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A B S T R A C T   

The current trend of urbanization growth, take along a substantial increase in the outdoor temperatures within 
built environments, affecting the liveability of outdoor space, reducing the thermal comfort of citizens. Outdoor 
thermal comfort is usually evaluated with complex models on large scale, considering neighbourhoods, districts, 
or cities, without focusing on local and accurate predictions. The present study is aimed at contributing to the 
topic by proposing a simple yet accurate combined prediction model, able to assess the outdoor thermal comfort 
around a theoretical isolated building. A set of parameters, such as wind velocity, relative humidity, solar 
irradiation, and building height, has been used to quantify their effect urban comfort at fixed air temperature. 
The same parameters have been used for the development of a predictive correlation for the three outdoor 
thermal comfort indexes (UTCI, PET and SET). Comfort data was calculated by CFD simulations where the 
environmental parameters was variated in a fixed range. The main contribution to outdoor thermal comfort is 
provided by solar irradiation affecting the comfort indexes values up to 50%, the second is the wind velocity 
affecting up to 25% the thermal comfort indexes. The variation of building height is less impacting (around 15% 
of comfort values) as well as the relative humidity (5%). At least, three correlations have been elaborated for 
each outdoor thermal index. Correlation’s quality has been evaluated using RMSE and percentage difference, 
obtaining a maximum average value of 0.71 and 1.48%, respectively.   

1. Introduction 

During the last decades, cities were growing quickly without an in-
tegrated plan for urban spaces management [1]. This fast growth has 
negatively affected the local urban climate increasing the outdoor 
temperature and reducing the thermal comfort of citizens. Nowadays, 
people spend ever more of their time outdoors for leisure and working 
activities regardless of the season, so they are exposed to varying ther-
mal conditions, ranging from thermal stress up to neutral, comfortable 
conditions [2]. Furthermore, there is a direct relation with the reduction 
in the amount of energy spent on air conditioning and lighting, and the 
amount of time spent outdoors [3,4]. Thermal comfort affects people’s 
physical strain and health, influencing the liveability of urban spaces 
[5]. Health and well-being can be seriously compromised in the case of 
extreme heat or cold environments [6]. As evidenced in many studies, 
high outdoor temperatures and humidity can be also correlated with the 
concentration of pollutants in the air [7–9]. Moreover, the effect of 

temperature and humidity alters the effectiveness of viruses, bacteria, 
and moulds on people’s health [10,11]. Therefore, it is essential to study 
thermal comfort in urban areas to increase the citizen’s quality of life, 
contributing to their well-being and to the quality of the time they spend 
outside. However, it is a subjective evaluation as evidenced in the 
ASHRAE standard [12]. 

Urban thermal comfort considers many key performance indicators 
since its assessment is affected by both qualitative and quantitative 
factors. Scientific literature shows more than 200 thermal comfort in-
dexes developed during the last twenty years [13–15]. Nowadays, 
Universal Thermal Climate Indexes (UTCI) and Physiological Equivalent 
Temperatures (PET) are the most used benchmarks [2]. The PET index is 
based on the Munich Energy-balance Model for Individuals (MEMI) 
which considers all the basic thermoregulatory processes that occur in 
the body [15]. Instead, the UTCI uses a temperature control index for 
clothing developed by the International Society of Biometeorology 
developed using together the “Fiala thermoregulation model” and an 
adaptive clothing model [16,17]. Another suitable index is the Standard 
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Effective Temperature (SET), which is based on an equivalence between 
the perceived comfort of a normal clothed person inside a virtual envi-
ronment and the comfort in the actual environment with actual clothing 
and activity level [18]. Since SET is independent from the environment, 
it is suitable for most meteorological conditions [13,15]. Most of the 
outdoor thermal indexes use physical factors (clothing insulation, 
metabolic activity, skin temperature, and body composition), as pointed 
out [19] and employ four environmental parameters, air temperature, 
mean radiant temperature (Tmr), air velocity, and relative humidity 
[20]. Those environmental parameters play an essential role in the 
definition of the thermal comfort of citizens; therefore, their variation 
allows to understand their mutual and combing impacts on the micro-
climate [21]. 

How evidenced by many works on the topic, outdoor thermal com-
fort is a widely discussed topic around the international scientific 
community. The scientific review of P. Kumar and A. Sharma [22] 
showed a consistent global increase in the total number of studies made 
during the last twenty years, with most of them developed in Europe, 
South Korea, Japan, Bangladesh, Australia, and North America. During 
the 13 years between 2001 and 2014, only 49 papers were published, 
fewer than the 72 published in the 4 years between 2015 and 2019. This 
increase is directly related to the ever-increasing attention on the 
climate change. F. Ali-Toudert and H. Mayer, [23] developed a nu-
merical analysis of the effects related to the aspect ratio and orientation 
of urban street canyons on outdoor thermal comfort. The study was 
developed with ENVI-met software and has a case study a summer day in 
Ghardaia, Algeria. Authors employed a statistical descriptive analysis 
and an inferential method to calculate PET value with the software 
RayMan. The results evidenced a low influence of all three SEM envi-
ronments on the thermal sensation votes. N. Abdollahzadeh and N. 
Biloria [24] studied the impact of urban configuration (street orienta-
tion, aspect ratio, building topology, and surface coverage) using 
computational simulation models to assess outdoor thermal comfort in 
Sydney. Their results found that among the meteorological parameters 
(air temperature, wind speed, humidity, and solar radiation), wind ve-
locity had the most significant impact on thermal comfort in coastal 
regions, which typically are subjected to intense airflows. However, 
other studies developed in zones far from the coasts evidenced the aspect 
ratio and street canyon orientation as the most important factors for 
outdoor comfort [25,26]. Another interesting study was made by R. 
Shah et al. [27] that developed an ANN (Artificial Neural Network) 
model to predict PET and UTCI in street canyons. Their study demon-
strates how air temperature could be used as the only microclimatic 
input parameter to predict thermal comfort indexes with a surprising, 
good accuracy. Among the outdoor adaptive thermal comfort model, T. 

