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A B S T R A C T   

The aim of this research is to investigate the environmental wellbeing of children in urban out-
door environments by developing and testing a new wearable device called the Baby c-air. 
Children are particularly vulnerable to environmental discomfort due to their physiological 
characteristics and lack of awareness about their own adaptation capabilities. This vulnerability 
can lead to childhood diseases and health issues, especially when exposed to overheating or 
continuous pollutants. Portable monitoring devices, such as the Baby c-air, can assess children's 
environmental exposure and provide timely information to limit their health risks.The study 
involved testing two prototypes of the Baby c-air under laboratory and in-field conditions to 
verify the accuracy of the device in collecting data. An experimental campaign involving 122 
children was conducted in Italy during the summer, across four playgrounds. The option of 
integrating the COMFA-kid model for thermal comfort assessment was evaluated. The results 
indicated that microclimate peculiarities underline the importance of a human-centric approach 
for properly addressing environmental exposure. The discrepancies between thermal sensations 
provided by interviewed parents/tutors and predicted thermal sensations derived by the COMFA- 
kid model suggest that adults are generally weakly aware of children's thermal conditions.The 
Baby c-air can support children's adaptation potential and drive accompanying persons towards 
implementing conscious behaviors or moving to those areas with better environmental quality. 
The outcomes of this study can contribute towards urban outdoor design guidelines to improve 
children's well-being.   

1. Introduction 

Global climate change and urbanization are phenomena strictly correlated. Cities are responsible of 70% of the greenhouse gas 
(GHG) emissions and 2/3 of the energy consumption worldwide, directly affecting climate (Hoornweg et al., 2011). Moreover, cities 
forms and fabrics alter urban microclimate (Peng et al., 2022) and resilience to climate change (Kleerekoper et al., 2012) effects 
exposing the majority of global population, currently living in urban areas, to critical conditions. 

Specifically focusing on thermally adverse scenarios, the combination of globally rising temperatures and the Urban Heat Island 

* Corresponding author at: CIRIAF - Interuniversity Research Center, University of Perugia, via G. Duranti 67, 06125 Perugia, Italy. 
E-mail address: anna.pisello@unipg.it (A.L. Pisello).  

Contents lists available at ScienceDirect 

Urban Climate 

journal homepage: www.elsevier.com/locate/uclim 

https://doi.org/10.1016/j.uclim.2023.101447 
Received 12 August 2022; Received in revised form 28 November 2022; Accepted 11 February 2023   

mailto:anna.pisello@unipg.it
www.sciencedirect.com/science/journal/22120955
https://www.elsevier.com/locate/uclim
https://doi.org/10.1016/j.uclim.2023.101447
https://doi.org/10.1016/j.uclim.2023.101447
http://crossmark.crossref.org/dialog/?doi=10.1016/j.uclim.2023.101447&domain=pdf
https://doi.org/10.1016/j.uclim.2023.101447
http://creativecommons.org/licenses/by-nc-nd/4.0/


Urban Climate 49 (2023) 101447

2

phenomenon (Oke, 1982) has been demonstrated to generate hazardous conditions for people, increasing human mortality and 
causing adverse effects on human health (Campbell-Lendrum and Corvalán, 2007), (Zhao et al., 2011), (Laschewski and Jendritzky, 
2002). Previous studies demonstrated that the individuals' thermal comfort perception and their psychological response are influenced 
by the configuration, materials for building skins (Castaldo et al., 2015; Fabiani et al., 2019), and the design of outdoor areas 
(Taleghani et al., 2015), (Middel et al., 2016) where the range of thermal “acceptability” is wider than indoor spaces (Nikolopoulou 
and Lykoudis, 2006), (Spagnolo and de Dear, 2003), (Thorsson et al., 2007). Urban Heat Island (UHI) intensification discourages 
people from spending time outdoors (Mazhar et al., 2015) and increase both mental health problems, such as eating disorders and 
depression (Chu et al., 2019), and physical health issues, such as cardiovascular disease and diabetes (Rodgers et al., 2018). Moreover, 
people who do not have the access to services considered essential for everyday life (e.g., heating, cooling, lighting) are inclined to 
spend time in the outdoor spaces and hence they are more exposed to local environmental boundaries and potential consequences on 
their health (Jessel et al., 2019). Among urban population, children represent a vulnerable category due to a lack in experience and 
capability of properly adapting to adverse conditions. In fact, recent studies have shown that children are more vulnerable to air 
pollution, extreme heat and radiation than adults (Vanos, 2015), (Balbus and Malina, 2009) and they are more exposed to the effects of 
climate change and more sensitive to high temperature than others. Air pollution causes several health issues, especially for the 
respiratory apparatus; a study conducted by Pènard-Morand et al. (Pénard-Morand et al., 2010) focused the attention on the asthma 
symptoms due to long-term exposure to outdoor pollution and demonstrated that the risk of suffering from asthma and other allergies 
is higher in children that live in the large cities. Other researches demonstrated the relationship between the high levels of pollution 
(due to the vehicular traffic, coal-fired power plants, etc.) and the decrease of lung function, the increase of sleep disordered breathing 
and the exacerbations of respiratory diseases in children (Bergstra et al., 2018), (Sánchez et al., 2019). 

For these reasons, urban outdoors, and more specifically those areas designed to be attended mostly by vulnerable population like 
children, must be thermally comfortable and must have a low pollutants level (Kim et al., 2018), in order to increase their appeal 
among citizens, supporting their willing in doing physical activity and encouraging them to spend time outside. Indeed, Huang et al. 
(Huang et al., 2021) proposed design strategies to be adopted in playgrounds and parks for increasing outdoor children's comfort, using 
greenery and surface materials, such as high-near infrared paint and footprint pavement patterns; they established guidelines for 
architects and urban designers to create safe open spaces, able to mitigate urban heating and sun exposure. Moreover, Vanos et al. 
(Vanos et al., 2017) determined the large importance of vegetation and urban design in reducing heat and radiant exposures, especially 
when children were exercising in outdoors; they focused on bioclimatic design and calculated the children's energy budget during 
outdoor exercise, depicting the influence of both radiation and metabolism on children's heat balance and their thermal perceptions in 
outdoor recreational spaces. 

These types of strategies lead to reduced health issues, in particular for children, who are more affected by extreme climate events 
due to climate change with respect to adults, but also less aware of specific adaptation actions (Teli et al., 2012). Moreover, studies 
have reported that children have physical and physiological differences compared to adults: they have higher surface area-to-mass 
ratio (Falk et al., 1991), (Tsuzuki-Hayakawa et al., 1995), lower body and immune system development (Watts et al., 2019), 
higher metabolic heat production (Brooks, 1948), lower sweat rate due to smaller sweat glands (Landing and Wells, 1969) and 
different ability to perceive the thermal environment (Mors et al., 2011). These fundamental differences influence the heat exchanges 
between children's bodies and the outdoor environment, which present different values compared to those calculated in adults. 
Nevertheless, most of the existing thermal comfort models (around 165 thermal indices for indoor and outdoor conditions identified in 
(Staiger et al., 2019)) account just for the adult's thermal sensation and preference and, thus, do not allow outdoor thermal comfort 
assessment for children. 

