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ABSTRACT 

This paper investigates the influence of solar radiation on thermal comfort inside an indoor environment and 
its effect on the building energy consumptions. Furthermore, it draws up a procedure which allows the rating 
of the thermal comfort quality of indoor environments in the presence of solar radiation, to be used in 
correlation with the energy classification of building in order to refer the energy performance to the indoor 
environmental conditions. 

Mean Radiant Temperatures (MRT) for a subject exposed to solar radiation in different positions of the 
environment were calculated, with an hourly time step and for a whole year. These values were utilized to 
assess the Predicted Percentage of Dissatisfied (PPD) and its variation with time and space, so that long term 
thermal comfort evaluations were able to be carried out and comparisons among irradiated and not irradiated 
positions were able to be made.  

1 INTRODUCTION 

Nowadays the current need to restrain both energy consumptions and the consequent pollutant emission 
releases into the environment has often led governments to undertake policies focused on limiting energy 
demand of buildings. In the effort of designing efficient buildings, the primary objective of edifices, which is 
providing shelter and comfort for people that live work and interact in them, should not be neglected. This is 
mainly for two reasons: 1) in office buildings comfort of occupants has a significant influence on the 
productivity, abstention and could cost in terms of working hours [1, 2]; 2) occupants react to any perceived 
discomfort by taking actions to restore their comfort but sometimes these actions may enhance energy cost. 
Therefore, it is important to recognize that a ‘low energy’ standard that increases occupant discomfort may 
be no more sustainable than one that encourages energy use [3]. 

This issue has been entirely received by the 2002/91/EC Directive of the European Parliament and of the 
Council on the energy performance of buildings [4] and by the 2010/31/EU European Directive [5], which, 
drawing up a methodology leading to buildings energy certification, strongly highlights the link between 
energy saving purposes and comfort of occupants of indoor environments. 

From this point of view thermal comfort should be considered the most relevant facet of the issue because it 
directly affects both building energy performance and productivity in indoor environments [6-8]. 

Several approaches have been developed for the last few years to assess thermal comfort. Usually they take 
into account the primary environmental and personal factors that affects thermal interaction between the 
body and surrounding environment [9-12], whereas the behaviour of occupants has been introduced by the 
adaptive approach [3, 13, 14]. 
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Currently the model proposed by Fanger [9], based on PMV and PPD indexes, is widely used for practical 
application and is largely accepted for design and field assessment of comfort conditions. As a matter of fact 
the model has been adopted by the EN 15251 technical standard [15] delineating “how to establish and 
define the main parameters to be used as input for building energy calculation and long term evaluation of 
the indoor environment”. In particular, as far as thermal facet is concerned, EN 15521 refers to ISO 7730 
Standard [16] linking the classification of thermal environments to the values of PMV and PPD indexes.  

As regards the radiant field, it is largely acknowledged the thermal sensation experienced by a subject in a 
confined environment is significantly affected by the radiative heat exchange. 

The parameter that rules the radiant heat exchange between human body and surrounding environment is the 
mean radiant temperature (MRT) whose influence on thermal comfort is well documented [17-20]. 

The effect of MRT on the energy consumption has been also investigated by Kang et al. [21] who analyzed 
the energy saving potential in a PMV-controlled space. The results suggested that, although energy-saving 
potential is reduced under the high mean radiant temperature condition, the thermal comfort control is still a 
reasonable strategy to achieve both thermal comfort and energy saving simultaneously. 

Therefore the accurate assessment of radiant field and MRT is crucial for both comfort and energy savings 
purposes. Nevertheless, despite this evidence, there is also a lack of studies addressing the influence of a type 
of radiant sources which strongly affect the radiant field and alter the MRT: they are known as high intensity 
radiation sources and the sun is the most important example.  

Indeed experimental analysis have demonstrated that solar radiation is a significant cause of discomfort to 
people [22], but there are few models [23] allowing analytical assessment of MRT taking into account solar 
radiation. 