Xu et al. [5] developed a quantitative one that is a function of the 
exponentially weighted sum of the measured historical mean air tem-
perature. The model was developed using questionaries and showed 
how UTCI models are more restrictive considering the actual acceptable 
thermal comfort range. As suggested by the literature, the need of 
developing a predictive and accurate model of a building for outdoor 
thermal comfort is a requirement to improve comfort of pedestrians [38] 
and to guide the future mitigation strategies for urban microclimate 
[39]. The study of environmental outdoor condition at local scale (single 
and isolated buildings) has always interested the scientific community 
and international literature is full examples of models and simulations 
on this topic [28–34]. However, as evidenced by the scientific review of 
Aghamolaei et al. [34], there are very few works related to thermal 
comfort evaluation, especially if the contribution of humidity is evalu-
ated. Moreover, an isolated building can be intended as part of a local 
urban agglomerate, separated by wide courtyards and open spaces, thus 
acting as a link between urban and local scales for outdoor thermal 
studies [35–38]. Geometric parameters such as height-to-width ratios, 
orientations and layouts can be used to improve ventilation and pe-
destrians’ thermal comfort. Although several studies were conducted on 
a larger scale such as neighbourhoods, districts, or cities, their results are 
often limited to a certain times and locations, limiting their overall 
applicability [37]. The present work is intended to fill this gap proposing 
a simple yet exportable methodology for thermal comfort assessment by 
proposing a set of predictions model able to assess the outdoor thermal 
comfort (PET, SET, UTCI) around an isolated building. The few physical 
quantities required by the model proposed (wind velocity, relative hu-
midity, solar irradiation, and building height) allow to easily quantify 
which parameters affect most the comfort and permits to calculate the 
three outdoor thermal comfort indexes mentioned. Computational fluid 
dynamic simulations have been used to investigate the effects of input 
parameter variations and to develop the correlations database. The main 
outcomes of the presented works are (1) a parametric analysis of the 
impact of the urban and environmental parameters on outdoor thermal 
comfort; (2) the development of the correlations based on few param-
eters; (3) evaluation of the results. Section 2 describes the model setting 
and domain mesh applied for the CFD simulations as well as the calcu-
lation of the selected outdoor thermal indexes. Section 3 reports the 
main results divided into two macro-categories: firstly, highlighting the 
single influence of the parameters on PET, SET, and UTCI; then, 
describing the results of three correlations. This work is based on a 
previous paper where the impact of humidity on vortex creation was 
studied for the same building’s layouts [33]. 

Nomenclature 

ANN Artificial Neural Network 
ASHRAE American Society of Heating, Refrigerating and Air- 

Conditioning Engineers 
BK Back façade 
CFD Computational Fluid Dynamic 
DO Discrete Ordinates 
FR Frontal façade 
GMT Greenwich Mean Time 
H Building height [m] 
I Global solar radiation [W/m2] 
LT# Lateral façade number 
MEMI Munich Energy-balance Model for Individuals 
P# Probed point number 
PET Physiological Equivalent Temperature [◦C] 
PISO Pressure-Implicit with Splitting of Operators 

RANS Reynolds-Averaged Navier-Stokes 
RH Relative Humidity [%] 
RMSE Root-Mean-Square Error 
RTE Radiative Transport Equation 
Scr Heat stored in a node placed inside the body 
SET Standard Effective Temperature [◦C] 
Ssk Heat in a node placed on the skin 
Ta Outdoor air temperature [◦C] 
Tc Body temperature [◦C] 
Tcl Clothes temperature [◦C] 
Tl Local temperature [◦C] 
Tmr Mean radiant temperature [◦C] 
Tsk Skin temperature [◦C] 
U Outdoor wind speed [m/s] 
UTCI Universal Thermal Climate Index [◦C] 
Δ% Percentage error [–]  
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2. Methods 

The methodology for the elaboration of models and their assessment 
is developed by a progressive approach; as first, a typical isolated 
building is identified in terms of dimensions (height of the building), 
orientation, and environmental conditions (air temperature, pressure, 
relative humidity, irradiation, and wind velocity) [32,33]. Secondly, a 
set of 13 CFD simulations were performed basing on the building data by 
changing a single parameter at time (height of the building, relative 
humidity, irradiation, and wind velocity). As third, thermal comfort 
indexes (PET, SET, and UTCI) were calculated on 12 points located near 
the building using the commercial software RayMan and UTCI. Then, 
the results were evaluated, and three different correlations were 
developed by fitting data thermal comfort data by a MATLAB custom 
code. At least the results and the errors has been calculated. All the steps 
are reported in Fig. 1. 

2.1. Model setting: numerical problems, geometrical inputs, and mesh 
domain 

Computational Fluid Dynamics (CFD) simulations have been per-
formed using the commercial software Ansys Fluent v.14.5 (2013b). The 
validation of the proposed CFD model was already presented and dis-
cussed in a previous work by a comparison with experimental mea-
surements as well as the numerical set-up and governing equations of 
the physics problem, and the physical reasons behind their choices 
[32,33]. However, the main information has been resumed to facilitate 
the comprehension of the presented research. The set-up of the simu-
lations is the following: 3D double precision solver, pressure-based 
solver, steady-state analysis, and RANS steady equations with standard 
k-ε model. PISO algorithm has been used to couple the pressur-
e–velocity. Convection and viscous terms of the governing equations 
have been calculated using second-order discretization and pressure 
interpolation schemes. As turbulent flows solver, Ansys Fluent uses 
RANS steady equations for the balance of both mass momentum and 
energy. The application of the k-ε model has been chosen because it is 
the most suitable turbulence model employed in CFD codes for the 
analysis of the phenomenon far from the interface surfaces [40]. K-ε 
model solves the Reynolds-Averaged Navier-Stokes (RANS) equations 
coupled with transport equations for the turbulent kinetic energy, k, and 
its dissipation rate, ε. It is important to underline that only the mean 
flow is calculated by this model; instead, turbulence is parameterized at 
all scales using appropriate laws [33,41,42]. To determine convergence, 
all the scaled residuals must level off and have a minimum value of 10− 6 

