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Abstract
Short-wave solar radiation may have a large impact on the
indoor thermal sensation of occupants. However, most of
the thermal comfort models do not include its effect.
Some researchers have proposed the correction of the
mean radiant temperature as a valid method to overcome
this limitation and have used it in conjunction with the
steady-state Fanger comfort model. This work aims at
contrasting the effects of the mean radiant temperature
correction in four commonly used steady-state and
dynamic comfort indexes. For the comparison, a thermal
model of a 100 m2 shoebox office located in Milan (Italy)
is used. The indexes are calculated for a grid of points
distributed in the space and results reported using two
long-term metrics: Thermal Comfort Availability (TCA)
and Thermal Comfort Usability (TCU). Quite consistent
results have been found across the models and in
particular, with steady-state models, showing that in a
conditioned space both steady and unsteady approaches
can be acceptable.

Introduction
Over the past decades, several thermal comfort models
have been developed to assess the thermal relationship of
the human body with its environment and the subjective
evaluation of it. Their use and performance depend on the
characteristics of the environment that is analyzed, and on
a balance between precision and complexity.
Heat balance thermal comfort models are based on the
heat exchange of the body with the environment and are
usually composed of two parts: the first one, a
thermophysiological model, deals with the calculation of
the body conditions; the second part, a thermal sensation
model, uses the evaluated body conditions to predict
thermal comfort.
Two main groups of heat balance models can be
distinguished in literature according to whether they
account for the rate of change of the comfort variables in
time or not: steady-state and dynamic comfort models.
Steady-state thermal comfort models
Steady-state comfort models are developed to describe the
human response to the thermal environment in situations
where environmental and personal quantities are quasiconstant in time, i.e. the hourly temperature change must
be smaller than 0.5 K (Hensen, 1990) and the metabolic
rate must be stable for, at least, 15 minutes (Goto, Toftum,
de Dear, & Fanger, 2002).

In this category, the Fanger model (Fanger, 1970) is
whole-body (single segment) model, widely popular in
the analysis of the built environment for three main
reasons: it is (i) capable of accurate predictions in
thermally controlled spaces; (ii) simple easy to use and
convenient – it can be calculated with simple tools such
as charts or spreadsheets; (iii) well known and thanks to
its inclusion in technical standards. In particular, the
Fanger heat balance model is accompanied by a thermal
sensation model based on two indexes, the Predicted
Mean Vote (PMV) and the Predicted Percentage of
Dissatisfied (PPD). After almost 50 years since its
development, the Fanger model is still the preferred
comfort model of national and international standards
such as ASHRAE Standard 55 (2017), ISO 7730 (2005)
or CEN EN 15251 (2007).
Dynamic thermal comfort models
In thermal environments not meeting the requirements of
the steady-state hypothesis, dynamic thermal comfort
models should be used.
The Pierce model (Doherty & Arens, 1988; Gagge &
Fobelets, 1986) is one of the simplest. Its
thermophysiological model is based on two nodes –core
and skin– and the interactions between them through
thermoregulation. Besides blood flow regulation between
the nodes, active thermoregulation modelled includes
sweating and shivering. The equations are solved in
unsteady state conditions. Two thermal sensation indices
have been proposed with the Pierce model: the Thermal
Sensation (TSENS) and the Discomfort (DISC). TSENS
is defined in terms of mean body temperature and its
difference from some reference values. The thermal
discomfort index DISC is the relative thermoregulation
strain necessary to restore comfort and thermal
equilibrium by sweating, considering a wettedness
threshold. DISC is numerically equal to TSENS when the
mean body temperature is below some setpoint.
More recent thermal sensation models for non-steadystate conditions have been developed by Fiala (1998;
2003) and Takada et al. (2013) based on experimental
tests.
The Fiala thermal sensation model is based on empirical
correlations between the thermal sensation of subjects, the
mean skin and mean core temperatures, and their time
derivative. Fiala derived a thermal sensation index, the
Dynamic Thermal Sensation (DTS), which is composed
of a static and a dynamic component. The static
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component of the model is function of the difference
between the actual mean skin and mean core
temperatures, and the setpoint skin and core temperatures.
These setpoint temperatures were obtained by simulation
of a reclined and unclothed human body in ‘thermal
neutrality’ (Fiala, 1998). The dynamic component is
function of the time derivative of the skin temperature
when in cold conditions. In warm conditions, it depends
on the time elapsed since the maximum of positive rates
of change of mean skin temperature.
The Takada thermal sensation model is developed with a
similar approach, but it does not consider the core
temperature, claiming that the changes in core
temperature are relatively small, and that its predictive
capability is weaker than that of the skin temperature. This
model is based on empirical correlations between the
thermal sensation of the subject, the mean skin
temperature of the subject, and its time derivative. A
thermal sensation index, namely the Thermal Sensation
Vote (TSV), is derived as a function of two quantities: the
difference between the skin temperature in the actual
conditions and a reference skin temperature in thermal
neutrality; and the time derivative of the skin temperature.
Solar radiation in thermal comfort models
Despite the common use of highly glazed facades and the
increasing number of outdoor comfort analyses, the most
commonly used steady-state and dynamic whole-body
thermal comfort models do not account explicitly for solar
radiation.
Although the dynamic nature of the solar radiation –
which changes intensity and direction throughout the
day– suggests that it cannot be implemented in steadystate approaches, Fanger himself (1970) proposed a
method to adjust the value of the mean radiant
temperature (MRT) on the presence of high-intensity
radiant sources based on the radiation intensity and the
projected area factors of the human body. However, its
use is proposed for outdoors and internal infrared heaters,
rather than for the solar radiation transmitted through
windows. Among the most renowned approaches to
consider solar radiation, La Gennusa et al. (2007; 2005)
introduced a method to adjust the MRT based on radiation
intensity and projected area factors, specifically
conceived to perform indoor comfort calculations. Also,
Arens et al. (2015) created the SolarCal model, adjusting
the MRT on the effective radiant field (ERF) and
projected area factors. Recently, Zhang et al. (2018)
developed the Corrected Predicted Mean Vote (CPMV),
that introduces a new solar radiation term (R2) into
Fanger’s equation, which also modifies the calculation of
surface temperature of clothing and operative
temperature. All three correction of MRT to account for
the effect of solar radiation have been applied by their
respective authors only to the Fanger model.
Comparison of thermal comfort models and indices
Recently thermal models and indices have been compared
by many authors.
Regarding
the
modelization
of
the
human
thermoregulatory system Foda et al. (2011) compared the