In this work we use a comprehensive method for the computation of mean radiant temperature values in 
thermal moderate indoor environments in the presence of solar radiation.  

These values have been utilized to assess the Predicted Mean Vote (PMV) and its variation with time and 
space into a selected environment, so that long term thermal comfort evaluations have been carried out and 
comparisons among irradiated and not irradiated positions have been made.  

The obtained results have been exploited to realize the classification of the thermal comfort quality of the 
environment by means of a procedure [25], which takes into account long term evaluations. 

Therefore the work designs a procedure which, allowing the rating of the thermal comfort quality of indoor 
environments during a selected period of time, can be used in correlation with energy classification of 
building in order to refer energy performances to indoor environmental conditions, bringing into effect one 
of the pivotal statement of the 2010/31/EU European Directive [5]. 

2 METHODOLOGY 

The innovative aspect of that procedure proposed in this research regards the consideration of solar radiation 
and its effect on comfort of irradiated subjects.  

As a matter of fact we used a comprehensive method for the computation of the mean radiant temperature 
(MRT) which takes into account solar radiation crossing glazed surfaces and entering the moderate thermal 
environments [24]. These MRT values are utilized to assess the Predicted Percentage of Dissatisfied (PPD), 
along with its variation with time and space, so that long term thermal comfort evaluations may be carried 
out and comparisons among irradiated and not irradiated subject's positions may be effected.  
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The obtained results allow to realize the classification of the thermal comfort quality of the environment by 
means of a quality index, named Environmental Quality Index [25], that was singled out and used to assess 
the comfort quality of indoor environments over long periods of time (namely one year). 

Consequently a transient regime analysis is needed to assess environmental parameters describing indoor 
environmental conditions (air temperature, temperatures of internal wall surfaces) and their variation with 
time. 

This analysis permits to properly take into account the effect of both the climate variability and building 
envelope characteristics on the indoor environmental conditions and, generally, can be performed by means 
of field measurement campaigns or simulation tools. 

A simulation tool was used in the present study; it is one of the most versatile software for research purpose: 
EnergyPlus [26].  

Its structure consists of many program modules working together and controlled by the Integrated Solution 
Manager. As a consequence all the parts of the building-plant system can be simulated simultaneously and 
the energy demand is calculated at the end of an iterative process where every module gives feedback to the 
others. This configuration, where the elements are linked in a simultaneous solution scheme, allows 
physically realistic simulations provided that input data and the whole process is controlled by an expert user 
because even the smallest data misinterpretation might cause misleading results. 

In conclusion the proposed procedure, aimed at the assessment and classification of the thermal comfort 
quality of indoor spaces inside a given building, consists of the following steps: 
 
1. thermal simulation of the building so that indoor environmental parameters may be determined with a 

selected time step during a whole year; 
2. definition of a spatial domain by singling out a set of points suitably distributed over the floor area of the 

investigated spaces; these points constitutes the vertexes of the mesh that has to be designed to properly 
put under investigation both irradiated and not irradiated positions inside the studied indoor 
environment; 

3. calculation of MRT over the selected set of points and with the selected time step for a year; 
4. thermal comfort assessments using the same temporal and spatial domains defined at steps 1 and 2; 
5. calculation of the Environmental Quality Index at every point of the greed designed at step 2; 
6. definition of feasible comfort quality classes and environmental classification of the indoor spaces. 

In this study the procedure is applied considering both irradiated and non-irradiated subject. 

2.1 The mean radiant temperature algorithm 
The mean radiant temperature has to be evaluated in two different cases: a) in the case of an un-irradiated 
subject; b) in the case of a subject irradiated by the solar radiation. 

