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Abstract: Outdoor thermal comfort is an essential factor of people’s everyday life and deeply affects
the habitability of outdoor spaces. However the indices used for its evaluation were usually developed
for indoor environments assuming still air conditions and absence of solar radiation and were
only later adapted to outdoor spaces. For this reason, in a previous study the Mediterranean
Outdoor Comfort Index (MOCI) was developed, which is an empirical index able to estimate the
thermal perception of people living in the Mediterranean area. In this study it was compared
numerically (by using the data obtained through a field survey) with other selected thermal indices.
This comparison, performed in terms of Spearman’s rho correlation coefficient, association Gamma,
percentage of correct predictions and cross-tabulation analysis, led to identify the MOCI as the most
suitable index to examine outdoor thermal comfort in the interested area. As a matter of fact it
showed a total percentage of correct predictions of 35.5%. Good performances were reported even in
thermophysiological indices as the Physiological Equivalent Temperature (PET) and Predicted Mean
Vote (PMV). Moreover it was revealed that adaptation and acclimatization phenomena tend to have a
certain influence as well.

Keywords: outdoor thermal comfort; thermal adaptation; MOCI; PMV; PET; statistical analysis;
field survey; comfort range

1. Introduction

Currently more than half of the world population lives in cities [1] and this has brought researchers,
engineers, architects, urban planners to focus their attention on the urban microclimate and outdoor
thermal comfort. Over the last decade the number of studies on these topics in order to understand
how people perceive and interact with the surrounding thermal environment has been progressively
increasing. A city planned properly with an accurate selection of the materials used for outdoor
spaces [2–4] can improve thermal living conditions, with a decrease in the potential thermal stress and
a reduction of the Urban Heat Island (UHI) effect. The result is an increase of outdoor activities and
the exertion of means of transport as walking or cycling. Even if some studies focused their attention
on natural ventilation in indoor environments [5–7], it should be also underlined how an accurate
planning of outdoor spaces is one of the most effective measures to reduce the energy consumption
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caused by the air-conditioning in buildings [8,9] (in particular in the Mediterranean cities during
summertime). Outdoor spaces which are thermally comfortable become gathering areas which in turn
leads to a higher amount of time spent outside, hence a lower level of exertion of air-conditioners and
other electronic devices. Moreover the energy demand decreases also thanks to an accurate selection of
the materials [10,11]: as a matter of fact planning outdoor spaces by using “cool” materials on surfaces
with a high sky view factor determines a decrease in the mean radiant temperature, air temperature
and heat flux transferred to indoor spaces.

Although it was previously outlined that carrying out an accurate evaluation of outdoor thermal
comfort has positive implications, it must be specified that this is a relatively new field in the world of
research. Hence people’s thermal perception has been often examined through indices and models
which were meant for indoor spaces, whose parameters do not include shortwave radiation and assume
still air and steady-state conditions. This is why sometimes they were adapted to outdoor spaces
which present a more complex environment. For example, this was possible for the Predicted Mean
Vote (PMV) [12] after the parametrization of the radiative fluxes performed by Jendritzky et al. [13].
Even indices created for outdoor spaces were realized by keeping in mind the assumptions made for
indoor spaces: the Physiological Equivalent Temperature (PET), suggested by the German standards
in urban and regional planning [14], assumes a thermal clothing insulation of 0.9 clo and a metabolic
rate of 80 W which must be added to the basal metabolic rate.

However thermal comfort is not affected only by operative and environmental variables. To make
the prediction of thermal perception harder, other factors such as physiological adaptation to the local
climate conditions (acclimatization), behavioral and social adaptation (rules, norms and values) [15],
expectations and preferences occur. This leads to different thermal perceptions and requirements
among people adapted to different climates. From this point of view, Nikolopoulou and Lykoudis [16]
examined outdoor thermal comfort in seven different European cities (Athens, Cambridge, Fribourg,
Kassel, Milan, Sheffield and Thessaloniki) noticing that the neutral air temperature trend follows the
profile of the respective climate temperatures on a seasonal basis. In other cases, some differences were
reported by comparing, in different cities, neutral PET values [17–19] and the corresponding comfort
ranges [19]. While taking into consideration these discrepancies, other studies tried to calibrate the
limits of various scale indices [20,21] and make an evaluation of different calibration methods [22].

Differently further studies analyzed the indices performances. Tseliou et al. [23] examined three
indices (PET included) and tried to improve their predictive abilities by taking into consideration the
average climate temperature. Through another study, Pantavou et al. [24] analyzed a high number of
indices by evaluating the possibility to quantify thermal perception in Athens (Greece). The result was
that most of the indices simulated with success about 35% of the thermal sensation votes. Different
conclusions were then reported by Ruiz and Correa [25]: they examined six thermal comfort indices
(including PMV and PET) and found predictive abilities which were lower than 25%.

A different approach was adopted by Köppe and Jendritzky [26] and Blazejczyk et al. [27].
The former, in order to consider the acclimatization caused by short time intervals of exposure, added to
each limit value of the thermal comfort scale one third of the difference between the index daily value
and the corresponding limit. On the other hand the latter analyzed a global dataset, synoptic datasets
from Europe and local scale data from special measurement campaigns of COST Action 730 to evaluate
the ability of some indices to represent certain climates, micrometeorological conditions and place.

To reach this goal and consider the influence on thermal perception of expectation, preference
and acclimatization, over the last few years there has been a tendency among researchers to create
empirical indices. An example can be found in the correlation, through multiple regressions, between
subjective thermal perception and the micrometeorological variables measured.

These analysis are usually preceded by field surveys where interviewees are asked to judge their
thermal perception through an appropriate scale. The vote given by the interviewees will be used as a
dependent variable, whereas environmental and/or operative variables as independent variables.

This kind of studies, hence empirical indices as well, were developed in the whole world covering
different climates and cultures [28–34].
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The index the authors wanted to evaluate in this study, the Mediterranean Outdoor Comfort
Index (MOCI) [19], is an empirical index as well. It was determined through the results provided by
an annual field survey carried out in Rome (Italy). It is based on the ASHRAE 7-point scale [35] and
is able to predict the mean value of the votes Mediterranean people might give to judge the thermal
quality of an outdoor environment. Its independent variables are: air temperature, mean radiant
temperature, relative humidity, wind speed and thermal clothing insulation and it derives from a
Best Subsets analysis. This index, specifically created for outdoor spaces, was developed in order to
introduce an instrument able to both predict the thermal perception in the Mediterranean area and
indirectly take into consideration phenomena as acclimatization, expectations and preferences.