for momentum in x, y, z, and k. 
Geometrical input has been configured following the guidelines 

proposed by [43] for the computational domain. In the case of outdoor 

studies, the maximum vertical dimension of the domain above the roof 
of the building should be at least 5H, where H is the building height. To 
correctly develop wind profiles, the same condition (at least 15H) has 
been defined for the distance between the inlet surface and the wind-
ward wall. Additionally, a distance of 15H has been used between the 
side walls of the building and the domain boundaries. As final step, the 
outflow surface has been positioned at 15H far from the leeward surface 
to allow the wake to fully develop (Fig. 2). The geometrical dimensions 
of the isolated buildings are the following: 5 m of with, 10 m of depth 
and the height is variable. 

The domain has been discretized by using an orthogonal grid. To 
enhance the quality of the mesh has been employed a block-based 
hexahedral mesh since the geometry was relatively simple. Close to 
the solid surfaces (the ground, rooftops, and building walls), grid lines 
have been refined, and the space between grid lines has been gradually 
increased with the distance from solid surfaces using an inflation ratio of 
1.15. Four grid meshes (A, B, C and D) characterized by different den-
sities have been developed (Table 1). In each model, probes have been 
placed so as not to be influenced by turbulent phenomena and wind 
speed has been compared across the four grids [33]. Mesh A (about 
2,900,000 cells) has assumed as the reference case. Table 1 shows that 
there is only a 2 % difference (Δ%) between Mesh A and the finest mesh 
(Mesh D), demonstrating the robustness of the simulation and 
computing time. As it was done for the paper of Nardecchia et al. [33], 
Mesh A has been chosen for the CFD investigation. 

Moreover, a grid independence test has been performed to validate 
the model, and a mesh of about 2,900,000 cells has been applied to this 
study [33,43]. To define air vertical velocity profile at inlet, a loga-
rithmic law function has been used with a turbulence value of 5 %. For 
the ground roughness coefficient, the one proposed by Launder and 
Spalding [44] has been chosen, following the considerations of Cebeci 
and Bradshaw [45]. Moreover, to avoid crossflowing, a condition of null 
air velocity has been applied as boundary condition at the lateral and 
upper sides. The environmental parameters have been set to 101.325 
kPa for pressure (standard condition) and 303 K for air temperature (as 
reference of Ansys Fluent Database). The airflow perpendicularly im-
pacts the building. 

Considering the optical proprieties of walls and soil, their infrared 
and visible absorption coefficients has been respectively imposed to 0.8 
and 1.0 with a purely diffusive reflection, as suggested by Bottillo et al. 
[46]. The Radiative Transport Equation (RTE) for a finite number of 
discrete solid angles using the radiative model Discrete Ordinates (DO) 
has been used to add the radiative contribution to the simulation. For 
simulating real climatic conditions and setting different radiation in-
tensities, the Solar-Ray Tracing model in Solar Load Model has been 
activated inside Ansys Fluent. The coordinates used for the simulation 
corresponds to latitude 41◦ 53′ and longitude 12◦ 29′, the geographic 

Fig. 1. Methodological flow chart.  
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coordinates of Rome at 13.00 GMT on 21 June (solar angle at 65◦ above 
the horizontal plane). 

Instead, shell conduction hypothesis has been made to simulate the 
heating of walls and ground, as recommended by Bottillo et al. [46]. 
This allows assuming a conduction exchange without the need of 
meshing the thickness of the walls, thus reducing the simulation’s 
complexity. For the ground, as starting temperature has been chosen the 
value of 288 K, the specific heat has been imposed to 1 kJ/kgK, the 
thermal conductivity to 2 W/mK, and the density to 1000 kg/m3 [32]. 
The building’s walls have been simulated to be similar to the ground, but 
with a thermal conductivity of 0.15 W/mK [32]. Moreover, their 

Fig. 2. Calculation domain, mesh, and geometry. In the red square is visible the detail of the simulated building [31]. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Four mesh sensitivity properties and the corresponding percentage difference 
[33].   

Mesh A Mesh B Mesh C Mesh D 

Total n◦ of cells 2,900,000 700,000 1,300,000 6,000,000 
Mesh interval size (m) 0.1 0.5 0.25 0.05 
Δ% – 33 20 2  
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thickness has been assumed to be 0.30 m. 
During the simulation process several selected steps of the solving 

process were controlled to avoid uncontrolled oscillations, such as ve-
locity and temperature. As for the sensitivity analysis as convergence 
parameter has been used the axial scaled momentum value of 10− 6. 

2.2. Outdoor thermal comfort indexes 

Thermal comfort is essentially defined by external climatic condi-
tions: ambient temperature, average radiant temperature, wind speed, 
and relative humidity. Additional elements are also involved such as the 
clothing worn, metabolism, activity, and individual’s adaptability to the 
microclimate [12]. To quantify the temperature perception of the sur-
rounding environment by individuals, several thermal comfort indexes 
are available, both for indoor and outdoor places [15]. Generally, the 
indexes are essentially divided into two broad categories. The first one, 
as for SET, collects the parameters evaluated as a function of a reference 
environment that produces the same thermal stress on the individual; 
the second category of indexes is based on the “vote” that a homoge-
neous group of people express regarding of a specific context, an 
example is represented by UTCI. A certain thermal sensation is assigned 
to the second category indexes, usually through a system of weighted 
surveys based on the climatic situation wherein the interviewee is 
located. The result is to get a point on a scale to each index value, such as 
the seven-point exposed in [47]. In this research, the following outdoor 
thermal comfort indexes have been chosen, because they are the most 
representative for the case in analysis [47].  