In the case of unirradiated subject the following relation [27] may be utilized: 

 𝑡௥̅,௨ = ට∑ 𝐹ௌ→௜(𝑡௜ + 273)ସே
௜ୀଵ

ర
− 273 (1) 

instead, in the case of subject irradiated by the solar radiation, MRT can be calculated by means of the 
equation [28]: 

 𝑡௥̅,௜ = ට∑ 𝐹ௌ→௜(𝑡௜ + 273)ସ +
஼೏೙

ఌఙ
൫𝛼௜௥௥,ௗ ∑ 𝐹ௌ→௝𝐼ௗ,௝

௜௡ + 𝐶ௌ
௜௡𝛼௜௥௥,௕𝑓௣𝐼௕௡

௜௡ெ
௝ୀଵ ൯ே

௜ୀଵ

ర
− 273 (2) 
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Where the meaning of the variables is reported in the nomenclature section. 

The day–night coefficient, 𝐶ௗ௡, assumes value 1 in diurnal periods and 0 at night time; the indoor building 

shield coefficient, 𝐶ௌ
௜௡,assumes value 1 if the subject is hit by the solar radiation beam and 0 otherwise. 

The calculation of the angle factors and of the projected area factors may be realized by means of analytical 
models [29, 30]. On the other hand shading effects caused by the building envelope may lead to a partial 
reduction of the solar radiation; therefore it is necessary to verify, for each point of the floor, if it is hit by the 
solar radiation beam: this occurs if the point is situated inside an irradiated zone placed in the environment. 

The co-ordinates of the points A, B, C and D (Figure 1) which limit the irradiated zone can be calculated 
using the expressions reported in Table 1. 

 

 

Figure 1. Definition of the geometric parameters involved in the delimitation of the irradiated zone. 
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Table 1. Coordinates of the points limiting the irradiated zone inside the indoor environment [24]. 
Point x coordinate y coordinate 

A 












 tan
2

tan
2

cos
tan

sszz
xx bW
WA  




 cos
tan

bW
A

zz
y  

B 












 tan
2

tan
2

cos
tan

sszzH
xx bWW
WB  s

zzH
y bWW
B 




 cos
tan

 

C 












 tan
2

tan
2

cos
tan

sszzH
Lxx bWW
WWC  s

zzH
y bWW
C 




 cos
tan

 

D 












 tan
2

tan
2

cos
tan

sszz
Lxx bW
WWD  




 cos
tan

bW
D

zz
y  

 

In the designed procedure Mean Radiant Temperature must be calculated at different points inside the 
studied indoor environment in order to take into account the space variability of the radiant field. Therefore, 
while the height of the calculation points, coinciding with the quote of barycentre of the human body 𝑧௕, is 
fixed by the subject's posture (standing or seated), their position over the horizontal plane (identified by the x 
and y coordinates) must be individuated to properly consider both irradiated and not irradiated areas. 
Consequently the floor area of the indoor environment is to be modeled by means of a grid of points 
designed to suitably cover the space variability of the radiant field. A grid structured as a square mesh with 1 
m side length may be appropriate for the most common cases.  

Moreover, since solar radiation varies with time for intensity and direction of the beam, the time variability 
of the radiant field must be considered as well. Hence, at every point of the designed grid the MRT must be 
assessed with an appropriate time step for a whole year in order to take into account both the daily and 
seasonal variability of the phenomenon. An hourly time step may be judged appropriate for that purpose.  

In regard to the intensity of solar radiation entering the indoor environment through glazed surfaces, it may 
be calculated considering the optical transmittance of the glass by means of the equations: 

 Iୢ
୧୬ = τୢ × Iୢ

୭୳୲ (3) 

 Iୠ
୧୬ = Cୱ

୭୳୲ × τୠ × Iୠ
୭୳୲ (4) 

where:  

-  𝐼ௗ
௢௨௧  and 𝐼௕

௢௨௧ are the diffuse and the direct component of solar radiation hitting the external 
side of the glazed surfaces;  

- τୢ and τୠ are the optical transmittance of the glass for the diffuse and direct component 
rispectively and have been calculated using the procedure proposed by ASHRAE [12]; 

- Cୱ
୭୳୲ is a shading coefficient taking into account external obstacles to the solar beam component. 

2.2 Thermal Comfort Assessment 
Comfort condition are assessed by means of Fanger’s methodology [9] based on PMV and PPD indexes. 

