding direct effects. 

3.  Method 

3.1.  Case study, scenarios and definition of design parameters 
As a case study to simulate and to evaluate the investigated aspects, a representative small twentieth 
century coastal city sited in central Italy has been selected: San Benedetto del Tronto in the Marche 
Region. The city of San Benedetto del Tronto is a coastal city with a population about 45,000 
inhabitants with a temperate oceanic climate (Cfb, according to Koppen-Geiger). In particular, an 
urban block, exemplary of the urban pattern of the city, has been selected. The case study area has 
been used as the reference scenario. According to the aim of this study, focusing on the influence of 
building envelopes on outdoor comfort, the case study area, with a surface of 7,500 m2 with several 
buildings inside and small open spaces with different expositions, is considered a good context 
condition. A detailed energy model of the case study and surrounding areas has been developed 
‘Figure 1’.  

 
Figure 1. Image of the city of San Benedetto del Tronto with the case study area highlighting and 

image of the 3D energy model. 
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From survey activities, data on the real building envelopes of buildings within the case study area 
and other parameters have been collected and merged into the model. Building components with their 
thermal properties, as well as optical parameters of external surface finishes, have been collected.  

To explore and highlight the aims of this study, the above reference scenario has been compared to 
different intervention scenarios. The intervention scenarios have been established using two criteria. 
The first criterion is defined by two types of possible building retrofitting intervention. One 
intervention, named scenario 01, is represented by an insulated ventilated facade, added to the current 
building envelope. The ventilated facade system is proposed with 15cm rockwool insulation, a 
breathable waterproof membrane, an 8cm ventilated air cavity with opening ratio coefficient 600 
mm2/m, and external cladding in fibre-reinforced lightweight concrete panels. Thermal and optical 
parameters of each materials have been defined, in particular emissivity (ε: 0.92), solar absorption (α: 
0.42), visible solar absorption (vis α: 0.36), and roughness of external finish. The second intervention, 
named scenario 02, is represented by a green facade, a living wall typology, added to the current 
building envelope. The green facade system is proposed with 15cm rockwool insulation, a waterproof 
membrane, 6cm unventilated air cavity, PVC growing modules, 10cm soil and plants. Thermal and 
optical parameters of each materials have been defined, in particular soil and plant properties: height 
of plants: 40mm; leaf area index: 2.5; leaf reflectivity: 0.10; leaf emissivity: 0.95; stomatal resistance 
coefficient: 200.0. The second criterion is defined by four different application configurations for both 
interventions. To evaluate contributions directly coming from different parts of the elevation, the 
entire opaque facades of buildings have been divided into three parts: from 0m to 3.0m; from 3.0m to 
6.0m; and from 6.0m to 9.0m. There are sixteen overall intervention scenarios investigated and 
compared to the reference scenario: eight for the first intervention with the ventilated facade and eight 
for the second intervention with the green facade.  

The UTCI and MRT are the two parameters used in this study to evaluate and compare the 
contribution to outdoor comfort of building envelopes. The UTCI (°C) is a measure that integrates the 
effects of air temperature, wind speed, humidity and MRT to evaluate human thermal exposure in 
outdoor environments [12]. The MRT (°C) represents a direct measure of the amount of energy to 
which one is exposed in relation to direct, diffuse and reflected thermal and solar radiation [13]. The 
MRT is based on the capacity of surroundings’ surfaces to emit and absorb heat. Variations of UTCI 
and MRT are the only function of changes in opaque facades of buildings considered in this study. A 
climate file has been developed in EPW format, corresponding to the microclimate conditions of the 
urban block, morphing the typical meteorological year of the city with the specific urban geometries. 
Based on the climate data, the hottest day with the maximum daily temperature is selected as the 
simulation day, corresponding to 29 July. 

3.2.  Simulation configurations settings  
The energy model has been developed in a parametric environment through Grasshopper. The 
Grasshopper Honeybee (HB) plugin (Ladybug Tools suite) has been used to set up the energy model 
with EnergyPlus 22.2.0 (EP) solver. Specifically, the HB UTCI Comfort Map component was used to 
calculate the UTCI and MRT. This component uses EP to obtain surface temperatures and internal air 
temperature + humidity. Outdoor air temperatures, relative humidity, and air speed are taken directly 
from the hourly climate file, thanks to the Ladybug plugin. The energy properties of the model 
geometry are what determine the simulation result, while the Radiance sensor grids of the model 
determine where the comfort mapping takes place.  