● PET, Physiological Equivalent Temperature  
● SET, Standard Effective Temperature [15]  
● UTCI, Universal Thermal Climate Index [16,17] 

Moving to the outdoor thermal indexes, both RayMan [48] and UTCI 
[16] software have been chosen. The first one allows us to calculate PET 
and SET, and the other one UTCI index. RayMan [49] software is based 
on the estimation and calculation of the Mean Radiant Temperature 
(MRT) which is required in the energy balance model. Using the soft-
ware, it is possible to calculate the radiation fluxes and estimate shading 
and reflexes (direct and diffuse) caused by the surroundings. Those data 
are necessary for the sky view factor calculation, used to weight the solar 
irradiation within the thermal comfort models. The calculation requires 
a few essential information related to the urban landscape as the pres-
ence of shading elements, the characteristic of the horizon, air temper-
ature, relative humidity, environmental pressure, and wind velocity. 
Instead, UTCI has been calculated with the online free calculator 
developed by the “International Society of Biometeorology” [16,17]. 
The main parameters required by the UTCI calculator are the air tem-
perature, the mean radiant temperature, the relative humidity, the 
vapour pressure, and the wind velocity. 

2.3. Environmental and urban variables 

The modelled building has a width of 5 m, a depth of 10 m and a 
variable height (H). The environmental parameters used in the simula-
tion are the following: irradiation (I), relative humidity (RH) and wind 
velocity (U). During the simulations, one of the parameters (U, I, H, RH) 
has been varied considering the other parameters at a representative 
fixed value. This value has been chosen because is the most probable 
during the season basing on historical climate data (database: Ansys 
Fluent). The parameters ranges are shown in Table 2. A total of 12 
simulations have been performed considering the single contribution of 
inlet velocity, temperature, radiation, building’s height and, relative 
humidity to thermal comfort. Cases in bold (Table 2) represents the 
representative case and they appear four times due to the variation of a 
single parameter per time. 

The inlet air temperature (Tair) has been set to 303 K as reference 

from Ansys Fluent database and environmental pressure at standard 
conditions 101.325 kPa. As previously mentioned, the model has been 
placed at 41◦ 53′ of latitude and 12◦ 29′ of longitude, corresponding to 
the geographic coordinates of Rome at 13.00 GMT on 21 June, when the 
solar angle is about 65◦ above the horizon. The building is oriented with 
North in front of the FR façade. 

The data relating to local temperature (Tl), wind speed (U), relative 
humidity (RH) and average radiant temperature (Tmr) has been collected 
at each point basing on the simulations. Obtaining those data from Ansys 
Fluent it is possible to use it for thermal comfort calculations. 

As shown in Fig. 3, four points have been selected per each façade: 
side 1 (T1), side 2 (LT2), Front (FR) and Back (BK), at 1 m from the wall 
and 1.5 m from the ground, a height suitable for the perception of the 
well-being of the average individual [50]. As distance between each 
point has been chosen 5.67 m (on x-axis) and a height from the ground of 
1.5 m (on y-axis). 

Because of the different development of air turbulence in the front, 
side, and back of a building, it was necessary to analyse the entire area 
that surrounds the building. Moreover, the level of radiation that rea-
ches the points depends on the geometry of the building facades, espe-
cially from the height and orientation. 

3. Results 

This section illustrates the main results coming from the simulations. 
The results have been reported varying a singular parameter at a time (i. 
e., irradiation, building height, velocity, and relative humidity), 
defining 16 different combinations. Detailed results of the Fluent model 
can be consulted in the previous paper published by the authors [33]. 
Then three correlations have been proposed to predict the outdoor 
thermal indexes (SET, PET, UTCI) with the simultaneous variation of the 
main parameters involved, except for the relative humidity (Section 
3.5). 

3.1. Irradiation effect on thermal comfort 

Irradiation influences the thermal condition near a building heating 
exposed surfaces due to the absorption of radiative energy. In general, 
what is obtained by inserting a radiative model is the calculation of the 
energy received and emitted by each surface exposed to the sun. As 
shown in Fig. 4, the FR and LT2 are the facades with high values of 
irradiation, with 6.02⋅102 W/m2 and 1.31⋅103 W/m2 respectively. To 
give an overview of the thermal variability in each point, façade LT1 has 
been chosen as reference because it presents a trade-off in the four 
points, some are in a sunny area and others to shadowed. 

Fig. 4 reports the results of PET, SET and UTCI, whit the following 

Table 2 
Characteristics of the twelve combinations. In bold the representative values of 
the parameter.  

Case I – direct \ diffuse (W/ 
m2) 

H 
(m) 

U (m/ 
s) 

Relative Humidity (%) – 
RH 

1 1400\600 10 0.50 50 
0 1000\400 10 0.50 50 
2 600\200 10 0.50 50 
3 200\50 10 0.50 50 
4 1000\400 5 0.50 50 
0 1000\400 10 0.50 50 
5 1000\400 20 0.50 50 
6 1000\400 30 0.50 50 
7 1000\400 10 0.10 50 
10 1000\400 10 0.50 50 
8 1000\400 10 1 50 
9 1000\400 10 2 50 
0 1000\400 10 0.50 50 
10 1000\400 10 0.50 60 
11 1000\400 10 0.50 70 
12 1000\400 10 0.50 80  
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values set, 0.5 m/s of wind velocity, 50 % RH, 10 m for building height 
and irradiation of 1400\600 W/m2. PET registered the maximum per-
centage difference between P1 and P4, equal to 15 % since P1 obtained 
59.90 ◦C and P2 68.90 ◦C. SET and UTCI registered lower values of 12 % 
and 2 % respectively. In fact, SET shifted from 52.70 ◦C for P1 to 
59.20 ◦C for P4; conversely, UTCI seems to be less impacted by the 
different exposition of the points (Fig. 5), moving from 47 ◦C to 
47.20 ◦C. 