Therefore, there is the necessity to properly adapt the energy balance between the human body and the environment considering 
the children's physical and physiological peculiarities for enhancing our prediction of their thermal comfort and preferences in outdoor 
spaces. An important study was conducted by Cheng and Brown (Cheng and Brown, 2020), which studied the COMFA model and 
modified some of its components (e.g., metabolic heat, convective heat and evaporative heat), taking into account the children's 
physical characteristics. The researchers released the COMFA-kid model as a result of an experimental campaign involving kids in the 
age range 7–12 years old. 

Given this background, the present research work aims at investigating children environmental comfort in the urban environment 
(with a specific focus on kids under 5 years old) to provide insights on their resilience improvement. More specifically, such objective is 
here addressed by developing and testing a novel portable device which is proposed as reliable tool for the assessment of real kids' 
exposure to potentially harmful thermal and air quality conditions. The new monitoring system provides real-time evidence on kids' 
health risk in terms of both extreme heat and air pollutants exposure, in order to improve children's life quality and health and to 
prevent heat-related diseases and breathing pathologies over the years. Therefore, the study is composed in two main parts: (i) a prior 
validation phase of the prototypes' accuracy in data collection, that was carried out through both a laboratory and in-field test; and (ii) 
an experimental campaign designed to verify the appropriateness of including the COMFA-kid model in the same prototype as 
reference thermal model for the target group of the new tool (1-to-5 instead of 7-to-12 years old). The experimental campaign was 
conducted in four different playgrounds of Perugia, a middle-size Italian city. During the campaign, the main microclimate parameters 
were collected along with parents' evaluation of their kids' thermal comfort levels. Results of the questionnaire were thus compared to 
the predicted thermal comfort vote obtained from the COMFA-kid model (Cheng and Brown, 2020). Finally, the comparison of 
microclimate conditions observed in the four playgrounds pave the way for suggesting design guidelines of these outdoor spaces taking 
into account the environmental quality. 
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2. Materials and methods 

The study aims at deepening kids' environmental comfort while developing and testing a new device addressing children's 
vulnerability to outdoor thermal stressors and air quality. Two prototypes were realized and calibrated both in the laboratory, under 
controlled thermal conditions, and in the field. Aside from prototypes calibration, the thermal comfort model COMFA-kid (developed 
for kids in the age range of 7–12) (Cheng and Brown, 2020) was tested for the thermal comfort assessment of kids in the age range from 
1 to 5 to evaluate the appropriateness of including such model in the developed device. In this view, an experimental campaign was 
conducted in four outdoor spaces (e.g., urban parks and public playgrounds) located in the same city and characterized by different 
urban features (e.g., impervious surfaces, greenery, shading elements, etc.). The investigation took place during one week at the 
beginning of September 2021, in summer, and combined microclimate monitoring through a commercial compact weather station 
with the submission of a dedicated survey on kids' thermal comfort to be filled by their parents. Morphological differences of the 
selected areas further allowed assessment of their impact on the observed microclimatic conditions, as many studies have been 
provided (I. Lee et al., 2018), (H. Lee et al., 2013), (Schofield, 1985), (Rosso et al., 2022). The following subsections provide a detailed 
description of the innovative prototypes and the experimental procedures implemented during the different phases of the study (i.e., 
the calibration of the prototypes and the in-field experimental campaign) that are further summarized in Fig. 1. 

2.1. The baby c-air device prototypes 

The Baby c-air was conceived and designed as a portable device that continuously collects geo-referenced environmental pa-
rameters for the thermal and air quality assessment of the kids' surroundings. Technical specifics of the embedded sensors are detailed 
in Table 1. 

The device looks like a children's toy, that can be worn, and arranged on the stroller or on a school backpack. The bottom part of the 
device, which embeds the sensing technology, was designed to allow external air flows and to avoid internal air stagnation while the 
upper part can light up in three different colours: it becomes green if the air quality and the thermal environment are good, yellow if 
they are moderate, and red if they are potentially unhealthy/hazardous. The system presents a rechargeable battery, and it can be 
associated with other devices via Bluetooth. A dedicated app shows the instantaneous values of the collected environmental pa-
rameters and allows to start a data recording session. 

The above presented characteristics of the Baby c-air represent essential components of the new portable system which is currently 
patent pending. Given these characteristics, two prototypes of the Baby c-air were realized and tested in this work. These devices differ 
in terms of the design of their bottom part (openings on just one or two sides) and typology of embedded rechargeable battery (USB C 
or wireless). 

The internal battery in both the prototypes last almost 3 h and all the data registered during their operation are locally saved into 
the internal memory of the connected smartphone. In the following, the prototype presenting a wireless rechargeable battery and 
openings just at its very bottom is named as BC1 (Fig. 2A), the other prototype BC2 (Fig. 2B). 

2.2. Prototypes calibration 

The Baby c-air accuracy in measuring the environmental parameters of interest was tested both under controlled thermal condi-
tions and in the field. 

Fig. 1. Methodological framework of the study.  
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The laboratory test was performed in the climate chamber ATT DM 340 SR which allows to control the temperature and humidity 
condition of a 601 × 810 × 694 mm3 test compartment in the range 233÷453 K. 

The two prototypes were put in the climate chamber compartment, hung up to the internal metal grill along with two calibrated 
thermo-hygrometers (Tinytag Plus 2 – TGP-4500). The TGP-4500 models monitor temperatures from − 25 ◦C to +85 ◦C, and relative 
humidity from 0 to 100% using built-in sensors (temperature accuracy ±0.5 ◦C; humidity accuracy ±3.0% at 25 ◦C). The climate 
chamber was programmed to replicate over a wide and representative range of conditions during four hours exposure: the settled 
temperatures ranged from 5 ◦C to 45 ◦C, with ramp of 5 ◦C raising temperature lasting 15 min every 10 min of temperature plateaus, 

Table 1 
Baby c-air embedded sensors specifics.  

Monitored parameter Sensor 
model 

Technical specifics 

Air temperature (Ta [◦C]) BME280 Operation range: − 40 ◦C–85 ◦C 
Absolute accuracy: ±1 ◦C at 0–65 ◦C 

Relative humidity (RH [%]) BME280 Operation range: 10%–90% at 0–65 ◦C 
Absolute accuracy: ±3% at 20%–80% RH 
Response time: 1 s 

Particulate matter concentrations (PM1.0, PM2.5, and 
PM10) 

PMS5003 Effective range (PM2.5 standard): 0–500 μg/m3 

Resolution: 1 μg/m3 

Maximum consistency error (PM2.5 standard): ±10 μg/m3 at 0–100 μg/m3; ±10% at 
100–500 μg/m3 

Total response time: <10 s  

Fig. 2. The two prototypes (A) BC1 and (B) BC2, and (C) the interface of the app.  

Fig. 3. (A) The two prototypes in the climate chamber and (B) the BC2 unit above the rooftop of the ARPA station.  
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while the range of relative humidity was from 70% to 20%, with decreasing ramp of 10% lasting 15 min, and the relative humidity 
plateaus of 10 min. 