In this study the MOCI was numerically compared with other commonly used thermal comfort
indices: Actual Sensation Vote Europe (ASVEUROPE) [36], Effective Temperature (ET) [37], Physiological
Equivalent Temperature (PET) [38] and Predicted Mean Vote [12]. In order to perform this comparison,
a transversal field survey has been conducted in Rome for 5 months (from June 2015 to November 2015)
and 592 structured questionnaires (complying with the ISO 10551 [39]) were filled and combined with
micrometeorological measurements. The interviewees answered to personal questions (gender, age,
weight, height, clothing, activity, time of residency, time of exposure . . . ) and were asked to judge their
thermal perception through the ASHRAE 7-point scale (cold (´3), cool (´2), slightly cool (´1), neutral
(0), slightly warm (+1), warm (+2) and hot (+3)). While taking into consideration the environmental
variables measured and the operative variables related to the questionnaires, a certain value of each
evaluated index was associated to each questionnaire and to the vote given by the interviewee.
This allowed to perform a numerical comparison between the indices studied through four different
criteria (three of them were statistical whereas the fourth qualitative): Spearman’s rho measure of
correlation, symmetrical measure of association Gamma, total percentage of correct predictions and
distribution of the correct predictions for each class (estimated through a cross-tabulation analysis).
Further aspects concerned people’s adaptation to outdoor conditions and the indices values varying
with the changing of the season.

2. Study Area

The urban area where the field survey was carried out is Rome, Italy (41˝551N, 12˝291E) with
2,844,821 inhabitants distributed on an area of 1285.30 km2 and a height ranging from 13 to 120 m
above the sea level [40]. Rome is characterized by the typical Mediterranean climate (Table 1), with
mild winters and hot summers. This can be considered a comfortable climate from April to June
and from the middle of September to October. In August the daily maximum temperature often
exceeds 32 ˝C, whereas the average maximum temperature in December is about 13 ˝C. Sometimes
temperatures are below 0 ˝C [40]. For what concerns the wind speed, it presents an average value of
4.4 m/s at a height of 10 m above the ground level, whereas the average relative humidity reaches a
maximum value of 81% during the cold months and a minimum value, 74%, in August.

Table 1. Average values of the air temperature and relative humidity in Rome [40].

Variables
Months

1 2 3 4 5 6 7 8 9 10 11 12

TA (˝C) 7.2 8.4 10.5 13.0 17.2 21.1 23.9 24.1 21.0 16.5 11.5 8.1
TA MIN (˝C) 2.2 3.1 4.7 7.1 10.7 14.4 16.8 17.0 14.5 10.4 6.2 3.3
TA MAX (˝C) 12.3 13.7 16.2 19.0 23.7 27.7 31.1 31.2 27.5 22.5 16.8 13.0

RH (%) 76 81 81 77 76 76 78 74 76 78 78 81

Given that the average temperature of the hottest month exceeds 22 ˝C, this climate belongs to
the Csa category of Köppen-Geiger’s climate classification [41]. Figure 1 shows how the field survey
was performed at two sites of the Sapienza University of Rome: S. Peter in Chains’ cloister (Faculty of
Engineering) and campus outdoor areas.
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Figure 1. Map of the study area: position of Rome on the Italian territory with position and general
views of the sites examined.

Even though both sites belong to the Local Climate Zone LCZ 23 [42], such a decision allows to
examine different areas in terms of local climate, topography and urban morphology. From this point
of view, outside the campus there are: a parking space made of asphalt, a wide green area with trees,
urban canyons and a yard with a fountain. Finally the cloister is characterized by a transitional space
(indoor/outdoor), that is the portico.

3. Materials and Method

3.1. Field Survey

The field questionnaire survey was carried out together with micrometeorological measurements
of air temperature, wind speed, relative humidity, globe temperature and global radiation and covered
a transitional period, that is autumn, and summer. Rome, as previously stated, is a Mediterranean city
whose pedestrians are subject to higher thermal stress during the hot season. Therefore the research
was performed in 6 months: from June 2015 to November 2015. For what concerns the period of the
day examined, the same method of Nikolopoulou et al. [16] was adopted. Hence the day was divided
into morning (08:00 a.m.–11:59 a.m.), midday (12:00 p.m.–02:59 p.m.), afternoon (3:00 p.m.–5:59 p.m.)
and evening (06:00 p.m.–08:59 p.m.). Sometimes the investigation concerned just one of these time
intervals, whereas in other occasions an entire day was examined. The goal was to investigate and
cover a wide variety of climatic conditions representative of the Mediterranean area.

For the micrometeorological measurements a pyranometer to determine the global radiation and
a mobile microclimate control unit were used. The mobile microclimate control unit was connected to
different probes: a PT 100 platinum resistance thermometer for the air temperature, a psychrometric
probe with forced ventilation and distilled water tank for the relative humidity, a hot wire anemometer
for the wind speed and a black spherical globe thermometer to measure the globe temperature
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(150 mm diameter). For what concerns this instrument, it should be said that the spherical shape of
the globe thermometer used gives the possibility to have a good approximation of the shape of the
human body for those sitting [43]. On the other hand, this type of globe thermometer could provide a
less accurate estimation for a person standing with respect to an ellipsoid-shaped sensor [44]. Still,
Thorsson et al. [45] reported a good reliability of the spherical shape globe thermometer in mid- to
high-latitude climates. However, a black-colored globe sometimes tends to overestimate the influence
of the short-wave radiation [44].

Adopting the same procedures as Spagnolo and de Dear [46], the measurements were carried out
at a distance which did not exceed 3 m with respect to the interviewee and, in accordance with the
ISO 7726 [43], the probes were located at a height representative of the centre of gravity of the human
body: 0.6 m for those sitting and 1.1 m for those standing. Then in order to have realistic values of
relative humidity, air temperature, global radiation and mean radiant temperature, 3 measurements
were performed during each questionnaire, followed by the assessment of their average value. It must
be specified that to determine the mean radiant temperature from the globe temperature measured
values the Equation (1) [43] was used:

TMR “

„

pTGLOBE ` 273.15q4 `
1.1 ¨ 108 ¨WS0.6

ε ¨D0.4 ¨ pTGLOBE ´ TAq

0.25

´ 273.15 (1)

This is the most common method to determine the mean radiant temperature.
As Johansson et al. [47] stated, this methods was used in about half of the studies about
outdoor thermal comfort. Moreover, Thorsson et al. [45] revealed slight differences among the results
provided by both the globethermometer method and the more complex method based on integral
radiation measurements and angular factor.

The approach was different for the wind speed: in this case its variability was also taken into
consideration. This is why to the maximum value measured (WSMAX) the standard deviation (sWS)
of the three measurements performed during each questionnaire was added in accordance with the
Equation (2) [48,49]:

WS “ WSMAX ` sWS (2)

For what concerns the interviews, the structured questionnaire was organized in accordance with
the ISO 10551 [39] and it was submitted to people selected randomly in the sites. It could be filled
out in about 90 s and it was characterized by clear questions. One of them was to judge the thermal
perception by using the ASHRAE 7-point scale (cold (´3), cool (´2), slightly cool (´1), neutral (0),
slightly warm (+1), warm (+2) and hot (+3)) while further questions concerned personal aspects such
as gender, age, weight, height, time of exposure, time of residency, clothing and activity. For what
concerns the time of residency, it was used as a criteria of exclusion when its value was lower than
6 months. Then it should be treated with more detail the approach used to evaluate metabolic rate and
thermal clothing insulation.