Choosing PET, due to its higher value, its maximum reached is 
75.8 ◦C at P9 (LT2), followed by 74.1 ◦C at P5 (FR). The PET trend 
comfort index at varying irradiation is shown in Fig. 6 for each exposi-
tion and point. As can be seen, their values are higher in the sunny areas 
(facades LT1 and FR) than those defined in the shaded ones (facades LT2 
and FR). In general, the average radiant temperature (Tmr), is dependent 
from the solar radiation, which is one of the main parameters in well- 
being perception. As the irradiation decreases, the differences between 
the points are less marked, because of the lower Tmr. Moreover, the 
decrease in irradiation, and a lower exposition to the sun, allows for 

better a comfort for pedestrians. Since the model is developed for an 
isolated building, the points exposed to the higher solar radiation 
(especially in the case with 1400\600 W/m2) registered higher values. 
Conversely, its minimum values are in P3 and P2 (LT1), 33.7 ◦C and 
33.9 ◦C respectively. 

3.2. Building’s height effect on thermal comfort 

To evaluate of PET, SET, and UTCI changes along the façade (LT1), 
one of the combinations is chosen (H = 5 m, U = 0.5 m/s, RH = 50 %, I 
= 1000\400 W/m2). In general, thermal outdoor indexes follow the 
same trends, obtaining close values at each point (Fig. 7). This un-
derlines that a similar thermal response is reached in the points ana-
lysed, although for each indicator this corresponds to a different 
equivalent temperature. 

For convenience, PET has been chosen as reference index as for the 
irradiation evaluation and in Fig. 8 is showed its behaviour at different 
building heights. It can be noted that as building’s height increases, the 

Fig. 3. Points are chosen for each façade of the isolated building. Red markers are the measurement points used for thermal comfort calculations. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Irradiation analysis on LT1 façade.  
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comfort of pedestrian increase, as demonstrated in P1, P2 and P3 (LT1). 
In fact, as example, PET varies from 57,6 ◦C to 42 ◦C for P1 when the 
building height reaches the value of 30 m. Moreover, changing the 
building height also affects the vortex zone characteristics further 
increasing thermal comfort [33]. 

At the sunny points located at LT2 and FR facades, PET values 
registered a negligible change, >2% (i.e., P5 shift from 62 ◦C to 61.3 ◦C). 
Conversely, P10 showed an increase in terms of comfort, moving from 
61.5 to 55.3 ◦C, due to the contribution of a modified lateral vortex 
structure [33]. Points located in façade BK are also shaded, therefore, an 
improvement in outdoor comfort is noticed, especially in points P11 and 
P12 (10.50 % and 16.70 %, respectively). 

3.3. Wind velocity effect on thermal comfort 

The outdoor thermal comforts have been evaluated at different the 
wind speed, which vary in a range from 0.1 to 2.0 m/s (Table 2). The 
first step is to analyse which thermal comfort index is the most influ-
enced, choosing a single combination (I = 1000\400 W/m2, U = 0.1 m/ 
s, H = 10 m, RH = 50 %). Fig. 8 shows that the two points (P2-P3) within 

the recirculation area are the most affected, reaching a mean percentage 
increase of 20 % for each outdoor thermal index. However, in this case, 
the trend of all indexes is similar. The main change is the equivalent 
temperature associated with each indicator which is defined by the 
thermal model adopted. 

Based on the curves defined by the three indexes reported in Fig. 9, it 
is possible to evaluate their evolution around the building by consid-
ering only PET as reference indicator as for the other simulations. 

Fig. 10 confirms that wind speed increase corresponds to a comfort 
improvement in the area, due to the decrease of the equivalent tem-
perature perceived by the subject. LT1 represents the most comfortable 
facades due to the presence of the shadow cone, instead, P3 is the less 
comfortable, with an improvement of comfort equal to 21 % (from 
53.2 ◦C to 42 ◦C), followed by P2 with 18 % (53 ◦C–43.4 ◦C). Since the 
points located in the sunny area are very exposed to irradiation, such as 
FR, they are very sensible to the increase of wind speed. P5 (from 65.6 ◦C 
to 53.8 ◦C) and P6 (from 66 ◦C to 54 ◦C) in fact reached an improvement 
of comfort equal to 18 %. The same assumptions are valid for P8 and P9 
in LT2. Conversely, BK faced is less affected by the wind velocity, due to 
the benefits of the shadow. 

Fig. 5. Results of PET, UTCI e SET obtained for the four points of LT1 surface. The values are calculated at 1000\400 W/m2 of direct\diffuse solar radiation (W), 10 
m of building height (H), 0.50 m/s of wind speed (U) and 0.50 of relative humidity (RH), wherein Tmr is the mean radiant temperature in ◦C. 

Fig. 6. Cumulative trends of PET as the irradiation varies along LT1 (a), LT2 (b), FR (c), BK (d).  

L. Pompei et al.                                                                                                                                                                                                                                  



Energy & Buildings 306 (2024) 113946

8

3.4. Relative humidity effect on thermal comfort 

The calculation of humidity effect on thermal comfort has been 
developed keeping fixed the parameters (I = 1000\400 W/m2, U = 0.5 
m/s, H = 10 m and RH = 50 %). The results are showing similar trends as 
reported in Fig. 11, wherein the maximum percentage difference is 
below 15 % between points P1 and P4. It must be noted that UTCI index 
considers the role of humidity in the thermal stress calculation despite of 
the other models. In fact, the other indicators consider only the body’s 
heat exchange with the atmosphere, where the amount of water in the 
air plays is considered as negligible. 