The in-field test consisted in installing one of the prototypes (BC2) in proximity of a station of the local environmental protection 
agency (ARPA) devoted to the collection of the pollutants concentrations in the urban background in combination with the main 
environmental parameters. More specifically, data retrieved by the ARPA station include: PM1.0, PM2.5 and PM10, wind direction and 
wind speed, air temperature, and relative humidity collected on an hourly basis. The BC2 unit was installed above the rooftop of the 
ARPA station for two weeks to retrieve a significant amount of data to be compared to the hourly values provided by the reference 
station. Despite the Baby c-air unit is not designed to be waterproof or to operate 24/7, the continuous operation of the device was 
guaranteed by directly connecting the BC2 to the power supply and associating the device to a smartphone acting as a gateway in the 
ARPA station for the whole monitoring. Furthermore, the device was protected by a pierced plastic box covered on its top with a black 
plastic membrane to guarantee shelter from precipitation that did not compromise the air flow. It is worth noting that, as in the 
laboratory configuration, the device was hung in the center of the plastic box to limit the influence of the black cover on the monitored 
air temperature. Nevertheless, possible affection of the designed shelter on gathered parameters is discussed in the results section. 
Fig. 3 shows (A) the assembly of the two prototypes in the climate chamber and (B) the position of the BC2 unit above the rooftop of the 
ARPA station. 

2.3. Experimental campaign, kids' outdoor thermal comfort assessment 

An in-field experimental campaign was conducted in summer 2021 to verify the applicability of the COMFA-kid model to kids in the 
age range from 1 to 5 years old (target of the Baby c-air). The experimental procedure involved the simultaneous collection of 
environmental boundaries through dedicated sensing apparatus and the kids' thermal perception via surveys specifically deployed for 
being proposed to their parents. The same procedure was replicated in four urban outdoors (specifically identified, as specified in 
Section 3), two times per day, from 10 am to 1 pm and from 4 pm to 7 pm. The same monitoring setup was replicated in each 
investigated outdoor space and the whole campaign was completed in one week. 

2.3.1. Environmental monitoring 
Environmental variables used as inputs for the children's energy budget were collected through a portable weather station 

(MaxiMet GMX501), settled at 1,80 m height from the ground, and gathering every second the following parameters: air temperature 
(accuracy +/− 0.3 ◦C), relative humidity (accuracy +/− 2%), pressure (0.1 hPa), solar radiation (spectral range 300 to 3000 nm), 
wind speed (accuracy +/− 3%) and wind direction (accuracy +/− 3◦). Furthermore, infrared thermography, through the Flir One Pro 
thermal camera, was implemented to better characterize the radiative environment. The used IR camera captures images with solid 
thermal contrast, it has a thermal sensitivity of 70 mK and 160 × 120 (19,200 pixels) of thermal resolution. Infrared pictures were 
taken during each session at the beginning (almost 10 am in the morning and 4 pm in the afternoon), after 90 min, and at the end 
(almost 1 pm in the morning and 7 pm in the afternoon). Particular attention was given to the two main pavement finishes recognized 
in the area, as summarized in Table 3 for each playground. Finally, a reference fixed weather station was identified in the same city of 
the analysis (as detailed in section 3) to allow a comparison among microclimatic peculiarities of different selected playgrounds. 

2.3.2. Survey 
During the environmental monitoring campaign, surveys were distributed to those parents attending the investigated urban 

playgrounds with their children, if younger than 5 years old. The aim of the survey was to collect relevant information for computing 
children's energy budget according to the COMFA-kid model and for comparing the expressed thermal sensation with the predicted 
thermal sensation, therefore assessing parents' awareness about the thermal risk for their children. Indeed, even if the focus of the 
investigation were 1-to-5 years old kids, researchers directly interviewed their parents for a twofold aim: (i) 1–5 years old kids may not 
be capable of replying to our questions or have a limited perception of their-own comfort sensation; (ii) adults could provide their 
consent in taking part to an experimental campaign (as involved parents did at the beginning of the interview). 

Therefore, the survey was made by 20 questions structured in three main sections: (i) general information, (ii) thermal perceptions 
and preferences, and (iii) routine and habits of the children. More specifically, retrieved general information include gender, age, 
height, weight, nationality, and for how long the child was living in the city of the experimental investigation. Additional general 
information were about the main activity performed by the child at the time of the interview and 15 min before, and the worn gar-
ments. The thermal perception of the surroundings was then deepened by asking for the thermal sensation, thermal comfort level and 
thermal preferences of the child through a 5-points scale. The same scale was further used to collect parents' opinion about their child 
perception of air humidity and wind, according to their experience and real-time observation. Finally, the parents had to provide the 
reason why they were coming to that specific outdoor space, from how long, and how often do they come to the same playground. The 
whole survey was framed in Google Form and submitted presented as QR code to the parents that could access the list of questions 
directly from their smartphones. Overall, 122 surveys were collected during the whole campaign. 

2.3.3. Thermal comfort modelling 
Retrieved environmental data and collected general information on the children attending the monitored area were used as inputs 

for the calculation of the children energy budget as presented by the COMFA-kid model. This is a modified version of the COMFA model 
(Brown and Gillespie, 1986), readapted by Cheng et al. for children in the age range from 7 to 12 years old (Cheng and Brown, 2020) 
accounting for their physiological differences compared to adults. Here, the focus of the analysis are young kids (younger than 5 years 
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old) and thus discrepancies observed between predicted thermal sensation through the COMFA-kid (PTS, associated to specific ranges 
of the energy budget, see Table 2) and collected actual thermal sensation votes (ATS) are analysed, while considering further dif-
ferences in body physiology of young kids compared to COMFA-kid target (Cheng and Brown, 2020). Nevertheless, it is worth noting 
that all the changes implemented in the COMFA model for its adaptation to 7–12 years old kids are here included considering actual 
physical characteristics of the interviewed sample group (heigh and weight of the child). 

The adopted formula for the preliminary assessment of children energy budget (EB) was the following. 

EB = M+Rabs–TRemitted–C–E (1)  

where M is the metabolic heat production, Rabs is the absorbed radiation, TRemitted is the re-emitted longwave radiation from the body 
towards the surroundings, C stands for the heat exchanged by convection, and E refers to evaporative heat exchanges. All the com-
ponents are expressed in W/m2. 

The metabolic component of the budget depends on both (i) the resting metabolic rate (RMR, computed using the Schofield-WH 
equation (Schofield, 1985) that is valid for children until 10 years old) and (ii) the performed activity (Butte et al., 2018). 

The absorbed radiative component, Rabs, accounts for (i) the incoming shortwave radiation and (ii) the long-wave radiation emitted 
by surroundings that are absorbed by the body. The shortwave component is computed as the radiation measured by the miniaturized 
weather station on-site reduced by the fraction reflected by the body, assuming a skin albedo to be 0.35 on average (Weyrich et al., 
2006). The longwave component is simplified as made by the portion coming from the sky (depending on on-site monitored air 
temperature) and that coming from the ground (depending on ground surface temperature), equally weighted, thus assuming a view 
factor of 0.5 for both and no effects of vertical surfaces on the longwave radiation exchange with the body. The ground superficial 
temperature is derived by processing infrared shots taken during each experimental session accounting for different pavement ty-
pologies as specified in the description of the case study (Section 3). 