The ASHRAE Standard 55-2004 [35] suggests to consider the metabolic rate M as an average value
and take into consideration the activity performed by the participant before the interview. Therefore it
has been calculated from the metabolic rate (MACT) of each interviewee at the moment in which the
questionnaire is being filled and her/his metabolic rate 0.5 h before according to the Equation (3) [50]:

M “ 0.7 ¨MACT ` 0.3 ¨M0.5H (3)

This value was added to the basal metabolic rate MB, which was equally assessed for women and
men, through the Equation (4) [51]:

MB “ 0.0484 ¨ p19.7 ¨ FFM` 743q (4)



Energies 2016, 9, 550 6 of 16

where FFM is the fat-free body mass (expressed in Kg). It was measured by subtracting the body fat
(BF), assessed differently for women (Equation (5)) and men (Equation (6)) [52], from the body weight:

BF “ 0.737 ¨W ´ 5.15 ¨ H3 ` 0.37 (5)

BF “ 0.685 ¨W ´ 5.86 ¨ H3 ` 0.42 (6)

Moreover to determine some indices the software RayMan [53] was used which requires to adjust
the metabolic rate for each person since the software demands it in Watt units. This is why the skin
surface was assessed through the Equation (7) [35]:

Dubois area “ 0.202 ¨
´

W0.425 ¨ H0.725
¯

(7)

where W is the weight in kg and H is the height in m.
On the other hand for what concerns the thermal clothing insulation, each person had a clothing

ensembles list provided in the questionnaire (adopting the method 1 of the ASHRAE Standard
55-2004 [35]). Once she/he had chosen the clothing ensemble, the corresponding thermal insulation
value was calculated in clo. It must be specified that such value, called ICL INACTIVE, was assumed
to be valid for metabolic rates which were lower than 1.2 met. If it exceeded this value, the thermal
insulation ICL ACTIVE was calculated through the Equation (8):

ICL ACTIVE “ ICL INACTIVE ¨ p0.6` 0.4{Mq (8)

3.2. Thermal Comfort Indices

The Mediterranean Outdoor Comfort Index (MOCI) [19] was meant for the evaluation of people’s
thermal perception in the Mediterranean area. While developing this index, the vote given by the
interviewees about the thermal environment was considered as a dependent variable, whereas
the independent variables were the environmental variables (mean radiant temperature TMR, air
temperature TA, relative humidity RH, global radiation IG, wind speed WS), the operative variables
(metabolic rate M, thermal clothing insulation ICL) and some personal factors (age, time of exposure).
Age and global radiation were afterwards excluded through the analysis of VIF (Variance Inflationary
Factor) and multicollinearity. Then a Best Subsets Analysis was performed which, through the
assessment of the adjusted R2 and the CP statistic, determined the Equation (9):

MOCI “ ´4.068´ 0.272 ¨WS` 0.005 ¨ RH ` 0.083 ¨ TMR ` 0.058 ¨ TA ` 0.264 ¨ ICL (9)

This index is based on the ASHRAE 7-point scale but, depending on the local climatic conditions,
could present values exceeding the range (´3)–(+3).

The Physiological Equivalent Temperature (PET) [38] can be defined as “the equivalent
temperature of an isothermal reference environment with a water vapor pressure of 12 hPa
(50% at 20 ˝C) and light air (0.1 m¨ s´1), at which the heat balance of a reference person is maintained
with core and skin temperature equal to those under the conditions being assessed”. It assumes a
mean radiant temperature equal to the air temperature and refers to the Munich Energy Balance Model
for Individual (MEMI) [38], a complete heat budget model of the human body based on the following
Equation (10):

M`W ` R` C` ED ` ERe ` ESw ` S “ 0 (10)

where M is the metabolic rate, W is the physical work output, R is the net radiation of the body, C is
the convective heat flow, ED is the imperceptible perspiration, ERe is the sum of heat flows to heat and
humidify the inhaled air, ESw is the heat flow related to the evaporation of sweat and S is the storage
heat flow for heating or cooling the body mass. M, being an energy gain, is always positive whereas
W, ED and ESw are representative of energy loss and are always negative.
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The PET was evaluated by considering a thermal clothing insulation of 0.9 clo and a metabolic
rate of 80 W (which must be added to the basal metabolic rate). It was examined in this study because
its use is suggested by the VDI-guideline 3787 [14] and it is the most used index for the evaluation of
outdoor thermal comfort [47].

In this paper the MOCI was also compared to the Predicted Mean Vote (PMV) [12], the second
most used index for the evaluation of outdoor thermal perception [47]. At first it was developed for
indoor environments examining the physiological response of the thermoregulatory system with the
thermal sensation votes provided by 1565 people and then adapted to outdoor environments through
the parametrization of the radiative fluxes of Jendritzky et al. [13]. This rational index predicts the
mean value of the votes that a large group of people might give to judge a thermal environment and it
was calculated through the Equation (11):

PMV “
´

0.303 ¨ e´0.036M ` 0.028
¯

¨ S (11)

where M is the metabolic rate and S the storage deriving from the energy budget of the human body.
The PMV, whose scale ranges between ´3 (cold) and +3 (hot) where 0 is the thermal neutral value,
could be determined once the metabolic rate and the thermal clothing insulation were estimated, and
air temperature, mean radiant temperature, wind speed and relative humidity were measured.

A further index examined in this research was the Effective Temperature (ET) [37]. It was firstly
introduced by Houghten and Yaglou [54] in 1923, whereas its mathematical formulation was defined
in 1933 by Missenard [37] (Equation (12)):

ET “ 37´
37´ TA

0.68´ 0.0014 ¨ RH ` 1
1.76`1.4¨WS0.75

´ 0.29 ¨ TA ¨ p1´ 0.01 ¨ RHq (12)

This index allows to determine the temperature perceived by the human body based on certain
values of air temperature, relative humidity and wind speed with normal atmospheric pressure and a
body temperature of 37 ˝C. The Effective Temperature was introduced in this study since it is widely
used in several countries (East Germany, Poland, Russia, etc.) [27]: as example, it is used in Germany
to program the medical check-ups for employers exposed to intense thermal stresses, whereas in
Hong Kong the weather service uses it as a warning system.

The last index here examined is the Actual Sensation Vote Europe (ASVEUROPE)
(Equation (13)) [36]:

ASVEUROPE “ 0.049 ¨ TA ` 0.001 ¨ IG ´ 0.051 ¨WS` 0.014 ¨ RH ´ 2.079 (13)

It was developed by combining the models created for 7 different European cities (Athens,
Cambridge, Fribourg, Kassel, Milan, Sheffield and Thessaloniki) during the project RUROS
(Rediscovering the Urban Realm and Open Spaces) [36]. In each city the results provided by different
field surveys were reported together with micrometeorological measurements obtaining simple
linear models where air temperature, global radiation, wind speed and relative humidity were the
independent variables (with Pearson coefficients ranging between 0.27 and 0.68).

This index was part of this study because the ASVEUROPE can be considered one of the first
empirical indices obtained through field surveys carried out in different cities.