predictions of skin temperature of different multi-segment
thermophysiological models against measured data and
then evaluated the local and whole-body thermal
sensation provided by different models. The
measurements and simulations were carried out on
controlled environments under both steady-state and
dynamic conditions.
Cheng et al. (2012) reviewed several comfort models,
focusing on those which were suitable for non-uniform
thermal environments and capable of assessing local
thermal sensation. They simulated the differences
between three air distribution systems in a small private
office by coupling computational fluid dynamics (CFD)
with the thermal comfort models.
Also Schellen et al. (2013) focused on a steady-state, nonuniform thermal environment. The authors compared
experimental data with simulated results obtained by
coupling CFD with the ThermoSEM thermophysiological
model, finally calculating thermal sensation with several
thermal sensation models.
Holopainen et al. (2014) investigated the potential of heat
balance and adaptive comfort models in the context of
sustainable buildings. The authors elaborated a base case
and performed steady-state simulations with different
iterations of the base case, each of them with small
changes in the comfort variables.
Concerning the comfort indices Koelblen et al. (2018)
proposed a comparison among seven different indexes of
thermal sensation. The research was carried out for a
highly controlled environment, under eighteen specific
exposures with a duration between 60 and 540 minutes.
Although almost every tested thermal sensation index
provided relatively accurate results in transient scenarios
when compared to subjective responses, and even though
PMV and DTS were the models closer to the experimental
votes, the authors still conclude that PMV is not suitable
for assessing dynamic thermal sensation response.
All the above mentioned works compared thermal
comfort models without including the effect of solarradiation and on short-term experiments and simulations.
Also, most of them used complex simulation procedures,
such as CFD or multi-node/multi-segment thermal
comfort models, rendering their methodology difficult to
apply in the design phase.
This study aims at evaluating both the relative capability
of the thermal comfort models to highlight conditions
with critically high mean radiant temperatures due to solar
radiation, and the adoption of dynamic rather than steadystate approaches to assess the thermal quality of sunirradiated indoor environments equipped with an HVAC
system. Therefore, shading devices are not considered, to
conduct the comparison for the worst case. The effects on
thermal and visual comfort of different shading devices
and shading control strategies have been previously
investigated by the authors (Atzeri et al., 2016, 2018).
The contribution of short-wave solar radiation have been
included into Fanger (Fanger, 1970), Pierce (Doherty &
Arens, 1988), Takada (Takada et al., 2013), and Fiala
(Fiala et al., 2003) thermal sensation indexes (PMV,
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TSENS, TSV and DTS) by adjusting the MRT according
to La Gennusa et al. (2005). The Pierce
thermophysiological model has been used to calculate
skin and core temperatures not only for TSENS but also
for TSV and DTS. In order to assess the reliability of the
implemented models, the skin temperature predicted
through the Pierce model and the calculated TSV have
been validated against experimental results provided by
Takada et al. (2013). Finally, the four indexes have been
compared in a standard open space office located in Milan
(Italy) for a typical meteorological year. The ability of the
different approaches to discriminate the effects of solar
radiation has been contrasted in the long term and in
different space positions.