The long-wave radiation emitted by the body, TRemitted, relies on the calculation of temperature of the outer body layer that in the 
following is mentioned, for simplicity, as children skin temperature. 

The heat loss due to convection, C, depends on the difference occurring between temperatures of the air, directly measured through 
the miniaturized weather station, and children core temperature that was computed considering the metabolic heat generated by a 
person; moreover, the other parameters considered for the computation of C are the heat flow resistances due to body tissue (rt), 
clothing (rc) and the air boundary layer around the body (ra), as proposed in COMFA model (Cheng and Brown, 2020). The associated 
thermal loss was further corrected accounting for differences in body surface area (BSA [m2]) and body mass (BM [kg]) between adults 
and children based on the Haycock et al.'s BSA equation (Haycock et al., 1978). 

Finally, the evaporative heat exchange, E, was calculated as the sum of the evaporative heat losses occurring through perspiration 
and through the skin. According to the literature (Falk and Dotan, 2008), (Hugh et al., 2009), a child has approximately half the 
capacity to sweat than an adult, so the formula considered for the COMFA model was here modified considering half of the perspiration 
component. 

Therefore, the thermal sensation vote for a kid in outdoors was established in the literature (Cheng and Brown, 2020) according to 
the computed energy budget as summarized in Table 2. 

3. Case study 

In this study, four playgrounds were selected as representative outdoor spaces for children's leisure activities. All the selected areas 
are situated in Perugia, central Italy, with humid subtropical climate (climate zone Cfa) according to the Köppen-Geiger classification 
(World Maps of Köppen-Geiger Climate Classification, 2023), (Kottek et al., 2006). The four playgrounds are, approximately, from 5 to 10 
km apart. During the whole campaign, weather data were additionally collected by a fixed weather station located on the roof of the 
CIRIAF research institute, acting as a reference for the study. Fig. 4 shows a bird's eye view of the four playgrounds and the reference 
weather station location (indicated with the black point in the figure), while the Table 3 presents the main features of each playground 
and the percentage of the different types of identified surfaces. In detail, surfaces in playground A and B are divided into pervious 
(greenery, mainly lawn) and impervious (paths around the playground or the concrete basement of the playground gaming equip-
ment). Pavements in playground C are divided in two different types of pervious coverage (lawn and cobblestone), Pavements in 
playground D are divided in two kinds of pervious surfaces (rubbery materials just below the playground and concrete tiles all around 
the installation). 

Playground A (43◦11′ N, 12◦36′ E, 283,7 m above sea level) is the main urban park with an extension of 30.000 m2. The selected 

Table 2 
Energy budget for the kid computed according to the COMFA-kid model and the corresponding Predicted 
Thermal Sensation (PTS).  

Energy budget (EB) [W/m2] Predicted Thermal Sensation (PTS) 

EB ≤ − 140 − 2 Cold 
− 140 < EB ≤ − 110 − 1 Cool 
− 110 < EB ≤ 40 0 Neutral 

40 < EB ≤ 80 +1 Warm 
> 80 +2 Hot  
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area presents different functions and services for people, and peculiarities aimed at creating a relaxing and enjoyable atmosphere for 
any users: coffee shop, playground area for infants and kids, paths, and fountains. The configuration of these playgrounds protects 
people from the chaos and the traffic of the city because the big parking and the main streets are in a decentralized position. During the 
monitoring campaign, the miniaturized weather station is arranged close to a bench near the centre of the park in order to record 
parameters similar to those perceived by children. Fig. 5. (A) illustrates the detail of the area where the urban park is situated. 
Playground B (43◦11′ N, 12◦44′ E, 209,2 m above the sea level) is a park mainly attended by residents of the same neighbourhood and 
thus referred, in the following, as a “residential park”. Its extension is equal to 12.000 m2 and it has a green path and several different 
attractions, such as the sporting area with two football fields and one basketball court. Playground C (43◦08′ N, 12◦44′ E, 198,5 m 

Fig. 4. Overview of the four playgrounds and the reference weather station and focus on each identified area where main surface types are 
identified such as the position of the monitoring system. 
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above the sea level), is a “residential park”, mainly attended by the inhabitants of the neighbourhood but differing from the previous 
case since it is located near a generally congested vehicular arteria of the city and next to a big market square. The playground area 
(2.500 m2) is surrounded by wide parking and an asphalted square. The area near the playground C is enclosed by main urban 
connections inside the neighbourhood. Finally, playground D is located near a shopping mall (43◦09′ N, 12◦31′ E, 252 m above sea 

Table 3 
Characteristics of each playground.  

Playground Picture Extension 
(m2) 

Type of surface 
(%) 

Feature specifics 

A 30.000 S1: 80 (lawn) 
S2: 20 (paths) 

Presence of greenery, shielded areas and services, 
adjacency to the main streets and to the parking 

area 

B 12.000 S1: 75 (lawn) 
S2: 25 (cement) 

Presence of greenery and shielded areas, no 
specific services, adjacency to the residential and 

sporting area, presence of the parking area 

C 2.500 
S1: 80 

(cobblestone) 
S2: 20 (lawn) 

Presence of a few greeneries, no specific services, 
adjacency to the residential zone, to the asphalt 
square and to the main streets, presence of the 

parking area 

D 380 

S1: 58 (rubbery 
materials) 

S2: 42 (concrete 
tiles) 

Absence of greenery, presence of services, no 
shielded areas, adjacency to the commercial and 

sporting area, presence of the parking area  
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level). It is smaller than the others, with an extension of only 380 m2; there is no greenery, plants, or trees, and there are not several 
spaces where people can stay and relax. The only key playground elements are the benches on the perimeter of the playground. The 
playground is covered by a big structure (with a butterfly shape), built with steel and impervious materials, while the floor is designed 
with pervious coloured materials. The area where the playground D is located is enclosed by several streets and a large industrial area. 

4. Results and discussions 

4.1. Baby c-air calibration 

4.1.1. Laboratory test 
Graphs A and B of Fig. 5present the air temperature and relative humidity trends as monitored by the two prototypes and the two 

calibrated thermo-hygrometers. More specifically, values recorded by the two calibrated devices (S1 and S2) present differences that 
are smaller than the instrumental error (Bosch Sensortec, 2015) and thus just the average profile is reported. Data collected by the two 
prototypes present consistent trends for both air temperature and relative humidity demonstrating to have the same responsiveness to 
external stimuli. This is well-represented in graphs C and D of Figure 5, which relate air temperature and relative humidity change rate 
as registered by the prototypes and the reference system. The linear correlation is strong, presenting an R2 coefficient always >0.9. 
Nevertheless, the thermohygrometer embedded in the Baby c-air prototypes is less responsive in humidity change detection presenting 
a linear correlation coefficient lower than the unit, i.e., equal to 0.47 and 0.53 for the BC1 and BC2 prototype respectively. These 
differences are comparable considering the two prototypes which means that the design of the element at the bottom of the Baby c-air 
is not affecting the quality of recorded environmental hygrothermal and air quality data. Considering the recorded absolute values, the 
BC2 unit registered higher air temperature values compared to the BC1 unit while both the prototypes recorded similar values for 
relative humidity (an average offset of 11 ◦C for air temperature, and of 2.7% for relative humidity). This huge discrepancy is a matter 
of compensation value to be used while programming the probe and it is not problematic at this stage of prototype development since it 
could be easily fixed. 