3.3. Data Analysis

The aim of this research was to evaluate the Mediterranean Outdoor Comfort Index (MOCI)
comparing its performances with those of other commonly used biometeorological indices.
This comparison, according to what done in other studies [22,24], was performed through three
statistical criteria [20] and a qualitative one. The first one was the Spearman’s rho measure of correlation.
It can be considered a non-parametric measure of the dependence between what predicted by the
indices and the votes of the interviewees asked to judge their thermal perception. This coefficient
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made an evaluation of how the relation between the two variables could be expressed through a
monotone function with the advantage that it is not very sensitive to the extreme values (outliers).
The second criterion was the symmetrical measure of association Gamma. It makes an evaluation of
how the classes predicted by the indices (Table 2) change according to the votes of the interviewees.
Therefore it measures the association when both variables are measured at an ordinal level. The third
criterion examined the total percentage of correct predictions, whereas the fourth criterion studied
them in reference to the classes through a cross-tabulation analysis. The first two criteria explored how
sensitive the indices were, whereas the last two focused on their performances.

Table 2. Thermal perception votes and corresponding categories of the indices.

Thermal Perception
Votes (´) ASVEUROPE (´) A ET (˝C) MOCI (´) PET (˝C) PMV (´) Classes of the

Indices B

´3 <´1.08 <1 <´2.5 <4 <´2.5 ´3
´2 ´1.08–´0.82 1–9 ´2.5–´1.5 4–8 ´2.5–´1.5 ´2
´1 ´0.82–´0.45 9–17 ´1.5–´0.5 8–18 ´1.5–´0.5 ´1
0 ´0.45–´0.08 17–21 ´0.5–+0.5 18–23 ´0.5–+0.5 0

+1 ´0.08–+0.23 21–23 +0.5–+1.5 23–35 +0.5–+1.5 +1
+2 +0.23–+0.61 23–27 +1.5–+2.5 35–41 +1.5–+2.5 +2
+3 >+0.61 >27 >+2.5 >41 >+2.5 +3

Notes: A Assessment scale calibrated through probit analysis [22]; B With reference to Figure 2.

While taking into consideration what Pantavou et al. [22,24] did, it must be specified that
evaluation scales focusing on thermal stress were modified according to the study of Epstein and
Moran [55]; as a matter of fact they analyzed thermal sensations together with their physiological
effects. On the other hand scales based on thermal comfort were not subject to variation because,
as showed by Nicol [56], a potential interviewee tend to use a thermal sensation scale or a thermal
comfort scale in the same way.

Finally in order to understand whether the newly developed Mediterranean Outdoor Comfort
Index (MOCI) led to an improvement in the prediction of outdoor thermal comfort, the values assumed
for each index by the correlation coefficients and the total percentage of the correct predictions were
normalized by taking the maximum value as the reference value. The three normalized values were
summed to obtain an objective parameter of comparison.

4. Results and Discussion

Table 3 reports the correlation coefficients with respect to those values predicted by the indices
and the votes given by the interviewees; the total percentage of correct predictions was also reported.

Table 3. Total percentage of correct predictions and correlation coefficients with respect to the values
predicted by the indices and the votes given by the interviewees.

Index
Coefficients Percentage of Correct

Predictions (%)Spearman (´) Gamma (´)

ASVEUROPE 0.405 0.470 21.1
ET 0.444 0.487 29.6

MOCI 0.497 0.549 35.5
PET 0.494 0.493 29.6
PMV 0.505 0.536 32.3

In this study the PMV presented the higher Spearman coefficient (0.505), whereas the average
value of the same coefficient was 0.469, about 0.13 units lower than what Pantavou et al. [24] determined.
For what concerns the symmetrical measure of association Gamma, the highest value was determined
for the MOCI (0.549); even in this case, there was a decrease in the average value with respect to
the study carried out by Pantavou et al. [24]. From this point of view it must be specified that in
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the other case the field survey investigated, besides summer and autumnal seasons, winter season
as well, with air temperature values ranging between 7.1 ˝C and 39.3 ˝C. On the other hand in this
paper, the analysis did not focus on the cold season and this might be the reason why there were
an inferior correlation and a lower average value in both coefficients. However Rome is in the Csa
category of Köppen-Geiger’s climates classification [41] and most intense thermal stresses occur in
summertime. In wintertime low temperatures are rarely registered and people can control their
exposure to microclimatic conditions by increasing the level of the thermal clothing insulation. Hence
a proper approach, while planning outdoor spaces which are thermally comfortable, must take into
consideration these factors adopting an index able to ensure the highest number of correct predictions,
especially in hot conditions. From this point of view, the MOCI seems to be the best index in terms
of performances, being able to determine accurately 35.5% of the votes given by the interviewees.
In particular, it works very well in the thermal perception range (´1)–(+1) (Figure 2) (these are the
categories which Table 2 of the ISO 7730 [57] assumes to be representative of thermal comfort).
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In fact through a sort of cross-tabulation analysis, Figure 2 allows the evaluation of how the
thermal perception votes given by the interviewees are distributed according to each class of the
corresponding index. While examining this aspect, it must be considered that the sum of the percentage
values of each class must be equal to 100%. The ideal situation would be the one where the votes are
on the so called “identity line”: that is the value 100% would be registered in the intersection of the
category (´2) of the index and the thermal perception vote (´2), of the category (´1) and the vote (´1)
and so forth. As a matter of fact in this case all predictions would be correct.
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Obviously real conditions are different. As previously stated, for what concerns the MOCI good
values of correct predictions were registered in the range (´1)–(+1). It should be also considered that
the values concerning the intersections (´2)/(´2) and (+2)/(+2) must not mislead, since the results
were affected by the reduced number of occurrences in the corresponding classes of the index.

As it could be assumed while analyzing the values of the correlation coefficient, the second index
best simulating outdoor thermal comfort in the Mediterranean area was the PMV. It was characterized
by a total predictive ability of 32.3% but, as reported in Figure 2, there was a good reliability around
the votes (+2) and (+3). However, the investigations concerning these values, as for category (´2),
were affected by the reduced number of people that chose them to give a vote to the thermal quality
of the environment. For what concerns the assessment of this index, which was calculated through
RayMan [53], some information was required such as weight and height of the interviewees (asked in
the questionnaires). From this point of view it should be said that a study presenting a large scale
validation [58] showed how most young women underestimate their weight of about 1.5 kg whereas
old people overestimate their height of 2–4 cm. Hence, even this factor can affect the predictive ability
of the PMV, though in a less extent.

A lower percentage of correct predictions was reported for the other indices examined: 29.6% for
PET and ET, 21.1% for the ASVEUROPE. These values find a proof even in the corresponding graphs
reported in Figure 2. However, while taking into consideration the PET, the question would be why
there is a predictive ability of 29.6% although it presents high values about the intersections (+2)/(+2)
and (+3)/(+3). The answer in this case can be found in the fact that the occurrences in classes (+2)
and (+3) of the PET were 13 and 5 respectively. For what concerns instead ET and ASVEUROPE the
situation is simpler: while examining Figure 2 it is possible to notice how the highest percentages were
positioned on the left side of the “identity line”. A possible explanation can be found in the fact that
these last three indices, contrary to the MOCI and PMV, did not consider different thermal clothing
insulation levels. If the PET assumed a constant value of 0.9 clo, this variable was not present in the
relations of the ET and ASVEUROPE (based solely on environmental variables).