The calculation of the thermal sensation indexes has been
implemented in Python programming language (van
Rossum, 1995). The summary of the considered metrics
and their calculation approaches is reported in Table 1.

Methods
Among the suitable thermal comfort models to
implement, the Fanger and Pierce models have been
selected because the first is a steady-state model
internationally used, while the latter, between the
dynamic models is one of the simplest. Moreover, they
are both simple enough to be integrated in the design tools
used by designers and engineers.
With the Fanger model (Fanger, 1970) we calculated
PMV and PPD indexes according to ISO 7730 (2005),
while we used the latest implementation of the Pierce
model (Doherty & Arens, 1988) to calculate TSENS.
Moreover, the Pierce thermophysiological model has
been used to estimate the mean skin and core temperatures
input of two other indexes: TSV (Takada et al., 2013) and
DTS (Fiala et al., 2003). Takada et al. (2009) showed
experimentally that the estimation of the average skin
temperature (Tsk) of the Pierce thermophysiological
model is generally accurate, even if calibration can
improve the correspondence for specific subjects.
Nevertheless, in this research the calculation of Tsk has
been validated with measured data from experiments of
Takada et al. (2013). Although there is a clear difference
between the calculated and the measured average profiles
(Figure 1), the profile calculated with the Pierce model is
quite often within the range of values of subjects Tsk. In
Figure 2, the TSV calculated with the Takada model using
measured Tsk of the three subjects measured in his study
has been compared with the TSV calculated using the Tsk
predicted by the Pierce thermophysiological model in
Figure 1, showing acceptable agreement.

Figure 1: Tsk range (grey) and average (black) of the
subjects A, B, C of experiment 1, schedule 2 in Takada et
al. (2009) vs. Tsk predictions by the Pierce
thermophysiological model (yellow).

Figure 2: Calculated TSV range (grey) and average
(black) from measured Tsk of the subjects A, B, C of
experiment 1, schedule 2 in Takada et al. (2009) vs.
Calculated TSV from calculated Tsk by the Pierce model
(yellow).

Table 1: Thermal sensation metrics in the comparison and models for their calculation
Thermal Sensation Index and Symbols
PMVst
PMVirr
TSENSst
TSENSirr
TSVst
TSVirr
DTSst
DTSirr

Predicted Mean Vote Standard
Predicted Mean Vote Irradiated
Thermal Sensation Standard
Thermal Sensation Irradiated
Thermal Sensation Vote Standard
Thermal Sensation Vote Irradiated
Dynamic Thermal Sensation Standard
Dynamic Thermal Sensation Irradiated

Thermal Sensation
Model
Fanger (1970)

Thermophysiological
Model
Fanger (1970)

Pierce (Doherty &
Arens, 1988)
Takada (Takada et al.,
2013)
Fiala (Fiala et al.,
2003)

Pierce (Doherty &
Arens, 1988)