4.1.2. In-field calibration test 
The in-field calibration test is carried out to assess the accuracy of Baby c-air units in detecting both microclimatic parameters, i.e., 

air temperature and relative humidity, and pollutants concentration, i.e., PM2.5 and PM10. During the test, the temperature varies 
from a minimum of 13.7 ◦C up to a maximum of 36.7 ◦C while relative humidity varied in the range 32–86%, according with the 
reference ARPA station. Graphs in Fig. 6 present the microclimatic data measured with Baby c-air (BC2 unit) related to those retrieved 
by the reference sensors: in detail, (A) shows the air temperature values, while the (B) is referred to relative humidity data. Both graphs 
follow a straight trend, with a R2 value of the liner correlation between data monitored by the BC2 prototype and the reference station 
equal to 0.93 and 0.95 for air temperature and relative humidity, respectively. This means that considering the correction factor to be 
used in the final sensor calibration procedure, the prototype captures actual variations of both ambient air temperature and humidity 
that are close to those observed by the reference system, even if slightly overestimating temperature and underestimating humidity. 
This over-estimation of air temperature is more evident for higher values suggesting a better data fit through a second-grade poly-
nomial curve (R2 = 0.94). This observation suggests that the prototype is sensitive to direct radiation and being under direct sunlight 
for a prolonged period could reduce the accuracy of temperature measurements. Moreover, it is possible that the black plastic 
membrane that was used to shelter the BC2 device (as shown in Fig. 3B) affected the microclimate just below the same membrane 
resulting in higher air temperature as actually observed by the prototype. 

Fig. 7 presents the PM2.5 (A) and the PM10 (B) distribution recorded during the in-field calibration by the prototype and the ARPA 
station, respectively. In general, the PM2.5 values registered by Baby c-air look close to those measured by ARPA sensors: the mean 
concentration was 7.7 μg/m3 and 7.4 μg/m3, respectively. For PM10, the concentrations recorded by Baby c-air were lower than the 
values registered by the fixed station, but the mean concentration was similar: 18.1 μg/m3 for Baby c-air, 17.6 μg/m3 for ARPA. 

In general, the percentage of error between the data measured through Baby c-air and the data recorded by the ARPA station was 
equal to 31% for PM2.5 and 38% for PM10. The correction of the percentage was adopted using the Root Mean Square Error (RMSE), a 
metric used to compare measured values through the prototypes (i.e., Baby c-air) with a reference data registered by the station (i.e., 
the station located on the top of the ARPA roof) (Sathishkumar et al., 2021). As well as for the air temperature data, it is worth noting 
that the sheltered box where the BC2 was placed may affect external air circulation possibly resulting in actually lower PMx exposure 
of the sensor despite the box design was conceived to guarantee free-floating of external air. 

4.2. Experimental campaign 

4.2.1. Urban playgrounds microclimate peculiarities 
The experimental campaign was carried out for five days in summer 2021. Microclimatic parameters were gathered in each 

playground through the same miniaturized weather station during both a morning and an afternoon session, each lasting three hours. 

Fig. 5. Prototypes calibration through laboratory tests: (A) air temperature and (B) relative humidity trends in terms of absolute values and 
observed differences of the parameters rate of change with respect to the reference system; observed correlations between (C) air temperature and 
(D) relative humidity monitored by the prototypes and the reference. 
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Fig. 6. Correlation of (A) air temperature and (B) relative humidity data collected by the Baby c-air and the reference station.  
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Fig. 7. (A) The PM2.5 and (B) the PM10 data recorded with Baby c-air and reference station.  
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Playgrounds were not monitored simultaneously and Table 4 summarizes the average values of air temperature, relative humidity, 
wind speed, and solar radiation gathered during each session by both the compact system on-site and the reference station. Air 
temperature data collected on-site, i.e., in each playground, were generally lower in the morning and higher in the afternoon compared 
to temperature values retrieved at the reference point. In fact, the on-site monitoring focuses on microclimatic conditions within the 
Urban Canopy (UC), inside the compact structure of the city, while the reference station is in an almost-open field. Therefore, sunrays 
enter the compact urban structure only once the sun reached the proper height on the horizon in the morning and the reduced Sky View 
Factor slows the cooling process in the afternoon. These temperature differences (i.e., playground compared to the reference) ranged 
between − 0.2 ◦C and − 1.6 ◦C in the morning, observed at playground A/C and B, respectively, and + 1.1 and + 3.7 ◦C in the af-
ternoon, observed at the playground A and D, respectively. Regarding the relative humidity, the average values retrieved at the four 
playgrounds were always higher than the data observed at the reference station with greater differences in the morning, i.e., dis-
crepancies range of 9÷17%, with respect to the afternoon, i.e., discrepancies range of 1÷9%. On the other hand, wind speed data 

Table 4 
Data gathered during the morning and the afternoon campaigns from the compact weather station on-site and the reference one.  

Playground Time Ta [◦C] (ave) RH [%] (ave) WS [m/s] (ave) SR [W/m2] (ave) 

Playground Ref Playground Ref Playground Ref Playground Ref 

A 
10 am – 1 pm 25.4 25.6 42.0 31.0 1.51 3.18 756 895 
4 pm – 7 pm 27.0 25.9 43.0 39.0 0.80 2.37 11 160 

B 10 am – 1 pm 24.4 26.0 53.0 36.0 0.77 1.68 248 768 
4 pm – 7 pm 27.2 26.0 39.0 30.0 0.60 1.55 31 192 

C 
10 am – 1 pm 23.9 24.1 50.0 40.0 0.81 1.75 651 818 
4 pm – 7 pm 27.9 25.3 39.0 39.0 0.76 1.96 39 84 

D 
10 am – 1 pm 26.2 25.9 42.0 33.0 1.22 2.75 665 831 
4 pm – 7 pm 28.6 24.9 31 30 1.30 3.94 313 199  

Fig. 8. Correlation between data retrieved on-site and at the reference station of air temperature (A, B) and relative humidity (C, D) during the 
morning (A, C) and in the afternoon sessions (B, D). 
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registered in the four playgrounds were always lower than those collected at the reference station, with an average difference of − 1.43 
m/s. As for the observed variation in the air temperature data, both relative humidity and wind speed conditions are representative of 
the internal position of the compact system used for the playground monitoring compared to the reference one. In fact, the reference 
station is located on a three-story building rooftop (an almost open-field location) while the four playgrounds are protected by 
buildings and trees that limit wind flow, while greenery, in general, could contribute to the air water vapor content through the 
evapotranspiration process. Finally, the average solar radiation presented in Table 4, for both the playgrounds and the reference point, 
suggests differences in terms of shadow availability among the four playgrounds. Furthermore, except for the case of playground D (the 
one in proximity of the commercial area and without greenery), average radiation values were between 11 and 39 W/m2 in the af-
ternoon suggesting that there was no availability of the direct shortwave component in those areas but only of the diffuse one. 
Observed reductions of the monitored solar radiation on-site compared to the reference one ranged between − 16% and − 68% in the 
morning (at playground A and B, respectively) and − 53% and − 93% in the afternoon (at playground C and A, respectively). The 
higher average value for the solar radiation monitored in D with respect to the reference in the afternoon could be explained by the co- 
occurrences of two conditions: (i) the playground D is in a completely open area where incoming solar radiation varied from 596 W/m2 

down to 33 W/m2 during the monitoring session; (ii) the reference station is in an almost-open area but faces a small hill on the South- 
West so that monitored radiation reached 0 W/m2 almost 20 min before the end of the monitoring session. 