It is possible to notice in Figure 3 how people living in the Mediterranean area tend to adapt
their clothing to outdoor climatic conditions. Air temperature seems to be the most affecting variable
with respect to the clothing insulation, whereas wind speed becomes the dominant variable when
it assumes high values and at low temperatures (when it bestrides the convective heat exchange).
In these conditions the effect of wind is not a positive factor and this is the reason why the wind-chill
index was originally developed for arctic conditions [59] and is usually used in cold climates.
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With respect to the analysis of the predictive ability of the indices, another aspect that should
be examined regards the ASVEUROPE. In this paper it was studied while taking into consideration
an evaluation scale (Table 2) which was calibrated, through a probit analysis, after a study carried
out in three different urban sites in Athens (Greece) [22]. Therefore for this index seven different
intervals were defined and this explains the decrease in the percentage values of the central categories
(Figure 2). The situation would have been different if the scale considered was the one not calibrated
(reported in Table 4 by Pantavou et al. [22]): in this case the percentage of correct predictions would
have been of 70.9%. However it is necessary to specify that this value was affected by the assumptions
made. In the project RUROS (Rediscovering the Urban Realm and Open Spaces) [36] a 5 point-scale
ranging from “very cold” (´2) to “very hot” (+2) was used. On the other hand in the present study the
ASHRAE 7-point scale was used for the field survey and this led the votes (´1), (0) and (+1) (given by
the interviewees) to be part of the category (´0.5)–(+0.5) of the non-calibrated scale of the ASVEUROPE

(with predictive ability values of this index in the central range of the scale exceeding 90%). For these
reasons, performing a comparison was not possible but, as specified in other cases as well [47], this
highlighted the importance of standardization (with respect to both evaluation scales, questionnaires
structure together with measurement sites, type and location of the instruments, measurement of the
mean radiant temperature . . . ) in analysis’ procedures of outdoor thermal comfort and field surveys
organization. Table 4 reports the correlation coefficient values and the total percentage of correct
predictions normalized with respect to the maximum value presented by each criterion.

Table 4. Total percentage of correct predictions and correlation coefficient between the values predicted
by the indices and votes given by the interviewees normalized with respect to the maximum value of
each criterion.

Normalized Values

Index
Coefficients Percentage of Correct

Predictions (%) Total
Spearman (´) Gamma (´)

ASVEUROPE 0.80 0.86 0.59 2.25
ET 0.88 0.89 0.83 2.60

MOCI 0.98 1.00 1.00 2.98
PET 0.97 0.90 0.83 2.70
PMV 1.00 0.98 0.91 2.89

For example the highest Spearman coefficient was measured for the PMV and this is the reason
why, in the corresponding category, the value was 1.00. Through the process of normalization of
the evaluation criteria, the aim was to obtain a parameter as objective as possible to compare the
performances of the indices. The highest total value corresponds to the index which, according to the
three statistical criteria, best predicted the thermal perception in the Mediterranean area.

Hence Table 4 shows that the MOCI was the most suitable index to evaluate outdoor thermal
comfort and the influence of urban materials [60–62] on microclimate in the studied area, followed by
thermo-physiological indices as the PMV and PET. Lower total values were measured for the ET and
ASVEUROPE. This can be explained by the simplicity of the equations characterizing the models, where
only micrometeorological variables occur. It must be stressed, once again, that for what concerns the
ASVEUROPE and its performances, the results were affected by the scale used.

Taking into consideration the study carried out by Tseliou et al. [23], it can be also interesting
to focus on the relation between the thermal perception votes given by the interviewees and the
corresponding values revealed by the various indices according to the season and air temperature.
Hence for each of the five indices examined, the data revealed through the field survey were divided
into two groups: summer season (in red, Figure 4) and autumnal season (green, Figure 4). Thus
10 subgroups were formed and it was possible to perform a second division of the data: they were
categorized according to the corresponding thermal perception vote ((´3) and (+3) excluded due to
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the low number of occurrences). For each subgroup, the data were then graphed according to the
index examined and the air temperature.Energies 2016, 9, 550 12 of 16 
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An index used to evaluate outdoor thermal comfort should be able to describe the thermal
perception of a human being in any climatic condition. Hence the indices should present a certain
stability. With reference to Table 2, this means that if there is a thermal perception vote of ´2, the
corresponding PET values should be ranging between 4 and 8 ˝C, the MOCI values between ´2.5 and
´1.5 and so forth for all other indices and the votes given by the interviewees.

However this study showed that the indices were affected by the air temperature. This can be
considered a consequence of those aspects connected to the adaptation and acclimatization processes
which provoke some differences between the values predicted by the indices and the votes given
by the interviewees. In particular, the slope of the regression lines allows to notice that the PET and
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ET were deeply affected by the air temperature. With the exception of the PMV a tendency of the
estimated values of the indices to shift towards neutral thermal sensations was also revealed, especially
with thermal perception votes between 0 and ´2. In these categories the indices showed a good level
of stability for what concerns their predictions. Moreover it is interesting to notice how, with the
MOCI and PET in particular, for positive thermal perception votes Mediterranean people tend to
tolerate more hot conditions. In fact the data concerning summertime are systematically associated to
indices’ values higher that those concerning autumn (the category of the vote given by the interviewees
remaining the same).

Finally the situation seems different with the PMV, which was characterized by a low level of
predictive stability in correspondence of each category of thermal perception.

5. Conclusions

In this study the Mediterranean Outdoor Comfort Index (MOCI) was numerically compared to
other 4 biometeorological indices: Actual Sensation Vote Europe (ASVEUROPE), Effective Temperature
(ET), Physiological Equivalent Temperature (PET) and Predicted Mean Vote (PMV).

In order to carry out this study a preliminary field survey was necessary. The sites of interest
presented different characteristics in terms of microclimate, urban morphology and topography.
The time interval was from June 2015 to November 2015, covering summer (which at the Mediterranean
latitudes determines higher thermal stresses) and the transitional season of autumn. This was
a transversal study and 592 structured questionnaires were filled while micrometeorological
measurements of the air temperature, globe temperature, wind velocity, relative humidity and global
radiation were performed. The questionnaire was structured in accordance with the ISO 10551 and was
formed by two sections. In the first one the participants answered about personal questions, whereas
in the second section they were asked to make an evaluation of their thermal perception through the
ASHRAE 7-point scale (cold (´3), cool (´2), slightly cool (´1), neutral (0), slightly warm (+1), warm
(+2) and hot (+3)). This is the same scale used for the PMV and MOCI.

The vote given by the interviewees was related to the corresponding values of the thermal comfort
indices that were calculated, according to the different models, through the personal data provided by
the questionnaires and the measured values of the micrometeorological variables.

This comparison was performed through four criteria (three statistical and one qualitative):
the Spearman’s rho measure of correlation, the symmetrical measure of association Gamma, the total
percentage of correct predictions, and, through a cross-tabulation analysis, the distribution of the
correct predictions for each class of thermal perception. With respect to the first three criteria, the values
reported by the indices were then normalized with reference to the highest value measured for that
specific criterion.