Solar Radiation
Adjustment
La Gennusa et al. (2005)
La Gennusa et al. (2005)
La Gennusa et al. (2005)
La Gennusa et al. (2005)
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Office simulation settings
The building energy model of an open space office has
been implemented in EnergyPlus (U.S. Department of
Energy, 2018). The weather data used in the simulation is
a typical meteorological year (TMY) of Milan (Italy)
taken from the database of the International Weather for
Energy Calculations (IWEC) (ASHRAE, 2001).
The simulated office has a volume of 300 m3 with a square
floor of 100 m2 (Figure 3). Vertical walls and the roof are
exposed to the outdoors, while the floor is considered
adiabatic. The opaque envelope is composed of a twolayer structure: a clay block internal layer (0.2 m thick,
conductivity 0.432 W m-1 K-1, density 1200 kg m-3 and
specific heat 840 J kg K-1) and an external insulation layer
(0.12 m thick, conductivity 0.037 W m-1 K-1, density 125
kg m-3 and specific heat 1030 J kg K-1). Its thermal
transmittance is equal to 0.26 W m-2 K-1, in compliance
with Italian energy efficiency prescriptions. The solar
absorptance coefficients are 0.7 for the floor (internal
side) and to 0.3 for the vertical walls and the roof (both
sides). The wall emissivity is 0.9, both for the internal and
the external side. A window area of 13.5 m2 (9 m x 1.5 m)
on the South façade is made of a double glazing (Ug =
1.26 m-2 K-1) with a Solar Heat Gain Coefficient SHGC
of 0.7. There are no solar shading devices, because of the
aim of evaluating the maximum levels of exposure.
The office is occupied from Monday to Friday, from 8 am
to 6 pm, with an occupancy density of 0.12 people m-2 as
suggested by the Italian technical standard UNI
10339:1995 (1995) for the calculation of the ventilation
rate. Correspondingly, the ventilation rate is set to 1.58
ACH during occupied hours, and to 0.05 ACH, as
infiltration, for the rest of the time. The internal gains, in
accordance with the EN ISO 13790:2008 (2008), are 20
W m-2 during occupied hours and 2 W m-2 otherwise. A
half of it is convective and the other half is radiant. The
vapor production rate due to occupants has been estimated
in 0.05 kg h-1 per person.
Regarding the heating and cooling system, two operative
temperature bands have been set according to the season:
from 20 °C to 24 °C during winter and from 23 °C to 26
°C during summer. To obtain the desired operative
temperature during the occupancy period, the heating
operates from 6 am to 6 pm, and the cooling from 7 am to
6 pm, during the weekdays. Setback temperatures during
non-occupied periods are 15 °C for heating and 28 ºC for
cooling. Humidity is not controlled by the system. This
choice does not affect the main findings significantly,
since the humidity impact on the evaluation of thermal
comfort is substantially neutral as for the scope of the
comparison, affecting both thermophysiological models
in a very similar way and playing a minor role due to the
low activity rate associated with the building use.
For the comfort analysis, the occupants are assumed to
perform a sedentary activity, corresponding to 1.2 met
and a clothing level of 1 clo in winter (i.e. from October
1st to March 31st) and 0.5 clo in summer (i.e. from April
1st to September 30th).

The comfort is assessed in a horizontal grid with 1 m
distance between points, at a height of 0.6 m from the
ground (Figure 3).

Figure 3: Vertical section of the standard open office
space with the analysis grid (in red)
Mean radiant temperature calculation
The four indexes have been initially calculated as
described by their respective authors (standard, subscript
“st”), and a second time considering the effect of solar
radiation that directly reaches the occupant (irradiated,
subscript “irr”).
The mean radiant temperature of the unirradiated subjects
of the standard indexes is calculated with the equation:
4

4
𝑇𝑟,𝑢𝑟 = √∑𝑁
𝑖=1 𝐹𝑆→𝑖 𝑇𝑖

(1)

Where FS→i is the view factor between the subject and the
opaque surface i calculated by means of a Python script,
and Ti is the interior temperature of the surface i, obtained
as output variable from EnergyPlus.
The contribution of the solar radiation to the mean radiant
temperature is calculated according to the approach by La
Gennusa et al. (2005), and already implemented in
Cappelletti et al. (2014) as in Equation 2:
𝑇𝑟,𝑖𝑟𝑟 =
4