These results could be imputed to the different configurations of the playgrounds: the amount of vegetation (and more generally of 
permeable surfaces) and the availability of big trees or other elements providing shadow represent an effective mitigation strategy to 
locally improve the outdoor microclimatic conditions for human comfort (Taleghani, 2018), (Ridha et al., 2018). 

Graphs of Fig. 8 provide a direct comparison of each playground thermal profile by highlighting the correlation between air 
temperature (Fig. 8A and B) and relative humidity (Fig. 8C and D) data observed on-site and the data simultaneously retrieved at the 
reference station, for both the morning (Fig. 8A and C) and the afternoon sessions (Fig. 8B and D). More specifically, linear correlations 
and associated R2 are presented. Air temperature data retrieved during the morning sessions are strongly correlated with temperature 
observations at the reference spot (R2 >0.90) considering all the monitored playgrounds while in the afternoon similar results are 
shown just for playground D. Moreover, the linear correlation coefficients that are calculated for each thermal profile are always 
greater than one for the morning session and lower than one for the afternoon sessions. This outcome is in line with previous 

Fig. 9. Correlation between data retrieved on-site and at the reference station of wind speed (A, B) and solar radiation (C, D) during the morning (A, 
C) and in the afternoon sessions (B, D). 

E. Tarpani et al.                                                                                                                                                                                                        



Urban Climate 49 (2023) 101447

15

discussions since playgrounds' air temperature raised more rapidly from 10 am to 1 pm and decreased more slowly from 4 pm to 7 pm, 
than the reference spot. Focusing on relative differences among playgrounds, playground B always presents lower values of air 
temperature and higher levels of relative humidity which is imputable to its configuration with a large presence of greenery, that 
contributes to mitigate local microclimatic conditions. In the afternoon, playground D presented the highest temperature values (up to 
29.5 ◦C) and the lowest relative humidity which was almost constant throughout the session (observed standard deviation of the 
retrieved data series equal to 1.8%). 

Fig. 9 presents gathered on-site data against data collected at the reference station for wind speed (Fig. 9A and B) and solar ra-
diation (Fig. 9C and D) registered during the morning (Fig. 9A and C) and afternoon sessions (Fig. 9B and D). Regarding wind speed 
data, as expected there is no correlation between wind speed values observed by the fixed reference weather station (which is in an 
open field, almost 10 m far from the terrain) and data collected at pedestrian level in each playground. Nevertheless, through the 
graphs it is possible to visualize and compare the windy conditions in each playground with respect to the weather boundaries of the 
specific monitoring day, as provided by the reference. The highest wind speed values were observed in playground D, up to 3.4 m/s and 
2.0 m/s in the morning and afternoon sessions, respectively. Once more, the local microclimate peculiarities could be explained as 
resulting by the combination of the configuration of the area and the overall weather conditions. In fact, playground D was the most 
exposed to the open field air flow, while the others were protected by greenery and high trees, but at the same time that specific 
monitoring day was the windiest one according to data collected at the reference station. 

Concerning solar radiation, the strong correlations of the morning sessions (R2 above 0.90) show that both the playground and the 
reference station were under the same sky conditions. This is not the case only for playground B where solar radiation data in the 
morning are particularly scattered (standard deviation of 62 W/m2 and R2 = 0.38) most probably because of clouds passing by that 
area during the monitoring session. In the afternoon, playground D showed a significantly different profile compared to the others. As 
already mentioned, this is due to the openness of the are especially on its West side which caused almost 20 min of delay in the sunset. 

Finally, the availability of incoming shortwave radiation coupled with specific fabrics of the investigated playground results in 
different warm up rates of the area in terms of superficial temperatures. These were characterized through thermographic inspection. 
Table 5 summarizes observed superficial temperatures throughout each monitoring session distinguishing between the two prevailing 
surfaces recognized in the area, i.e., S1 and S2 in Table 3, and providing the weighted mean superficial temperature for the area (Twa) 
computed as the average of TS1 and TS2 accounting for the percentage in coverage of each specific type of surface as weighting factors. 

The greatest variations observed throughout a single monitoring session were in playground D in the early morning and late af-
ternoon, i.e., 0.12 ◦C/min and − 0.09 ◦C/min, respectively. These were mainly due to the variation of the rubbery pavement tem-
perature (S1, covering 58% of the area) just below the playground equipment, probably installed for limiting kids' injuries. In 
playground C, the highest variation was observed in S1 temperature (cobblestone) from 11:30 am to 1:00 pm, from 24.0 ◦C up to 
35.4 ◦C. Contrary, the greatest variation of superficial temperature in playground B was related to S2 (cement) in the late afternoon 
when a cooling rate of − 0.07 ◦C was observed. Playground A showed minimum variations compared to the others with an overall 
difference in temperature of +3.9 ◦C and − 1.1 ◦C in the morning and afternoon session, respectively. Along with the focus on su-
perficial temperature of the two most common finishes in each area, infrared pictures of the whole area were also taken to get an 
overview of temperature distribution. Figure 10presents an overview of superficial temperature spatial variations in playground D 

Table 5 
Superficial temperature of the two pavements mainly characterizing each playground (TS1 and TS2) and resulting weighted average (Twa) throughout 
the monitoring sessions.  

Playground Time TS1 [◦C] TS2 [◦C] Twa [◦C] 

A 

10:00 am 21.3 22.0 21.4 
11:30 am 22.0 25.1 22.6 
1:00 pm 24.1 30.2 25.3 
4:00 pm 23.3 24.6 23.6 
5:30 pm 22.0 23.5 22.3 
7:00 pm 22.3 23.1 22.5 

B 

10:00 am 19.0 24.2 20.3 
11:30 am 23.6 25.0 24.0 
1:00 pm 24.4 26.4 24.9 
4:00 pm 25.6 33.6 27.6 
5:30 pm 25.2 27.8 25.9 
7:00 pm 21.0 21.8 21.2 

C 

10:00 am 19.7 24.2 20.6 
11:30 am 24.0 26.2 24.4 
1:00 pm 35.4 31.4 34.6 
4:00 pm 24.2 27.3 24.8 
5:30 pm 23.9 25.6 24.2 
7:00 pm 22.4 25.3 23.0 

D 

10:00 am 18.3 22.7 20.1 
11:30 am 31.0 31.5 31.2 
1:00 pm 37.9 33.3 36.0 
4:00 pm 33.9 35.2 34.4 
5:30 pm 31.8 34.4 32.9 
7:00 pm 23.0 28.2 25.1  
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throughout the monitoring sessions. Except for the late afternoon (Fig. 10D) the portion of rubbery finishes not sheltered was always 
much warmer than the rest. 