As reference for showing the variation of thermal comfort UTCI 
index has been selected. Indeed, PET index is very useful to quantify the 
impact of the previous variation of parameters (irradiation, building 
height and velocity), but in this case, it is not suitable due to its 

independence from the relative humidity value. Therefore, Fig. 12 
shows in detail the cumulative variation of UTCI as RH changes (a range 
from 50 % to 80 %), see Table 2. 

In general, both four façades registered a similar trend. Increasing 
the RH, UTCI values slightly increase around 5–6 % per each point, 
indifferently from their expositions. As results P1 shifted from 42.7 ◦C 
(RH = 50 %) to 45.2 ◦C (RH = 80 %), providing a decrease of comfort 
equal to 5.85 %. Therefore, the variation of RH is not so significant, 
being below 6 %. 

3.5. Correlations and discussion 

Using the data obtained from the simulation, three different corre-
lations has been developed to predict the outdoor thermal indexes (SET, 
PET, UTCI). Such correlations are valid inside the rages reported in 

Fig. 7. Trends of PET, UTCI and SET along the LT1 surface. The values are calculated at 1000\400 W/m2 of direct\diffuse solar radiation (W), 10 m of building 
height (H), 0.50 m/s of wind speed (U) and 0.50 of relative humidity (RH). 

Fig. 8. Impact of building height on the cumulative trends of PET along the facades.  
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Table 3, that comes from the minimum and maximum values utilized 
during the simulations. 

Relative humidity has been not included since, as exposed in 

paragraph 3.4, it does not have a significant impact on the thermal 
index’s values. 

Two quantitative error metrics have been used to validate the cor-

Fig. 9. Trends of PET, UTCI and SET along the surface LT1. The values are calculated at 1000\400 W/m2 of direct\diffuse solar radiation (W), 10 m of building 
height (H), 0.50 m/s of wind speed (U) and 0.50 of relative humidity (RH). 

Fig. 10. Cumulative impact of wind velocity on PET along the four façades.  

Fig. 11. Trend of PET, UTCI and SET along LT1 surface. The values are calculated at 1000\400 W/m2 of direct\diffuse solar radiation (W), 10 m of building height 
(H), 0.50 m/s of wind speed (U) and 0.50 of relative humidity (RH). 
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relation: Root-Mean-Square Error (RMSE) and percentage difference 
(Δ%). In mathematical terms, the RMSE is an indication of the differ-
ences between the values predicted by a model and the values observed. 
As a result, the RMSE represents accuracy and combines all residuals to 
form a unique measure of predictability. Instead, percentage difference 
is a widely diffused metric for model’s precision assessment. The for-
mula of RMSE and percentage are expressed in Eqs. (2) and (3). 

RMSE =

̅̅̅
1
n

√
∑n

i=1
|Ai − Fi|

2 (2)  

where n iterates over the number of points in the different simulations, 
Ai is the calculated outdoor thermal comfort (PET; UTCI, SET) with the 
correlations and Fi is the simulated one. 

Δ% =

⃒
⃒
⃒
⃒
(y1 − y2)

y1
*100

⃒
⃒
⃒
⃒ (3)  

where y1 refers to the PET value obtained in the simulation and y2 refers 
to the PET obtained using the correlation. 

The correlations have been calculated for the points P1, P2, P3, P4 on 
the facade LT1 using a MATLAB fitting functions. The values used for the 
correlation development comes from the simulation at the different 
cases under study. The scope of such correlations is to obtain a simple 
yet effective tool to develop a quick evaluation of outdoor thermal 
comfort, avoiding using more complex simulations and metrics to esti-
mate outdoor parameters. Therefore, the correlations used are as simple 
as possible, avoiding the use of calculated data. In addition, the structure 
of the correlations follows the others developed by the authors in a 
previous work [30]. Eq. (1) described the first correlation related to the 
PET index: 

f (PET) = (a1*I + b1)+ (c1 − d1*(H) )+ (e1 − f1*U) (1)  

where I is the irradiation parameter in [W/m2], H is the building height 

in [m] and U is the wind velocity value in [m/s]. The correlations’ 
constants, named a1, b1, c1, d1, e1 and f1, are reported in Table 4. 

Table 5 shows the RMSE, and percentage errors obtained using the 
PET correlation in the twelve cases simulated: 

The correlation obtained is composed of three arguments to linearly 
interpolate the trends of irradiation, the building height and wind ve-
locity. The building height contribution (the second argument) is loga-
rithmic; therefore, it has a different impact on the definition of the PET 
value. The other two arguments, a and b, are linear (Table 4). Moving to 
the results, the maximum error value (in bold, Table 5) is obtained by P3 
with the corresponding percentage difference of ~3.88 % and a RMSE of 
~2.06 points. The total average value of RMSE and Δ% are 0.44 and 
0.87 %, respectively, proving the consistency of the correlation ob-
tained. The results have been reported in Fig. 13 for a clear represen-
tation understanding of their deviation from the actual vale, Y axis are 
the simulated values and X axis the correlation’s value in the same point. 

Moving to UTCI, the developed correlation is reported in Eq. (4). 
Based on the calculation, the structure of correlation (2) is like Eq. (1) 
excepting for the constants reported in (Table 6). 

f (UTCI) = (a2*I + b2)+ (c2 − d2*(H) )+ (e2 − (f2*U) ) (4)  

Table 7 shows the RMSE and percentage errors for the UTCI correlation 
for the twelve cases simulated. 

Also in this case, the impact of building height is predominant, and it 
is described through a logarithmic trend (Eq. (4)). The highest errors 
have been registered only for P4, where Δ% is equal to ~4.04 % and 
RMSE is ~1.65, as pointed out in Table 7 (in bold). Moreover, as for PET, 
the results have been showed in Fig. 14 where Y axis are the simulated 
values and X axis the correlation’s value in the same point. The total 
average value of RMSE and percentage difference for UTCI correlation 
are 0.47 and 1.11 %, respectively. 

