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a b s t r a c t

This paper analyzes the influence of solar radiation, considering both its direct and diffuse component, on
the local thermal comfort of subjects in indoor environments. More precisely, an original equation for the
assessment of the plane radiant temperature in presence of solar radiation is proposed. It can be used to
evaluate the correspondent radiant asymmetry and therefore allows detailed analysis of local thermal
discomfort conditions. Its reliability and feasibility have been tried out by means of an application to a
simple case study and the obtained results proved that, in the studied environment, solar radiation affects
the symmetry of the radiant field to a considerable extent, being the main cause of local discomfort due to
not acceptable values of the radiant asymmetry. Therefore, the method can be used to verify the presence
of zones not suited to human activities inside rooms and, in addition, it can be exploited by the proce-
dures aimed at the classification of the comfort quality of indoor environments.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, the increasing level of life quality towards the high-
est standards requires the extremely precise definition of the
microclimatic conditions suited to ensuring people’s thermal com-
fort in spaces where human activities are performed. Moreover,
comfort and energy demand in buildings are strongly interrelated
and the achievement of high quality standards involves an energy
cost which must be taken into account (Calvino et al., 2010; Marino
et al., 2015a).

In other words, modelling the mechanism that processes the
human body’s thermal sensation has become crucial, owing to
the increasing interest in the optimization of the energy efficiency
of buildings, which implies energy conservation policies without
possibly compromising comfort conditions.

The human thermal comfort sensation is strictly related to the
metabolic heat production, to the energy exchanges between the
human body and the environment and to the consequent varia-
tions of the physiological parameters (Fanger, 1970).

A too hot or too cold sensation may regard the human body as a
whole, so that the subject experiences a generalized discomfort
sensation: this case is called ‘‘global thermal discomfort” which
is generally assessed by means of the Fanger’s PMV and PPD-
indexes, described in the ISO 7730 (ISO, 2005) and based on the
7-point ASHRAE thermal sensation scale (ASHRAE, 2010).

In order to asses global comfort conditions, average values of the
microclimatic parameters are generally used; nevertheless, inmany
practical cases, this approach does not allow a correct appraisal of
the environmental quality of the indoor space on the grounds that
the space and time variability of the physical parameters should
be taken into account (Marino et al., 2015b; Simone et al., 2013).

In addition, a sensation of thermal discomfort can be also
caused by an undesired local cooling or heating of a particular area
of the body: this case is called ‘‘local thermal discomfort”.

The main causes of local discomfort are: significant vertical air
temperature differences, atypical floor temperatures, air drafts and
significant radiant asymmetry (Fanger, 1970; Rizzo et al., 2004).

The study reported in this paper focuses on a specific facet of the
human thermal comfort issue: the asymmetry of the radiant field
which is considered one of the main sources of local discomfort.

Indeed, the presence of too hot or too cold surfaces or other heat
sources may alter the uniformity of the environment, so that differ-
ent parts of the body, not uniformly exposed, might reach different
temperatures which, in turn, may be cause of discomfort sensa-
tions for the subject.

ISO 7730 standard (ISO, 2005) devices a method based on the
asymmetry of the plane radiant temperature, which is the differ-
ence between the plane radiant temperatures of two opposite faces
of a plane element called ‘‘test area”, and the related percentage of
dissatisfied to assess the environments from this point of view and
it constitutes the starting point of the analysis reported in this
article.
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Specifically, the equation used in the ISO 7730 Standard to cal-
culate the plane radiant temperature was modified, on a theoreti-
cal basis and following physics considerations, in order to take the
solar radiation into account.

As a result an original equation for the assessment of the plane
radiant temperature in presence of solar radiation is proposed; it
tries to model the different behavior of both the direct and diffuse
component in indoor environment and can be used to evaluate the
correspondent radiant asymmetry. Therefore, it allows detailed
analysis of local thermal discomfort conditions as well as the appli-
cation of the method featured by international Standards, which
does not consider solar radiation at all, to a wider range of cases
occurring in real environments.