4.2.2. Kids' thermal comfort assessment 
A total of 122 children were involved in the campaign by directly interviewing their parents. Overall, the interviewed sample was 

made by 70 girls and 52 boys, between 1 and 5 years old (mean 3.2 years old for girls and mean 3.1 years old for boys). Table 6 shows 
the distribution of the subjects in the four playgrounds, considering the date and the time of the campaign. The minimum number of 
interviewed per session was 12 (during both the monitoring at playground C in the morning and at playground D in the afternoon) and 
the maximum 20 (at playground A in the afternoon). 

Table 7 presents the mean, median, and standard deviation of the children's energy budget calculated by the COMFA-kid model (as 
presented in the section 2.3.3) considering data retrieved in each session. The highest values of the mean energy budget were 
registered in playground D both in the morning and the afternoon sessions, with a value equal to 347.53 W/m2 and 323.14 W/m2, 
respectively. On the other hand, the lowest mean energy budget values were observed in playground C, with 72.78 W/m2 and 95.85 
W/m2 for the morning and the afternoon session, respectively. Overall, the mean EB value was 243.94 W/m2 and 155.53 W/m2 for the 
morning and the afternoon, respectively; the median and the SD were 357.31 W/m2 and 190.39 W/m2 for the morning, while 46.25 
W/m2 and 150.02 W/m2 for the afternoon, respectively. 

Fig. 11provides an overview of the Energy Budget computed for each kid whose parents were involved in the experimental 
campaigns. Graphs show the contribution of each budget component: those providing a heat gain for the body (i.e., M and Rabs) and 
those representing heat losses (i.e., TRemitted, C, and E). During the central and hottest hours of the day, i.e., late morning and early 
afternoon, playground D was characterized by the highest values in terms of kid's energy budget, exceeding 400 W/m2. Peculiarities of 
playground D, forms, fabrics, and functions of the area (its openness, the absence of permeable surfaces, and the proximity to a 
commercial hub) resulted in a not thermally comfortable microclimate for children, especially around noon: the materials tend to 
significantly warm up throughout the day, as confirmed by the analysis of the thermal images realized during the campaign. Becoming 
a primary source of heat, the playground surfaces vanish the contribution of existing shelters in limiting local overheating phenomena 
or in providing thermally comfortable conditions. The two paddle fields (cement surfaces), located next to the park, further contribute 
to the growth of temperature. Furthermore, graphs of Figure 11 clearly highlight the role of greenery and, more specifically, of shadow 
availability in the area since the absorbed radiation (accounting for both shortwave and longwave components) was the most fluc-
tuating component of the energy budget being the primary cause of uncomfortable thermal conditions, i.e., above 80 W/m2. This 
outcome could limit the accuracy in children thermal risks prediction of devices such as the here presented Baby c-air do not monitor 
the radiative environment, because of major cost of the reliable equipment and the idea of providing the large urban public with this 
prototyped sensor. Therefore, it would be of utmost importance the integration of multiple monitoring systems and different levels of 
information. For example, the risks accuracy of a portable and personalized system could be enhanced by the possibility to 
communicate with fix weather stations and to access GIS data: from fix weather stations data about radiation and wind field could be 
retrieved and integrated, while GIS data would provide relevant information on the area characteristics that could further detail the 
expected local microclimatic conditions supported by real-time monitored data from the portable device. 

The computed energy budgets provide the children predicted thermal sensation vote (PTS) according to the model defined by 
Cheng et al.(Cheng and Brown, 2020). Here, the energy budget resulting from the COMFA-kid model adoption is associated to the 
corresponding PTS whose ranges are summarized in Table 2. These predicted thermal sensations are compared with the actual thermal 
sensation votes (ATS) as expressed by children's parents (adults interpreting children sensations) via survey through the proposed 5- 
points scale: ranging from − 2 (the child is feeling cold) to +2 (the child is feeling hot) where 0 means thermal neutrality. Fig. 12 
presents the frequency distribution of the occurring gaps between the PTSs computed according to monitored environmental pa-
rameters and kid specifics attributes (i.e., gender, BMI, performed activity, and clothes) and ATS votes collected via surveys in all the 
four playgrounds, separately. 

Fig. 10. Thermographic inspection at playground D, shots taken at the beginning and in the end of each monitoring session: (A) 10 am, (B) 12 pm, 
(C) 4 pm, and (D) 7 pm. 

Table 6 
Distribution of the subjects in each playground.  

Playground Time Number of subjects Age (ave ± sd) [years old] 

Male Female 

A 
10 am – 1 pm 6 9 2.7 ± 0.9 
4 pm – 7 pm 8 12 3.2 ± 1.3 

B 
10 am – 1 pm 7 8 2.5 ± 1.2 
4 pm – 7 pm 10 7 2.6 ± 1.1 

C 10 am – 1 pm 6 6 3.8 ± 1.1 
4 pm – 7 pm 6 9 3.2 ± 1.4 

D 10 am – 1 pm 6 10 3.3 ± 1.2 
4 pm – 7 pm 3 9 3.8 ± 1.1  

Total 52 70 3.1 ± 1.2  
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The comfort model, and thus the PTS, seems to predict quite well the expressed thermal sensation for the two case studies of play-
ground B and C where most of the PTS correspond to the ATS resulting in a difference of zero, i.e., 34% and 52% of votes for B and C, 
respectively. On the other hand, PTS are one point greater than ATS for most of the retrieved surveys in playground D, i.e., 43% of votes. 
This observed gap is even larger in playground A where PTS votes are generally two points greater than ATS retrieved by surveys, i.e., 
34% of the cases. These differences could mean that the COMFA-kid model overestimates (PTS-ATS > 0) the actual sensation or that 
parents underestimate their children's sensation maybe relying upon their own sensation. According to literature, the letter hypothesis 
seems the most plausible one. In fact, the same study presenting the COMFA-kid model and its validation (Cheng and Brown, 2020) 
highlighted that children in the age range of 7–12 years old are more sensitive to warm and hot conditions compared to adults, also 
because of a sensibly higher metabolic rate. Similar considerations could be extended to younger children (below 5 years old) that are the 
main target of the present research and that should be even more sensitive than the 7–12 years old kids to thermal stress. 

Table 7 
Children's energy budget from COMFA-kid model: mean, median, and standard deviation (SD) for each session.  