4
√∑𝑁
𝑖=1 𝐹𝑆→𝑖 𝑇𝑖 +

1
𝜀𝜎

𝑖𝑛
𝑖𝑛
(𝛼𝑖𝑟𝑟,𝑑 ∑𝑀
𝑗=1 𝐹𝑆→𝑗 𝐼𝑑,𝑗 + 𝛼𝑖𝑟𝑟,𝑏 𝑓𝑝 𝐼𝑏𝑛 )

(2)
where Id is the diffuse solar radiation entering through the
windows obtained from the EnergyPlus simulation as
output variable, and Ibn is the beam normal solar radiation
reaching the occupant. In this case, it is initially obtained
from the EnergyPlus simulation, and later evaluated
geometrically point by point, taking into account the
hourly position of the sun in relation to the window and
the point.
FS→i is the view factor between the subject and the
transparent surface j. The subject absorption coefficient
referring to the diffuse solar radiation αirr,d is 0.80, the
absorptance of the beam radiation, αirr,b, is 0.60, while the
emissivity ε of the subject is 0.97.
The projected area factor of the subject in the solar beam
direction fp was calculated for a seated person according
to the regression expression suggested by Rizzo et al.
(1991):
𝑓𝑝 = ∑4𝑖=0 ∑3𝑗=0 𝐴𝑖𝑗 𝛽 𝑗 𝛼 𝑖
(3)
where Aij is the coefficient of the polynomial algorithms
for seated persons, βj is the altitude angle of the sun, and
αi is the azimuth angle.
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Comfort metrics
Annual or spatial results are presented by means of two
metrics, as defined in Atzeri et al. (2016): Thermal
Comfort Availability (TCA) and Thermal Comfort
Usability (TCU).
TCA is the local time availability of sufficient thermal
comfort in the selected period. Normally, thermal comfort
refers to PPD values lower than 10%, as suggested by the
technical standard EN 15251:2007 (CEN, 2007).
However, in this work the comfort indexes used are the
comfort index itself (e.g. PMV, TSENS, TSV, DTS).
TCA is then assessed assuming for all four models the
ASHRAE 7-point scale, and that the 90% PPD is
equivalent to ±0.5. The mathematical expression of TCA
in this case can be given as:
TCA = ∑𝑁𝑡
𝑗=1 𝑤𝑓𝑗

1
𝑁𝑡

∈ [0, 1]

(4)

1 𝑖𝑓 CI ∈ [−0.5, 0.5]
𝑤𝑓𝑗 = {
0 𝑖𝑓 CI ∉ [−0.5, 0.5]
where CI represents the comfort indicator used (i.e. PMV,
TSENS, TSV or DTS) in a specific point and time, and Nt
is the total number of working hours in one year. In this
study CI is calculated during the working hours (8 am to
6 pm) of workdays for a whole year. TSENS, TSV and
DTS have been calculated with a timestep of 1 min, as
required by the Pierce thermophysiological model, while
the minute by minute data have been averaged for the
calculation of the indexes and metrics derived from the
steady-state Fanger model.
TCU expresses the usability of space, in terms of the
fraction of it with an adequate thermal comfort in a given
moment. Again, thermal comfort refers to thermal
sensation votes between ±0.5. A mathematical expression
can be provided:
𝑁𝑝

TCU = ∑𝑗=1 𝑤𝑓𝑗

1
𝑁𝑝

∈ [0, 1]

(5)

1 𝑖𝑓 CI ∈ [−0.5, 0.5]
𝑤𝑓𝑗 = {
0 𝑖𝑓 CI ∉ [−0.5, 0.5]
where Np is the total number of points in the space where
the comfort index is calculated.

Results and Discussion
Thermal comfort availability
Figure 4 reports the TCA of the indexes PMV, TSENS,
TSV and DTS for the analysis grid. On the left-hand side
the standard version of the indexes is represented, while
the irradiated indexes are on the right-hand side.
TCAs calculated from the standard values of PMV,
TSENS and TSV present a similar distribution. Almost all
the points in the analysis grid have a high TCA (around
90 %), except those closer to the window, which present
lower values between 55 % and 70 %. This can be due to
the temperature of the interior window surface, more
sensitive to the external conditions and to solar radiation,
which translates into a different MRT. TSENS and TSV
are the most sensitive to this phenomenon, followed by
PMV. DTS does not seem to be affected so much by the
MRT close to the window, predicting very high, constant
percentages of TCA (>95 %) all over the analysis grid.