As far as PMV an PPD indexes are concerned, obviously their values must be evaluated at each point of the 
grid designed for the MRT assessments and should be related to the same temporal domain. Therefore the 
analysis should concern a whole year with a calculation time step of one hour. 

The PPD and PMV equations are reported in the ISO 7730 Standard [16] and depend on the following 
parameters [31]: 

- 𝑀 metabolic rate (met); 



6 
 

- 𝐼௖௟ clothing insulation (clo); 
- 𝑡௔  air temperature (°C); 
- 𝑣௔  air velocity (m/s); 
- 𝑝௔ water vapour partial pressure (Pa); 
- 𝑡௥̅ mean radiant temperature (°C). 

2.3 Calculation of the Environmental Quality Index 
The EN 15251 standard [15] introduces methodological hypothesis regarding the evaluation of the 
environmental quality. In particular the EN 15521 standard introduces a classification of indoor 
environments based on four levels of quality (I, II, III and IV) which, as far as the thermal facet is concerned, 
are related to the values of the PPD index (Table 2). This method has been used to assess the Environmental 
Quality Index (EQI). 

Table 2. Environmental quality levels and corresponding PPD boundary values [15]. 
Quality 
Level 

Description 
PPD 
(%) 

I 
High level of expectation and is recommended for spaces occupied by 
very sensitive and fragile persons with special requirements. 

≤6 

II 
Normal level of expectation and should be used for new buildings and 
renovations. 

6-10 

III 
Acceptable, moderate level of expectation and may be used for existing 
buildings. 

10-15 

IV 
Values outside the criteria for the above categories: this category should 
only be accepted for a limited part of the year. 

>15 

 

The long term analysis carried out in this work is based on the assessment of the temporal frequency with 

which each quality level occurs at every point of the studied grid. The occurrence frequency (𝑓௅
௉,்) of the 

generic level L, at point P, during the reference period T may be calculated as 𝑓௅
௉,் = 𝑡௅

௉,்/𝑇; where 𝑡௅
௉,் is 

the duration of the environmental conditions belonging to the level L, at point P, during the reference 
period T.  

As a result of these calculations the Time Fraction Weighted Mean Vector [F] is obtained [25]: 

 ൛𝑓ൟ̅ =

⎩
⎪
⎨

⎪
⎧

𝑓ூ
௉,்

𝑓ூூ
௉,்

𝑓ூூூ
௉,்

𝑓ூ௏
௉,்

⎭
⎪
⎬

⎪
⎫

 (5) 

Consequently, for each point inside the indoor environment, the procedure leads to the assessment of four 
dimensionless values which allow to estimate the predominant level of indoor comfort quality (I, II, III or 
IV). 

This vector, eventually, can be processed to obtain a single and simple index, namely the Environmental 
Quality Index, EQI, variable from 0 to 100 and defined by the following relationship [25]: 

 𝐸𝑄𝐼௉,் = 100 × 𝑓ூ
௉,் +  70 × 𝑓ூூ

௉,் +  35 × 𝑓ூூூ
௉,் (6) 
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2.4 The comfort quality classes 
The last step of the methodology consists in the assignment of the indoor quality class to the environments, 
making use of the index previously determined.  

To reach this goal the seven point scale, from A to G, drawn up in Marino et al. [25] was used (Table 3). 

Because of its definition, EQI is a spatial function of the considered point P, consequently the comfort 
classification is spatially variable. 

In order to examine the reliability of the projected procedure, its application to a case study is reported in the 
following section.  

Table 3. Environmental Quality classes as a function of the EQI index [25]. 
Values of the index EQI Indoor quality class 

90 – 100 

 

75 – 90 

60 – 75 

45 – 60 

30 – 45 

15 – 30 

0 – 15 
 

3 A CASE STUDY 

The relevant influence of solar radiation on both building energy consumptions and comfort conditions of an 
irradiated subject will be analyzed in the following sections applying the described methodology to a case 
study.  