At least, the correlation of the SET index is reported in Eq. (5) and the 
relating calculated coefficients are shown in Table 8 

f (SET) = (a3*I + b3)+ (c3*(H)) )+ (f3 − (e3*U) ) (5) 

Fig. 12. Cumulative trends of Relative Humidity on UTCI along the four façades.  

Table 3 
Range values applied to the correlations.  

Parameter Max Min. 

Wind velocity (m/s) 2 0.5 
Direct\diffuse irradiation (W/m2) 1400\600 200\50 
Height (m) 30 5 
Reynolds number 4.15⋅106 3.46⋅104 

Stanton number 0.97 0.003 
Nusselt number 50170.23 147.03 
Prandtl number 0.85  

Table 4 
Constants’ values used for PET correlation.   

a1 

[◦Cm2/W] 
b1[◦C] c1[◦C/m] d1[◦C] e1 

[◦Cs/m] 
f1[◦C] 

P1  0.021  17.29  17.29  8.66  17.29  3.21 
P2  0.019  16.62  16.62  7.53  16.62  4.61 
P3  0.019  15.07  15.07  5.30  15.07  5.21 
P4  0.028  10.94  10.94  0.28  10.94  4.39  
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Table 9 shows the errors obtained using the SET correlation in the 
twelve cases simulated. The SET correlation has the same structure as 
the other two showing how a linear interpolation could be used to obtain 
a good approximation for all the thermal comfort indexes analysed (SET, 
PET, and UTCI). SET correlation showed the lowest errors if compared to 
the other two, with a maximum RMSE and Δ% of ~1.47 and ~2.28 % 
respectively (in bold, Table 9). The results have been showed in Fig. 15 
where Y axis are the simulated values and X axis the correlation’s value 
in the same point. The total average value of RMSE and percentage 

difference are 0.36 and 0,81 %, respectively. 
Limitations of this work are regarding the choice of an isolated 

building, the dimension of the building and the ranges of the physical 
quantities used in the simulations and reported in Table 3. Future de-
velopments will be focused on extending this study to wider models 
ranges in terms of boundary conditions (i.e., maximum and minimum 
wind speed, building dimension, temperature, and irradiation) and 
simulated environment dimension (i.e., up to urban districts). This study 
follows a previous step developed in the work of [33]. 

4. Conclusion 

As result of climate change, outdoor thermal comfort has become a 
crucial aspect of sustainable urban development and citizen safety. 
Despite the positive trend of published papers around the topic, there is 
still a need of predictive and accurate models for outdoor thermal 
comfort around a building, able to forecast the outdoor thermal 
perception of citizens basing on urban and environmental parameters. 
Scientific community interest has focused mainly on large scale prob-
lems, investigating the thermal comfort on large areas such as 

Table 5 
RMSE and percentage difference values for PET correlation. Maximum errors are reported in bold.  

Case P1 P2 P3 P4 

|RMSE| Δ% |RMSE| Δ% |RMSE| Δ% |RMSE| Δ% 

1  0.37  0.61  0.64  1.12  0.99  1.77  0.94  1.37 
2  0.01  0.02  0.26  0.54  0.55  1.14  0.24  0.41 
3  0.04  0.09  0.19  0.46  0.42  1.02  0.03  0.06 
4  0.20  0.59  0.22  0.65  0.28  0.84  0.48  1.38 
5  0.12  0.20  0.32  0.58  0.78  1.45  0.95  1.58 
6  0.01  0.02  0.26  0.54  0.55  1.14  0.24  0.41 
7  0.19  0.42  0.15  0.34  0.28  0.62  0.24  0.40 
8  0.20  0.46  0.30  0.71  0.67  1.52  0.45  0.77 
9  0.60  1.13  1.49  2.81  2.06  3.88  0.61  1.03 
10  0.01  0.02  0.26  0.54  0.55  1.14  0.24  0.41 
11  0.11  0.22  0.76  1.63  0.65  1.41  0.26  0.47 
12  0.20  0.42  0.65  1.50  0.75  1.82  0.08  0.14 
Average value  0.17  0.35  0.46  0.95  0.71  1.48  0.40  0.70  

Fig. 13. PET correlation errors.  

Table 6 
Constants’ values used for UTCI correlation. Maximum errors are reported in 
bold.   

a2 

[◦Cm2/w] 
b2[◦C] c2[◦C/m] d2[◦C] e2 

[◦Cs/m] 
f2[◦C] 

P1  0.010  13.82  13.82  4.13  13.82  2.01 
P2  0.010  13.95  13.95  4.23  13.95  2.69 
P3  0.012  13.14  13.14  3.27  13.14  2.96 
P4  0.000  17.45  17.45  1.96  17.45  8.94  
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neighbourhoods, districts, or cities, preferring coverage over adapt-
ability and local accuracy [37], or considering only thermodynamic 
conditions and not comfort related parameters [34]. The presented 
study gives a contribution to this topic, filling this gap and analysing the 
impact of wind velocity, building height, irradiation, and relative hu-
midity on the outdoor thermal comfort indexes (PET, SET and UTCI) 
near a single building. Three different and simple correlations are pro-
posed to easily calculate thermal comfort indexes. To develop such 
correlations has been used a coupled model that employs CFD and 
RayMan/UTCI simulations. As simulation target has been chosen the 

Mediterranean seasonal average in Rome (303 K) during the day 21 June 
at 13.00 GMT. 