Every building in the energy model has been set, creating different thermal zones, related to each 
floor: 3m, 6m, and 9m, considering the window to wall ratio for each facade and shading elements 
such as balconies, sports and overhangs, and all surfaces are coupled with technological and thermal 
optical properties. Furthermore, the material relating to the external pavement, specifically asphalt, 
was characterized. On the urban scale, the part of the context that interferes with shade in the analysed 
external space was modelled. To calculate the outdoor UTCI index, a grid analysis set at 1.5m, useful 
to evaluate perceived outdoor comfort at human height, with a density of 1m x 1m, was used for a 
total of 6,929 points. This process highlights the fundamental parameters for both the evaluation of 
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outdoor comfort and the definition of the model used for the fluid dynamic analysis (CFD). Therefore, 
to increase the precision of the UTCI calculation, taking into account convective heat transfer, CFD 
values of wind speed and direction were used instead of the static numerical values of the climate file. 
The Butterfly plugins from Gh and OpenFOAM were used as calculation engines for the fluid 
dynamics analysis. According to the simulated day, the prevailing wind direction with a speed greater 
than 2m/s is southwest, with an angle of 184 degrees. These data were used to define the boundary 
conditions of the CFD model: wind speed 2.4 m/s and wind direction 184° southwest. 

Butterfly provides an automatic mesh generation process. This process interactively refines the 
mesh based on the simulation results to find a stable solution with a minimum margin of error. After 
several iterations (594 runs), convergence was achieved with an error of 0%. In the Large Eddy 
Simulation (LES) methodology, the largest turbulent eddies are simulated explicitly, while the smaller 
scales are modeled through an approach called subgrid-scale (SGS). The accuracy of the mesh is 
guaranteed through automatic generation by SnappyHexMesh utility, and an auto-grading of the wind 
tunnel in relation to the complexity of the model. The output of the CFD simulation consists of 6,929 
values that detect the specific wind direction and speed for each point in the analysis grid. These 
values are used as input for the wind speed data in the HB UTCI comfort map component. A multi-
scalar and integrated configuration of the performance-based process was adopted to provide full 
interoperability between the design phase of the project scenarios and the analysis of the results. This 
allows energy analyses to be performed within the same software platform with linear input-output 
data flow.  

4.  Analysis 
Starting from the above configurations and settings, simulations were run for a total of eighteen 
simulations: nine simulations for UTCI analysis and nine simulations for MRT analysis. Each 
simulation produced a map and numerical data as results. The simulation maps, divided by analysis 
are shown below ‘Figures 2-3’. Due to the apparent small variations, to compare results, numerical 
data of the results have been used and the most representative values have been considered for 
comparisons. To better explore the distribution of data results on the outdoor space, minimum, 
maximum, average and median values have been considered ‘Tables 1-2’.  

 
Figure 2. Simulation maps of UTCI (°C). Period of simulation: hottest day 29 July, 12:00 



CISBAT 2025
Journal of Physics: Conference Series 3140 (2025) 082011

IOP Publishing
doi:10.1088/1742-6596/3140/8/082011

5

 
 
 
 
 
 

 
Figure 3. Simulation maps of MRT (°C). Period of simulation: hottest day 29 July, 12:00 

 
Table 1. UTCI results of simulations. List of the values for every simulation with minimum, average, 
median and maximum values with differences in brackets.  

 Min Average Median Max 

Reference Scen. 34,63 °C 40,38 °C  41,37 °C 45,03 °C 
Intervention Scen. 01 (Total) 34,35 °C (-0,28 °C) 40,22 °C (-0,16 °C) 40,90 °C 44,43 °C (-0,60 °C) 
Intervention Scen. 01 (h 3,0m) 34,54 °C (-0,09 °C) 40,24 °C (-0,14 °C) 40,93 °C 44,69 °C (-0,34 °C) 
Intervention Scen. 01 (h 6,0m) 34,60 °C (-0,03 °C) 40,34 °C (-0,04 °C) 41,26 °C 44,89 °C (-0,14 °C) 
Intervention Scen. 01 (h 9,0 m) 34,61 °C (-0,02 °C) 40,36 °C (-0,02 °C) 41,26 °C 44,91 °C (-0,12 °C) 
Intervention Scen. 02 (Total) 34,89 °C (-0,26 °C) 40,30 °C (-0,08 °C) 41,02 °C 44,16 °C (-0,87 °C) 
Intervention Scen. 02 (h 3,0m) 34,94 °C (-0,31 °C) 40,34 °C (-0,04 °C) 41,10 °C 44,23 °C (-0,80 °C) 
Intervention Scen. 02 (h 6,0m) 34,50 °C (-0,13 °C) 40,34 °C (-0,04 °C) 41,27 °C 44,76 °C (-0,27 °C) 
Intervention Scen. 02 (h 9,0m) 34,61 °C (-0.02 °C) 40,35 °C (-0.03 °C) 41,29 °C 44,88 °C (-0,15 °C) 

 
Table 2. MRT results of simulations. List of the values for every simulation with minimum, average, 
median and maximum values with difference in brackets.  