This study revealed that the PMV and MOCI presented a good level of sensitivity, as showed
through the correlation coefficients. These indices also confirmed their performances in terms of total
percentage of correct predictions: the MOCI reports a value of 35.5% whereas the PMV of 32.3%.

Lower values were calculated for the other three indices. This might be a consequence of some
factors determined by people’s adaptation processes. In the models characterizing the MOCI and PMV
there was a further factor which had an influence, that is the thermal clothing insulation (a variable
not considered by the other indices). In particular the ET and ASVEUROPE could be determined only
thanks to the values of the micrometeorological variables. Therefore they seemed to be affected in a
negative way by their apparent simplicity in terms of predictive ability, both for what concerned the
total value and the one determined by the cross-tabulation analysis for their classes.

The sum of the normalized values led the MOCI to present a total value of 2.98, followed by
thermophysiological indices as the PMV and PET with 2.89 and 2.70 respectively.

Finally the relation between the votes of the interviewees and the values of the indices was
examined, evaluating the influence of season and air temperature. In fact this micrometeorological
variable was the factor affecting the most the PET and ET. Then, with the only exception of the PMV
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(characterized by a low predictive stability), a tendency of the estimated values to shift to neutral
thermal perceptions was registered. Even in this case the reason can be found in adaptation and
acclimatization phenomena.

Acknowledgments: This research received no specific grant from any funding agency in the public, commercial,
or not-for-profit sectors. A special thanks to Flavia Franco for the help she provided in the preparation of this
paper. The authors also want to thank the reviewers for their suggestions.

Author Contributions: The study was designed by Iacopo Golasi, Ferdinando Salata and Andrea de Lieto Vollaro.
Iacopo Golasi, Ferdinando Salata and Emanuele de Lieto Vollaro carried out the field survey. Ferdinando Salata and
Emanuele de Lieto Vollaro retrieved the data from yearbooks and professional websites and reviewed the literature
related to the research. The results were then analysed by Iacopo Golasi, Ferdinando Salata, Massimo Coppi and
Andrea de Lieto Vollaro. Model design and English corrections were undertaken by Emanuele de Lieto Vollaro.
Finally, Andrea de Lieto Vollaro and Massimo Coppi, respectively the full and associate professor of the research
group, supervised the work related to the paper and the execution of its various phases.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Population Reference Bureau. 2012 World population data sheet. Available online: http://www.prb.org/
Publications/Datasheets/2012/world-population-data-sheet.aspx (accessed on 10 December 2012).

2. Salata, F.; Golasi, I.; de Lieto Vollaro, A.; de Lieto Vollaro, R. How high albedo and traditional buildings’
materials and vegetation affect the quality of urban microclimate. A case study. Energy Build. 2015, 99, 32–49.
[CrossRef]

3. Salata, F.; Golasi, I.; de Lieto Vollaro, E.; Bisegna, F.; Nardecchia, F.; Coppi, M.; Gugliermetti, F.;
de Lieto Vollaro, A. Evaluation of different urban microclimate mitigation strategies through a PMV analysis.
Sustainability 2015, 7, 9012–9030. [CrossRef]

4. Pisello, A.L.; Castaldo, V.L.; Pignatta, G.; Cotana, F.; Santamouris, M. Experimental in-lab and in-field analysis
of waterproof membranes for cool roof application and urban heat island mitigation. Energy Build. 2015.
[CrossRef]

5. Coppi, M.; Quintino, A.; Salata, F. Numerical study of a vertical channel heated from below to enhance
natural ventilation in a residential building. Int. J. Vent. 2013, 12, 41–49.

6. Coppi, M.; Quintino, A.; Salata, F. Fluid dynamic feasibility study of solar chimney in residentail buildings.
Int. J. Heat Technol. 2011, 29, 1–5.

7. Salata, F.; Alippi, C.; Tarsitano, A.; Golasi, I.; Coppi, M. A first approach to natural thermoventilation of
residential buildings through ventilation chimneys supplied by solar ponds. Sustainability 2015, 7, 9649–9663.
[CrossRef]

8. Pisello, A.L.; Castaldo, V.L.; Rosso, F.; Piselli, C.; Ferrero, M.; Cotana, F. Traditional and innovative materials
for energy efficiency in buildings. Key Eng. Mater. 2016, 678, 14–34. [CrossRef]

9. Paolini, R.; Zinzi, M.; Poli, T.; Carnielo, E.; Mainini, A.G. Effect of ageing on solar spectral reflectance
of roofing membranes: Natural exposure in Roma and Milano and the impact on the energy needs of
commercial buildings. Energy Build. 2014, 84, 333–343. [CrossRef]

10. Pisello, A.L.; Piselli, C.; Cotana, F. Thermal-physics and energy performance of an innovative green roof
system: The Cool-Green Roof. Sol. Energy 2015, 116, 337–356. [CrossRef]

11. Rosso, F.; Pisello, A.L.; Cotana, F.; Ferrero, M. Integrated thermal-energy analysis of innovative translucent
white marble for building envelope application. Sustainability 2014, 6, 5439–5462. [CrossRef]

12. Fanger, P.O. Thermal Comfort: Analysis and Applications in Environmental Engineering; McGraw-Hill Inc.:
New York, NY, USA, 1970.

13. Jendritzky, G.; Sönning, W.; Swantes, H.J. Ein Objectives Bewertungsverfahren zur Beschreibung dest thermischen
Milieus in der Stadt- und Landschaftsplanung (Klima-Michel Modell); Akad Raumforsch Landesplan Beitr:
Hanover, Germany, 1979; Volume 28, p. 85. (In German)

14. Association of German Engineers. Methods for the Human-Biometeorological Assessment of Climate and
Air Hygiene for Urban and Regional Planning. Part I: Climate; Association of German Engineers: Berlin,
Germany, 1998.

15. Knez, I.; Thorsson, S. Thermal, emotional and perceptual evaluations of a park: Cross-cultural and
environmental attitude comparisons. Build. Environ. 2008, 43, 1483–1490. [CrossRef]

http://www.prb.org/Publications/Datasheets/2012/world-population-data-sheet.aspx
http://www.prb.org/Publications/Datasheets/2012/world-population-data-sheet.aspx
http://dx.doi.org/10.1016/j.enbuild.2015.04.010
http://dx.doi.org/10.3390/su7079012
http://dx.doi.org/10.1016/j.enbuild.2015.05.026
http://dx.doi.org/10.3390/su7079649
http://dx.doi.org/10.4028/www.scientific.net/KEM.678.14
http://dx.doi.org/10.1016/j.enbuild.2014.08.008
http://dx.doi.org/10.1016/j.solener.2015.03.049
http://dx.doi.org/10.3390/su6085439
http://dx.doi.org/10.1016/j.buildenv.2007.08.002


Energies 2016, 9, 550 15 of 16

16. Nikolopoulou, M.; Lykoudis, S. Thermal comfort in outdoor urban spaces: Analysis across different European
countries. Build. Environ. 2006, 41, 1455–1470. [CrossRef]

17. Kantor, N.; Unger, J.; Gulyas, A. Subjective estimation of thermal environment in recreational urban spaces e
part 2: International comparison. Int. J. Biometeorol. 2012, 56, 1089–1101. [CrossRef] [PubMed]

18. Yahia, M.W.; Johansson, E. Evaluating the behaviour of different thermal indices by investigating various
outdoor urban environments in the hot dry city of Damascus, Syria. Int. J. Biometeorol. 2013, 57, 615–630.
[CrossRef] [PubMed]

19. Salata, F.; Golasi, I.; de Lieto Vollaro, R.; de Lieto Vollaro, A. Outdoor thermal comfort in the Mediterranean
area. A transversal study in Rome, Italy. Build. Environ. 2016, 96, 46–61. [CrossRef]

20. Monteiro, L.M.; Alucci, M.P. Calibration of outdoors thermal comfort models. In Proceedings of the
23rd Conference on Passive and Low Energy Architecture, Geneva, Switzerland, 6–8 September 2006;
Volume 1, pp. 515–522.