Moving to the results, irradiation seems to be the most significant 
parameter defining outdoor comfort. As the irradiation decreases, the 
situation of well-being improves up to 50 % for several points (P5-P9), 
due to the importance of irradiation in the calculation of the average 
radiant temperature. The second parameter that affects outdoor thermal 
comfort is the variation of wind speed, its increase is appreciated by the 
human body in terms of thermal behaviour. All the points registered an 
increase of comfort in a range of 14 %–26 %, especially those placed in 
sunny areas. On the other hand, increasing the height of the building 
determines a significant improvement in the values only for the points 
located in a shaded area, up to 26 % (points located in LT1 façade). In 
fact, direct irradiation is slightly lower in those zones. PET and SET are 
not influenced by RH, only UTCI shows a slightly negative change ac-
cording to the RH variation equal to 5 %. As the amount of vapour 
present in the air increases, at a constant temperature, the body’s 
breathability decreases and therefore the perceived state of discomfort 
increases. 

To develop the correlations a MATLAB fitting functions has been 

Table 7 
RMSE and percentage difference values for UTCI correlation.  

Case P1 P2 P3 P4 

|RMSE| Δ% |RMSE| Δ% |RMSE| Δ% |RMSE| Δ% 

1  0.69  1.49  0.85  1.89  0.40  0.88  0.18  0.37 
2  0.19  0.47  0.37  0.91  0.62  1.54  0.18  0.37 
3  0.09  0.26  0.20  0.54  0.25  0.68  0.43  0.94 
4  0.30  0.91  0.32  0.10  0.07  0.23  0.31  0.70 
5  0.43  0.94  0.90  1.98  1.11  2.49  0.82  1.66 
6  0.19  0.47  0.37  0.91  0.62  1.54  0.18  0.37 
7  0.37  0.91  0.15  0.39  0.04  0.11  0.14  0.30 
8  0.04  0.11  0.47  1.25  0.67  1.76  0.43  0.95 
9  0.86  1.93  1.05  2.40  0.99  2.30  0.60  1.20 
10  0.19  0.47  0.37  0.91  0.62  1.54  0.18  0.37 
11  0.35  0.85  0.54  1.33  0.74  1.91  1.65  4.04 
12  0.35  0.85  0.46  1.21  0.51  1.38  0.39  1.15 
Average value  0.34  0.80  0.50  1.23  0.56  1.36  0.46  1.04  

Fig. 14. UTCI correlation errors.  

Table 8 
Constants’ values used for SET correlation. Maximum errors are reported in 
bold.   

a3 

[◦Cm2/w] 
b3[◦C] c3[◦C/m] d3[◦C] e3 

[◦Cs/m] 
f3[◦C] 

P1  0.01  14.47  203.49  14.47  16.47  2.88 
P2  0.02  13.76  175.72  13.76  15.76  4.09 
P3  0.02  12.12  119.79  12.12  14.12  4.65 
P4  0.03  8.40  0.04  8.40  10.40  5.20  
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used for each comfort index varying the solar irradiation, the building 
height and wind velocity. The relative humidity has been excluded due 
to its low impact on the overall outdoor thermal comfort indexes. 
Twelve combinations have been arranged to build the predictive models 
basing on the simulation results. Then, three different correlations have 
been proposed for PET, SET and UTCI. PET correlation has a good 
agreement with the simulated data, showing a mean RMSE and Δ% of 
~0.71 and ~1.48 % respectively. Conversely, UTCI correlation reached 
higher error values, but only for P4, wherein the percentage difference is 
equal to 4 % with an RMSE of 1.65, wherein the average RMSE and Δ% 
is attested to ~0.56 and ~1.36 %. Moving to the last comfort index, SET 
correlation has the lowest errors if compared to the other two, with a 
mean RMSE and Δ % of ~0.49 and ~1.15 % respectively. As future 
work, the range for the correlation as well as the interaction with other 
buildings inside an urban settlement will be studied, expanding the 
correlation validity ranges. The proposed models can be used indepen-
dently from location being based on physical CFD simulations. They 
were developed using as hypotheses data coming from central Europe 
(Rome) and are validated for similar environmental conditions (Table 2) 
on isolated buildings. Therefore, the errors can change for conditions far 

from the simulated and in future will be inspected the possibility to 
assess their performances also for other climatic areas. 

CRediT authorship contribution statement 

Laura Pompei: Conceptualization, Data curation, Investigation, 
Methodology, Software, Visualization, Writing – original draft, Writing 
– review & editing. Fabio Nardecchia: Conceptualization, Data cura-
tion, Formal analysis, Methodology, Software, Validation, Writing – 
original draft, Writing – review & editing. Luca Gugliermetti: Data 
curation, Formal analysis, Investigation, Supervision, Validation, Visu-
alization, Writing – original draft, Writing – review & editing. Federico 
Cinquepalmi: Project administration, Resources, Supervision, 
Visualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Table 9 
RMSE and percentage difference of SET correlation.  

Combination P1 P2 P3 P4 

|RMSE| Δ% |RMSE| Δ% |RMSE| Δ% |RMSE| Δ% 

1  0.38  0.72  0.60  1.19  0.88  1.80  1.47  2.28 
2  0.18  0.39  0.00  0.01  0.30  0.70  0.44  0.86 
3  0.24  0.63  0.00  0.01  0.21  0.61  0.04  0.11 
4  0.31  1.06  0.30  1.05  0.33  1.18  0.75  2.60 
5  0.04  0.07  0.33  0.68  0.88  1.88  0.84  1.64 
6  0.18  0.39  0.00  0.01  0.30  0.70  0.44  0.86 
7  0.32  0.80  0.03  0.07  0.18  0.45  0.14  0.28 
8  0.18  0.50  0.22  0.63  0.67  1.75  0.44  0.87 
9  0.37  0.81  0.47  1.03  0.94  2.07  0.14  0.28 
10  0.18  0.39  0.00  0.01  0.30  0.70  0.44  0.86 
11  0.32  0.72  0.35  0.86  0.37  0.93  0.56  1.18 
12  0.21  0.51  0.24  0.64  0.38  1.04  0.15  0.35 
Average value  0.24  0.58  0.21  0.51  0.48  1.15  0.49  1.01  

Fig. 15. SET correlation errors.  
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