Playground Mean EB (W/m2) Median (W/m2) SD (W/m2) 

Morning Afternoon Morning Afternoon Morning Afternoon 

A 290.96 133.50 368.60 10.00 169.86 189.81 
B 232.85 92.72 346.03 36.85 227.56 114.60 
C 104.40 72.78 75.59 55.66 130.85 95.85 
D 347.53 323.14 378.67 456.11 233.28 200.34 

Total 243.94 155.53 357.31 46.25 190.39 150.02  

Fig. 11. Detailed Energy Budget of all the kids whose parents were interviewed during the experimental campaign at each playground.  
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Moreover, differences observed among playgrounds suggest that the parents' capability of addressing their children's thermal 
sensation could be compromised by the appearance of surroundings. As a matter of fact, this happened in the two playgrounds that are 
not close to residential areas (so you need to reach them on purpose): the urban park (playground A) and the playground at the 
commercial hub (playground D). In the latter case, this could be particularly dangerous for the safety of the child since there the worst 
thermal conditions were experienced, as specified in the analysis of Fig. 12. 

5. Conclusions 

Children's physical and physiological differences compared to adults contribute to their different thermal regulations and thermal 
responses in the various outdoor spaces. Children have higher metabolism and lower sweating rate compared to adults, that causes less 
evaporative heat exchange with the environment. Therefore, children are more sensitive to warm and hot conditions compared to 
adults but are less capable of adapting to the surroundings to achieve their thermal neutrality. Moreover, children are more vulnerable 
to pollutants exposure which is another physical threat to their health coming from the environment. For this reason, it is fundamental 
to carefully address children thermal and air quality risks by combining proper tools for assessing their exposure to environmental 
boundaries which relies upon tailored comfort models (accounting for their vulnerabilities) to process collected environmental in-
formation in real-time and to provide alerts on the environmental risks children are exposed to. In order to do so, the development of 
miniaturized and potentially simple and low-cost monitoring systems offers promising opportunities. 

This work presents a newly developed wearable and portable device for children environmental risk assessment, the Baby c-air, 
which is able to monitor microclimatic and air quality conditions. Along with the prototype design and calibration, the study focuses 
on the application of the COMFA-kid model for children's thermal comfort assessment in four different playgrounds that were iden-
tified for their differences in form, fabrics, and surrounding urban functions. 

Baby c-air calibration procedure involved both an in-lab and an in-field test providing the operational range and accuracy of the 
system. During both the procedures, the two prototypes demonstrated to be reliable in monitoring both thermal and air quality pa-
rameters, presenting the same responsiveness to external stimuli of the reference systems with no significant differences for the two 
prototypes: the design of the bottom component of the Baby c-air seems to not affect its accuracy in data gathering. Nevertheless, Baby 
c-air is sensitive to direct radiation and prolonged exposure to direct sunlight could reduce its temperature measurements accuracy. An 
improvement of the Baby c-air could consist in the integration of a radiation shield for the embedded thermo-hygrometer. 

Regarding the microclimatic conditions of the four playgrounds, results show that the different configuration and location of the 
playground massively affect local environmental conditions, such as air temperature, relative humidity, wind speed, and solar radi-
ation having a potential detrimental role in kids' comfort and vulnerability to local overheating in summer. Playground D, the only one 
that does not provide any shaded spaces and has no greenery, presented the highest temperatures (up to 28 ◦C during the afternoon 
sessions, 1.4 ◦C higher on average that the other studied playgrounds) and the most critical thermal conditions for the children. 
Moreover, this playground is in an open field condition, without any obstacles that can limit the air flow and the incoming solar 
radiation; hence, the exposition to the solar radiation is higher compared to the others, which present a wider amount of vegetation 
and greenery, and thus shaded spaces. Here, the computed energy budget of the kids reaches a maximum of 570 W/m2, far beyond the 
threshold of predicted hot thermal sensation, i.e., 80 W/m2. The observed microclimate peculiarities at local and hyperlocal scale 

Fig. 12. Frequency distribution of the occurring difference between PTS and ATS for each playground.  
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suggests once more the importance of implementing human-centred investigation to properly assess real exposure of individuals to 
environmental boundaries. At the same time, portable devices cannot monitor a complete set of weather parameters. For example, it is 
rare that a miniaturized portable system could properly detect the radiative environment and thus the integration of portable system, 
such as the Baby c-air, with fix and more sophisticated ones should be pursued in the development of such technologies. 

The comparison between actual thermal sensation votes, retrieved via surveys, and predicted thermal sensation votes, computed 
according to ranges provided by the COMFA-model, provided insights on possibly biased judgment of children thermal status from 
their parents (adults). A minimum accordance between ATS and PTS was verified for the playground D, i.e., 18% of provided answers. 
This outcome further underlines the importance of developing tools capable of providing tailored alerts for reducing the environmental 
risks for children by accounting for their physiological peculiarities. 

Finally, this study supports, through a specific and quantitative approach, the evidence that the design, and the specific location/ 
context of a playground (and in general of the children's outdoor spaces) represent strategic elements in urban planning, since these 
influence children's outdoor comfort and well-being. Indeed, the analysis of the selected playgrounds microclimate peculiarities showed 
that vegetation and permeable surfaces guarantee mitigated microclimatic conditions by improving children's outdoor thermal comfort. 
Similarly, the presence of trees further impacts the local microclimate by shading direct solar radiation and limiting the air velocity in the 
area. These outcomes specifically refer to summer boundary conditions (the season presenting extreme weather conditions and a higher 
attendance rate) but highlighted differences in terms of form, fabrics, and surroundings urban functions are expected to generate slightly 
different local microclimatic conditions also in winter. As a future step of the research, the repetition of the same experimental campaign 
in winter will provide the experimental basis for a year-long assessment of urban playgrounds environmental quality. 

It is therefore essential for architects and designers to consider proper shading and any mitigation strategies (e.g., greenery, 
pervious surfaces, cool materials, etc.) in order to improve the microclimatic condition for both adults and children. It is even more 
important to plan the outdoor spaces considering the children's requirements and needs in those neighborhoods largely affected by 
energy poverty since playgrounds at public parks may be children's only regular access to nature. Local outdoor restoring areas may 
address a fundamental social community role of aggregation, while potentially increase sensitivity and exposure risks to the weakest 
groups of population, i.e. children, elderly people, and energy poor ones. 

CRediT authorship contribution statement 

Elena Tarpani: Methodology, Software, Validation, Formal analysis, Investigation, Data curation, Writing – original draft, Visu-
alization. Ilaria Pigliautile: Conceptualization, Methodology, Validation, Investigation, Data curation, Writing – original draft, 
Visualization. Anna Laura Pisello: Conceptualization, Methodology, Validation, Investigation, Resources, Writing – review & editing, 
Supervision, Project administration, Funding acquisition. 

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. 

Data availability 

Data will be made available on request. 

Acknowledgments 

Authors from University of Perugia wish to thank the European Union's Horizon 2020 program under grant agreement no. 890345 
(NRG2peers) for supporting their research. Elena Tarpani acknowledgments are due to the PhD School in Energy and Sustainable 
Development from University of Perugia (Italy). Ilaria Pigliautile and Elena Tarpani would like to thank the Italian funding program 
Fondo Sociale Europeo REACT EU – Programma Operativo Nazionale Ricerca e Innovazione 2014-2020 (D.M. n.1062 del 10 agosto 2021) 
for supporting their research through projects “Red-To-Green” and “Comunità Energetiche Resilienti per la valorizzazione del benessere 
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