21. Lin, T.P.; Matzarakis, A. Tourism climate and thermal comfort in Sun Moon Lake, Taiwan. Int. J. Biometeorol.
2008, 52, 281–290. [CrossRef] [PubMed]

22. Pantavou, K.; Santamouris, M.; Asimakopoulos, D.; Theoharatos, G. Empirical calibration of thermal indices
in an urban outdoor Mediterranean environment. Build. Environ. 2014, 80, 283–292. [CrossRef]

23. Tseliou, A.; Tsiros, X.I.; Lykoudis, S.; Nikolopoulou, M. An evaluation of three biometeorological indices
for human thermal comfort in urban outdoor areas under real climatic conditions. Build. Environ. 2010,
45, 1346–1352. [CrossRef]

24. Pantavou, K.; Santamouris, M.; Asimakopoulos, D.; Theoharatos, G. Evaluating the performance of
bioclimatic indices on quantifying thermal sensation for pedestrians. Adv. Build. Energy Res. 2013, 7, 170–185.
[CrossRef]

25. Ruiz, M.A.; Correa, E.N. Suitability of different comfort indices for the prediction of thermal conditions in
tree-covered outdoor spaces in arid cities. Theor. Appl. Climatol. 2014, 122, 69–83. [CrossRef]

26. Köppe, K.; Jendritzky, G. Inclusion of short-term adaptation to thermal stresses in a heat load warming
procedure. Meteorol. Z. 2005, 14, 271–278. [CrossRef]

27. Blazejczyk, K.; Epstein, Y.; Jendritzky, G.; Staiger, H.; Tinz, B. Comparison of UTCI to selected thermal
indices. Int. J. Biometeorol. 2012, 56, 515–535. [CrossRef] [PubMed]

28. Metje, N.; Sterling, M.; Baker, C.J. Pedestrian comfort using clothing values and body temperatures.
J. Wind Eng. Ind. Aerodyn. 2008, 96, 412–435. [CrossRef]

29. Cheng, V.; Ng, E.; Chan, C.; Givoni, B. Outdoor thermal comfort study in a subtropical climate: A longitudinal
study based in Hong Kong. Int. J. Biometeorol. 2012, 56, 43–56. [CrossRef] [PubMed]

30. Sasaki, R.; Yamada, M.; Uematsu, Y.; Saeki, H. Comfort environment assessment based on bodily sensation
in open air: Relationship between comfort sensation and meteorological factors. J. Wind Eng. Ind. Aerodyn.
2000, 87, 93–110. [CrossRef]

31. Monteiro, L.M.; Alucci, M.P. An outdoor thermal comfort index for the subtropics. In Proceedings of the 26th
Conference on Passive and Low Energy Architecture (PLEA), Quebec City, QC, Canada, 22–24 June 2009.

32. Ruiz, M.A.; Correa, E.N. Adaptive model for outdoor thermal comfort assessment in an Oasis city of arid
climate. Build. Environ. 2015, 85, 40–51. [CrossRef]

33. Yang, W.; Wong, N.H.; Jusuf, S.K. Thermal comfort in outdoor urban spaces in Singapore. Build. Environ.
2013, 59, 426–435. [CrossRef]

34. Yin, J.F.; Zheng, Y.F.; Wu, R.J.; Tan, J.G.; Ye, D.X.; Wang, W. An analysis of influential factors on outdoor
thermal comfort in summer. Int. J. Biometeorol. 2012, 56, 941–948. [CrossRef] [PubMed]

35. ASHRAE 55. Thermal Environmental Conditions for Human Occupancy; ASHRAE: Atlanta, GA, USA, 2004.
36. Nikolopoulou, M. Designing Open Spaces in the Urban Environment: A Bioclimatic Approach; Centre Renewable

Energy Sources (C.R.E.S): Pikermi, Greece, 2004; pp. 1–56. Available online: http://www.cres.gr/kape/
education/1.design_guidelines_en.pdf (accessed on 11 February 2016).

37. Missenard, F.A. Température effective d’une atmosphere Généralisation température résultante d’un milieu.
In Encyclopédie Industrielle et Commerciale, Etude Physiologique et Technique de la Ventilation; Librerie de
l’Enseignement Technique: Paris, France, 1993; pp. 131–185. (In French)

38. Höppe, P. The physiological equivalent temperature—A universal index for the biometeorological assessment
of the thermal environment. Int. J. Biometeorol. 1999, 43, 71–75. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.buildenv.2005.05.031
http://dx.doi.org/10.1007/s00484-012-0564-4
http://www.ncbi.nlm.nih.gov/pubmed/22752398
http://dx.doi.org/10.1007/s00484-012-0589-8
http://www.ncbi.nlm.nih.gov/pubmed/23001073
http://dx.doi.org/10.1016/j.buildenv.2015.11.023
http://dx.doi.org/10.1007/s00484-007-0122-7
http://www.ncbi.nlm.nih.gov/pubmed/17940808
http://dx.doi.org/10.1016/j.buildenv.2014.06.001
http://dx.doi.org/10.1016/j.buildenv.2009.11.009
http://dx.doi.org/10.1080/17512549.2013.865557
http://dx.doi.org/10.1007/s00704-014-1279-8
http://dx.doi.org/10.1127/0941-2948/2005/0030
http://dx.doi.org/10.1007/s00484-011-0453-2
http://www.ncbi.nlm.nih.gov/pubmed/21614619
http://dx.doi.org/10.1016/j.jweia.2008.01.003
http://dx.doi.org/10.1007/s00484-010-0396-z
http://www.ncbi.nlm.nih.gov/pubmed/21197549
http://dx.doi.org/10.1016/S0167-6105(00)00018-0
http://dx.doi.org/10.1016/j.buildenv.2014.11.018
http://dx.doi.org/10.1016/j.buildenv.2012.09.008
http://dx.doi.org/10.1007/s00484-011-0503-9
http://www.ncbi.nlm.nih.gov/pubmed/22109103
http://www.cres.gr/kape/education/1.design_guidelines_en.pdf
http://www.cres.gr/kape/education/1.design_guidelines_en.pdf
http://dx.doi.org/10.1007/s004840050118
http://www.ncbi.nlm.nih.gov/pubmed/10552310


Energies 2016, 9, 550 16 of 16

39. ISO 10551. Ergonomics of the Thermal Environment—Assessment of the Influence of the Thermal Environment Using
Subjective Judgement Scales; International Organization of Standardization: Geneva, Switzerland, 1995.