For the analysis purpose a building module, with dimensions 8x5x3 m, has been studied (Figure 2).  

 

Figure 2. Case Study. 
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All the structures forming the building envelope are adiabatic except two which are the South and the East 
exposed walls respectively. They are characterized by a U-factor equal to 0.39 W/m2K   and a surface mass 
of 245 kg/m2 while the characteristics of each layer composing their structure (i.e. thickness s, thermal 
conductivity k, density , heat capacity c, and thermal resistance R) are reported in Table 4. 

Table 4. Wall layer characteristics. 

View Layer ID 
s 

(m) 
k 

(W/mK) 
 

(kg/m3) 
c 

(J/kgK) 
R 

(m2K/W) 

 

Indoor 
surface 

resistance 
- - - - 0.130 

1 0.02 0.700 1400 1000 0.029 
2 0.08 - 775 840 0.200 
3 0.08 0.041 30 1200 1.951 
4 0.12 - 1508 840 0.190 
5 0.02 1.400 2000 1000 0.014 

Outdoor 
surface 

resistance 
    0.04 

 

The unique window present, which is South exposed, is 1.5 m high and 3.0 m wide, has an U-factor equal to 
2.70 W/m2K  and a Solar Heat Gain Coefficient (SHGC) of 0.786. The structure of the glass panel is reported 
in Table 5 along with the characteristics of each constituting layer (i.e thickness s, thermal conductivity k, 
thermal resistance R, hemispherical emissivity e, solar reflectance r and solar transmittance t) . 

Table 5. Window layer Characteristics. 

View Layer ID s (m) 
k 

(W/mK) 
R 

(m2K/W) 
e r t 

 

Indoor 
surface 

resistance 
- - 0.130 - - - 

1 0.006 1.00 0.006 0.84 0.08 0.86 
2 0.016 - 0.188 - - - 
3 0.006 1.00 0.006 0.84 0.08 0.86 

Outdoor 
surface 

resistance 
  0.04    

 

The module, located in Rome, characterized by the climatic conditions reported in Table 6, is equipped with 
a radiant floor system which can directly extract part of the heat load due to solar radiation coming into the 
room and transfer it to the water flowing in the pipes [32]. 

The floor system meets both heating and cooling demands and is controlled by a thermostatic apparatus that 
keeps the indoor air temperature within a selected range. As regards the control range, two cases were 
considered: in the first one the control range spans from 20°C to 26°C, in the second one it is defined by the 
limits of 20°C and 24°C.  

As far as the control of the lighting system is concerned, it was assumed that an automatic device turns the 
lights off when the natural illuminance falls under 300 lux in correspondence of two control points located in 
middle of the room extent, at a distance of 2 m (point 18) and 4 m (point 4) from the window respectively. 
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Table 6. Climate conditions of the selected town. 

Latitude Longitude 
Yearly dry bulb temperature (°C) Degree-Days – baseline 18°C 

Min Max Heating  Cooling  
41°47′ N 12°13′ E -4.0 31.8 1525 555 

 
From the point of view of solar control, two configurations of the building module were analyzed: in the first 
one no shading device was taken into account, while in the second one a completely opaque overhang 
prevents the space from overheating, especially during summer periods. The overhang has a rectangular 
structure 3.80 m long and 1.50 m large and is centered with respect to the window symmetry vertical axis. 

In summary four cases were analyzed; they are depicted in Table 7 and Figure 3. 

Table 7. Analyzed cases 

Case 
Temperature Control 

Range (°C) 
Shading Device Sun effect on comfort 

0 20-26 NO No 
1 20-26 NO YES 
2 20-26 YES YES 
3 20-24 NO YES 

 

Case 0-1-3 

 

Case 2 

 

Figure 3. Configurations of the case study with respect to the shading device. 