Figure 4: Floor plans of the office with the analysis grid,
showing Thermal Comfort Availability (TCA) of
standard (left column) and irradiated indexes (right
column) for the whole year.
TCA from irradiated indexes show a different behavior. If
in the standard indexes the TCA of the points closer to the
window was reduced from 90 % to 55-70 %, in the
irradiated indexes TCA goes down to 30-50%.
Furthermore, while in the standard indexes this comfort
decrease affects points up to two meters from the window,
in the irradiated indexes it reaches 5 meters from the
window, i.e. half of the useful surface of the office.
Therefore, all three indexes are sensitive to the correction
of MRT, presenting an analogous decrease of comfort
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which affects a similar area.
Again, DTS is the least sensitive of the indexes, with a
TCA reduction from 95 % to over 70 % in the first meter
from the window and only affecting up to a maximum of
3 meters. This thermal sensation index was developed
together with a very detailed and precise
thermophysiological model, so it is possible that the body
temperatures
obtained
with
the
Pierce
thermophysiological model do not have the precision that
this index requires in order to calculate thermal sensation
accurately. Further investigation is needed.
Thermal comfort usability
Figure 5 reports the TCU of the indexes PMV, TSENS,
TSV and DTS in temporal maps representing a whole
year. On the left-hand side the standard version of the
indexes is represented, while the irradiated indexes are on
the right-hand side.
In the temporal maps of the standard indexes, TCU is very
high (around 90 %) for the most part of the year, except
for some weeks of spring and autumn, when the
percentage is very low (less than 10 %). This is related to
the assumption of a fix clothing level for the entire heating
and cooling seasons in combination with to the typical
weather conditions during mid seasons.
TCU based on the different indexes has a similar trend,
with TSENS presenting the highest number of hours with
a TCU less than 90% and DTS the lowest, in accordance
with the TCA analyses.
TCU of the irradiated indexes has a similar distribution to
that of the unirradiated indexes, with lower percentages
around some weeks of April and October, and higher the
rest of the year. The effect of solar radiation is decreasing
the TCU (TCU <50 %) for a higher number of hours
during the summer.
This effect is revealed by the all four indexes and it is
intensified around the central hours of the day in all the
indexes except for DTS, which is more affected during the
first and last hours of the workday.
Annual cumulative distribution function of TCU
Figure 6 shows the annual cumulative distribution
function of TCU of all the indexes.
TCU values of the standard PMV, TSENS and TSV are
over 85 % at the 90th percentile. Meanwhile, this
percentile of the same irradiated indexes is reduced to
around 45 % (40 % decrease).
The data is very polarized, with a small amount of values
in the 10-80 % range of TCU for the standard indexes.
This effect is much less in the irradiated indexes, reducing
the band of TCU with virtually no values between 10-50
%.
Regarding DTS, TCU of the standard index remains over
95 % for almost 100 % of the time, while the irradiated
TCU remains over 65 % for almost 100 % of the time.

Figure 5: Temporal maps of Thermal Comfort Usability
(TCU) of standard (left column) and irradiated indexes
(right column) for the whole year.
In summary, the implementation of solar radiation hitting
the occupants in thermal sensation indexes has a great
impact on the comfort analyses. When considering this
effect, the values of TCA are significantly reduced (>20
%), and the negative effect of the window on comfort is
extended 3 meters deeper in the room (from 2 m on the
standard indexes to 5 in the irradiated). Also, TCU values
show low comfort percentages (<50 %) during a
significant part of the summer season when solar radiation
is considered, while it was not able to predict any comfort
issue on its standard form.
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models present a similar performance, concluding that in
conditioned spaces with typical small environmental
fluctuations, steady-state models are also suitable for
thermal comfort evaluation.
Further research is planned to expand the evaluations and
generalize the outcomes, in particular through:
• The analysis of different applications (building and
use characteristics) of the thermal sensation indexes,
considering also multiple climatic conditions.
• The comparison with further, multi-node and multisegment dynamic thermal comfort models.
• The extension of the experimental validation of the
thermophysiological and thermal sensation models
• The evaluation of alternative approaches to account
for the solar radiation contribution.
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