40. Petrarca, S.; Spinelli, F.; Cogliani, E.; Mancini, M. Climatic Profile of Italy (In Italian); Edizioni ENEA: Milano,
Italy, 1999; Volume 5.

41. Köppen, W. Das geographische system der climate. In Handbuch der Klimatologie; Köppen, W., Geiger, R.,
Eds.; Gebrüder Borntraeger: Berlin, Germany, 1936; p. 44.

42. Stewart, I.D.; Oke, T.R. Local climate zones for urban temperature studies. Bull. Am. Meteorol. Soc. 2012,
92, 1879–1900. [CrossRef]

43. ISO 7726. Ergonomics of the Thermal Environment E Instruments for Measuring Physical Quantities; International
Organization for Standardization: Geneva, Switzerland, 1998.

44. Olesen, B.W.; Rosendahl, J.; Kalisperis, L.N.; Summers, L.H. Methods for measuring and evaluating the
thermal radiation in a room. ASHRAE Trans. 1989, 95, 1028–1044.

45. Thorsson, S.; Lindberg, F.; Eliasson, I.; Holmer, B. Different methods for estimating the mean radiant
temperature in an outdoor urban setting. Int. J. Climatol. 2007, 27, 1893–1983. [CrossRef]

46. Spagnolo, J.; de Dear, R. A field study of thermal comfort and semi-outdoor environments in subtropical
Sydney Australia. Build. Environ. 2003, 38, 721–738. [CrossRef]

47. Johansson, E.; Thorsson, S.; Emmanuel, R.; Krüger, E. Instruments and methods in outdoor thermal comfort
studies—The need for standardization. Urban Clim. 2014, 10, 346–366. [CrossRef]

48. Oliveira, S.; Andrade, H. An initial assessment of the bioclimatic comfort in an outdoor public space in
Lisbon. Int. J. Biometeorol. 2007, 52, 69–84. [CrossRef] [PubMed]

49. Andrade, H.; Alcoforado, M.J.; Oliveira, S. Perception of temperature and wind by users of public outdoor
spaces: Relationships with weather parameters and personal characteristics. Int. J. Biometeorol. 2011,
55, 665–680. [CrossRef] [PubMed]

50. Bouden, C.; Ghrab, N. An adaptive thermal comfort model for the Tunisian context: A field study results.
Energy Build. 2005, 37, 952–963. [CrossRef]

51. Mifflin, M.D.; Jeor, S.T.S.; Hill, L.A.; Scott, B.J.; Daugherty, S.A.; Koh, Y.O. A new predictive equation for
resting energy expenditure in healthy individuals. Am. J. Clin. Nutr. 1990, 51, 241–247. [PubMed]

52. Allen, T.H.; Peng, M.T.; Chen, K.P.; Huang, T.F.; Chang, C.; Fang, H.S. Prediction of blood volume and
adiposity in man from body weight and cube of height. Metabolism 1956, 5, 328–345. [PubMed]

53. Matzarakis, A.; Rutz, F.; Mayer, H. Modelling radiation fluxes in simple and complex environments e
application of the RayMan model. Int. J. Biometeorol. 2007, 51, 323–334. [CrossRef] [PubMed]

54. Houghten, F.C.; Yaglou, C.P. Determining lines of equal comfort. ASHRAE Trans. 1923, 29, 163–176.
55. Epstein, Y.; Moran, D.S. Thermal comfort and heat stress indices. Ind. Health 2006, 44, 388–398. [CrossRef]

[PubMed]
56. Nicol, J.F. A Handbook of Adaptive Thermal Comfort towards a Dynamic Model; University of Bath: Bath, UK, 2008.
57. ISO 7730. Moderate Thermal Environments e Determination of the PMV and PPD Indices and Specification of the

Conditions for Thermal Comfort; International Organization for Standardization: Geneva, Switzerland, 1994.
58. Kuczmarski, R.J.; Ogden, C.L.; Guo, S.S.; Grummer-Strawn, L.M.; Flegal, K.M.; Mei, Z.; Wei, R.; Curtin, L.R.;

Roche, A.F.; Johnson, C.L. 2000 CDC Growth Charts for the United States: Methods and development.
Vital Health Stat. 2002, 11, 1–190.

59. Siple, P.; Passel, C. Measurements of dry atmospheric cooling in subfreezing temperatures. Proc. Am.
Philos. Soc. 1945, 89, 177–199. [CrossRef]

60. Pisello, A.L.; Pignatta, G.; Castaldo, V.L.; Cotana, F. Experimental Analysis of Natural Gravel Covering as
Cool Roofing and Cool Pavement. Sustainability 2014, 6, 4706–4722. [CrossRef]

61. D’Alessandro, F.; Asdrubali, F.; Baldinelli, G. Multi-parametric characterization of a sustainable lightweight
concrete containing polymers derived from electric wires. Constr. Build. Mater. 2014, 68, 277–284. [CrossRef]

62. Asdrubali, F.; Pisello, A.L.; D’Alessandro, F.; Bianchi, F.; Fabiani, C.; Cornicchia, M.; Rotili, A. Experimental
and numerical characterization of innovative cardboard based panels: Thermal and acoustic performance
analysis and life cycle assessment. Build. Environ. 2016, 95, 145–159. [CrossRef]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1175/BAMS-D-11-00019.1
http://dx.doi.org/10.1002/joc.1537
http://dx.doi.org/10.1016/S0360-1323(02)00209-3
http://dx.doi.org/10.1016/j.uclim.2013.12.002
http://dx.doi.org/10.1007/s00484-007-0100-0
http://www.ncbi.nlm.nih.gov/pubmed/17476533
http://dx.doi.org/10.1007/s00484-010-0379-0
http://www.ncbi.nlm.nih.gov/pubmed/21053024
http://dx.doi.org/10.1016/j.enbuild.2004.12.003
http://www.ncbi.nlm.nih.gov/pubmed/2305711
http://www.ncbi.nlm.nih.gov/pubmed/13321516
http://dx.doi.org/10.1007/s00484-006-0061-8
http://www.ncbi.nlm.nih.gov/pubmed/17093907
http://dx.doi.org/10.2486/indhealth.44.388
http://www.ncbi.nlm.nih.gov/pubmed/16922182
http://dx.doi.org/10.1580/1080-6032(1999)010[0176:FODACI]2.3.CO;2
http://dx.doi.org/10.3390/su6084706
http://dx.doi.org/10.1016/j.conbuildmat.2014.06.075
http://dx.doi.org/10.1016/j.buildenv.2015.09.003
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Study Area 
	Materials and Method 
	Field Survey 
	Thermal Comfort Indices 
	Data Analysis 

	Results and Discussion 
	Conclusions 