2. Comfort assessment and short-wave radiation: A literature
review

Human thermal sensation is commonly related to how people
‘‘feel” inside an environment which, in turn, is a consequence of

the response of the body to personal and environmental
conditions. Therefore, models addressing this issue need the
employment of thermophysiological models which are able to pre-
dict human thermal response as a function of both physiological
parameters and variables defining the surrounding thermal
environment.

For the last few decades many human thermal response models,
based on energy balance equations for the human body, have been
developed (Katic et al., 2014). They have evolved from a one node
model into multi-layered cylinders representing separate body
parts connected by a circulatory blood flow (Holopainen, 2012).

As far as the estimation of thermal sensation and comfort is
concerned, several methods are currently used. The widely used
international standards ISO 7730 (ISO, 2005) and ASHRAE 55
(ASHRAE, 2010) refer to Fanger’s PMV (Predicted Mean Vote)
method (Fanger, 1970).

The PMV index predicts the mean response of a large group of
people according to the ASHRAE thermal sensation scale
(ASHRAE, 2010). The thermophysiological model which the PMV
is related to, is a one node model and is based on a steady state

Nomenclature

a surface height [m]
A area of the surface [m2]
AAT area of the surface of the test area [m2]
b surface width [m]
c distance between the test area and the surface [m]
Cdn day–night coefficient
Cs own-shadow coefficient
Co obstruction coefficient
EQI environmental quality index
F angle factor
�f j indicator measuring the persistence in specific jth class

of the values of appropriate parameters
h solar hour [h]
hsr sunrise solar hour [h]
hss sunset solar hour [h]
Ib intensity of the beam solar radiation [Wm�2]
Ib? component of the beam solar radiation perpendicular to

the surface of the test area [Wm�2]
Ibh direct component of the solar radiation falling on a

horizontal surface [Wm�2]
Iinb intensity of the inner beam solar radiation [W m�2]
Ioutb intensity of the external beam solar radiation [Wm�2]
Id intensity of the diffuse solar radiation [Wm�2]
Idh diffuse component of the solar radiation falling on a

horizontal surface [Wm�2]
Iind intensity of the inner diffuse solar radiation [Wm�2]
Ioutd intensity of the outer diffuse solar radiation [W m�2]
_QAT radiative net flow [W]
_QO;AT emitted flux [W]
_QAT$S thermal flux exchanged between the test area and the

environment [W]
_Qb!AT direct contribution of solar radiation [W]
_Qd!AT diffuse contribution of solar radiation [W]
_Qenv!AT long wave radiation coming from the surfaces of the

environment [W]
_Qsun!AT short wave solar radiation passing through the external

windows [W]
_QS thermal flow coming from the environment [W]
T surface temperature [K]
TAT surface temperature of the test area [K]
Tpr plane radiant temperature [K]
Dtpr radiant asymmetry [�C]

Greek symbols
a solar altitude [�]
aAT absorption coefficient of the test area referred to infra-

red radiation
ab absorption coefficient of the test area referred to direct

solar radiation
ad absorption coefficient of the test area referred to diffuse

solar radiation
b tilt angle between the surface and the horizontal [�]
h angle between the line normal to the surface and the

solar rays [�]
eAT emissivity of the test area
c solar azimuth [�]
q albedo
r Stefan–Boltzmann constant (567 � 10�8 W m�2 K�4)
sb optical transmittances of the glass for the direct

component of the solar radiation
sd optical transmittances of the glass for the diffuse

component of the solar radiation
sn optical transmittance the actual glazed surface for

normal incidence
n angle between the projection of the normal to the

surface on a horizontal plane and the South [�]

Subscripts
AT test area
b beam solar radiation
d diffuse solar radiation
env surfaces of the environment
i i-th isothermal surface ði ¼ 1 . . .NÞ
j j-th transparent surface ðj ¼ 1 . . .MÞ
n normal
pr plane radiant
S environment
sun sun

Superscripts
in inner
out outer
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