 Min Average Median Max 

Reference Scen. 36,80 °C 60,61 °C 64,42 °C 79,16 °C 
Intervention Scen. 01 (Total) 36,34 °C (-0,46 °C) 59,94 °C (-0,67 °C) 63,62 °C 77,24 °C (-1,92 °C) 
Intervention Scen. 01 (h 3,0m) 36,48 °C (-0,32 °C) 60,00 °C (-0,61 °C) 63,69 °C 78,13 °C (-1,03 °C) 
Intervention Scen. 01 (h 6,0m) 36,87 °C (+0,07 °C) 60,45 °C (-0,16 °C) 64,26 °C 78,74 °C (-0,42 °C) 
Intervention Scen. 01 (h 9,0m) 36,87 °C (+0,07 °C) 60,50 °C (-0,11 °C) 64,29 °C 78,82 °C (-0,34 °C) 
Intervention Scen. 02 (Total) 38,17 °C (+1,37 °C) 60,14 °C (-0,47 °C) 63,53 °C 76,14 °C (-3,02 °C) 
Intervention Scen. 02 (h 3,0m) 38,95 °C (+2,15 °C) 60,32 °C (-0,29 °C) 63,76 °C 76,31 °C (-2,85 °C) 
Intervention Scen. 02 (h 6,0m) 36,35 °C (-0,45 °C) 60,42 °C (-0,19 °C) 64,22 °C 78,40 °C (-2,76 °C) 
Intervention Scen. 02 (h 9,0m) 36,78 °C (-0,02 °C) 60,47 °C (-0,14 °C) 64,32 °C 78,82 °C (-0,34 °C) 
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5.  Results and discussion 
Comparison of the data yields several interesting results and considerations. In general, both tested 
interventions with the ventilated facade and the green facade provide a benefit in term of UTCI and 
MRT values. In the simulations, named total scenarios, where interventions have been adopted on the 
whole opaque facades of the buildings, the reductions are greater. Considering the effect on MRT, the 
median values were around -0.80 °C for the ventilated facade and -0.89 °C for the green facade. 
Maximum values were -1.92 °C for the ventilated facade and -3.02 °C for the green facade. In a 
similar way the median effect on UTCI was -0.47 °C for the ventilated facade and -0.35°C for the 
green façade, while maximum values were -0.60 °C for the ventilated facade and -0.87 °C for the 
green facade. Variations between the results for the two interventions are very slight, allowing us to 
consider the ventilated facade intervention a little less effective though very similar and a little better 
in the case of minimum values, while the green facade shows better results, especially in containing 
maximum values. In the case study, it is possible to assume that interventions on opaque facades, if 
designed and managed with appropriate thermal parameters, can contribute to reduce overheating 
conditions and UHI.  
On the other hand, the results from the sub-configurations, considering separate elevations at 3.0m, 
6.0m and 9.0m, highlight some important considerations. The major part of the positive contribution 
for both interventions is related to surfaces up to 3.0m. In both UTCI and MRT analysis, it is very 
evident that interventions on opaque facades up to 3.0m provide most of the benefits: UTCI 
decrements with median values are -0.44 °C and -0.27 °C respectively, while MRT decrements with 
median values are -0.73 °C and -0.66 °C respectively. Comparing results among the three elevation 
configurations shows a substantial ineffectiveness provided by surfaces above 6.0m and 9.0m, 
reductions both for UTCI and MRT coming from these surfaces being at most -0.2 °C or not 
noticeable, confirming the poor contribution of opaque facades to reducing overheating conditions 
above 6.0m. Results for scenarios at 6.0m and 9.0m show some variation and very small decrements, 
demonstrating the accuracy of the energy model, taking into account the convective heat exchanges, 
where the LES technique, used in these simulations, offers optimal levels of accuracy in the 
description of turbulent phenomena as it allows a more realistic representation of turbulence [14]. 

6.  Conclusions 
Using two main outdoor comfort parameters, UTCI and MRT, this study sought to highlight the direct 
effects on UHI of opaque facades, exploring the energy supply related to specific elevation parts. The 
simulations performed were able to identify quantitatively how much building envelopes can 
contribute to HUI in a real urban case study area. It is possible to assume that the thermal behaviour of 
opaque facades is an observable part of the urban microclimate. Possible building retrofitting 
interventions, limited to the building envelopes and not necessarily characterized by very advanced 
technological solutions, can also play a role in outdoor comfort. The effect of building envelopes in 
mitigating UHI is mainly due to the opaque surfaces closest to people’s outdoor activities, while the 
most distant surfaces have a reduced and decreasing influence. Looking at this aspect as a building 
design opportunity, it could be possible to explore novel design approaches where ground floors and 
low floors of buildings are developed and design-driven in different ways. 

Looking at the proposed method and results, some remarks, limitations and future advances can be 
highlighted. Firstly, the maps in which data results are visualized in false colours could be improved. 
Due to the large range and the number of data sensors, the colour scales for the UTCI and MRT are 
not able to show differences easily. Considering the several solutions for ventilated facades with 
different external finishes, and for green facades with wide range of plants and greenery systems, 
different results can be expected with variable effects. For the green facade, the used energy tools are 
not able to consider evapotranspiration, which represents an important process [15]. Others simulation 
tools such as ENVI-met could be used in this sense. To explore several scenarios with a high detailed 
geometries quickly, the Ladybug Tools suite was adopted. Furthermore, other simulation 
configurations and different CFD settings could be tested, also without no wind condition, to evaluate 
the spatial distribution of effects. An analysis grid and a more detailed map near the buildings could be 
used to analyse how the influence of particular interventions can be increased or decreased.  
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