The studied module is of an office building that was considered occupied from 8 a.m. to 5 p.m., from 
Monday to Friday, while the heating/cooling system was active from 7 a.m. to 5 p.m.. Moreover, in order to 
assess the comfort conditions of occupants by means of the PPD index, a set of assumptions were made with 
reference to the needed subjective and physical parameters. In particular it was assumed a metabolic rate 
value (M) equal to 1.2 met, a relative humidity (RH) of 50%, a constant velocity value of 0.15 m/s and a 
thermal insulation of the clothing ensemble (Icl) variable  from 0.7 clo to 1.0 clo  as reported in Table 8. 

Table 8. Chosen values of the thermal insulation of the clothing ensemble. 
Month Icl (clo) 
January 1.0 
February 1.0 

March 0.9 
April 0.8 
May 0.7 
June 0.7 
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July 0.7 
August 0.7 

September 0.7 
October 0.8 

November 0.9 
December 1.0 

 

A thermal simulation of the building module was carried out by means of the EnergyPlus code, so that the air 
temperature and the temperature of the wall inner surfaces have been reckoned for a whole year with an 
hourly time step. Their values have been successively utilized for the evaluation of the MRT and PPD index 
over a grid of points obtained by patterning the indoor space floor area with a square mesh having a side 
length of 1 m.  

Finally long term evaluations were carried out and hence the comfort level of the indoor environment was 
classified by means of the EQI defined in the previous section. 

3.1 Results 
The first stage of the analysis has been aimed at the assessment of the influence of the sun on thermal 
comfort, therefore Case 0 and Case 1 (Table 7) should be firstly considered. 

Figure 4 gives clear evidence of the alterations that might affect the MRT when the solar radiation beaming 
on the subject is taken into account. In particular, for point 18, located at a distance of 3 m from the North 
wall and of 4 m from the West wall, the time trend of MRT, assessed with either eq. (1) (unirradiated 
subject) or eq. (2) (irradiated subject), is plotted. 

Unirradiated irradiated 

  

Figure 4. Mean radiant temperature for both unirradiated (Case 0) and irradiated (Case 1) subject (Point 18). 

The comparison between the two graphs makes the effect of solar radiation on MRT clear: 𝑡௥,௜ is always 

appreciably higher than 𝑡௥,௨, but it must be pointed out that in the winter time, when the sun altitude causes 

the subject to be hit by the direct component of solar radiation crossing the South exposed window, 𝑡௥,௜ 

remarkably exceeds 𝑡௥,௨ and a difference of more than 15°C can been found. Moreover, the effect of this 

phenomenon on comfort sensation is deducible from Figure 5, where the PPD time trend for both 
unirradiated and irradiated subject, located at Point 18, is reported. With the exclusion of a short period in 
April, during the whole year the PPD keeps lower than 20% in the case of an unirradiated subject but it 
remarkably rises up if the solar radiation is taken into account. 
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Unirradiated Irradiated 

  

Figure 5. PPD index for both unirradiated (Case 0) and irradiated (Case 1) subject (Point 18). 

Indeed this phenomenon affects the comfort classification to a relevant extent; this is shown in Figure 6, 

which reports the frequencies 𝑓ூ
௉,௠௢௡௧௛, 𝑓ூூ

௉,௠௢௡ , 𝑓ூூூ
௉,௠௢௡௧௛, 𝑓ூ௏

௉,௠௢௡௧௛ as they evolve at Point 18 when the 

effect of the sun is considered, and in Figure 7 which highlights, with a monthly base, the influence of solar 
radiation on the values of the EQI at the same Point 18. 

 
Unirradiated Irradiated 

  

Figure 6.Occurrence frequencies 𝑓ூ
ଵ଼,௠௢௡௧௛, 𝑓ூூ

ଵ଼,௠௢௡௧௛, 𝑓ூூூ
ଵ଼,௠௢௡ , 𝑓ூ௏

ଵ଼,௠௢௡௧௛ at Point 18, for both 
unirradiated (Case 0) and irradiated (Case 1) subject. 
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Figure 7. EQI at Point 18 during the different months and whole year, for both unirradiated (Case 0) and 
irradiated (Case 1)subject. 

It is worth pointing out that the effect of the sun, while might occasionally improve the comfort level in 
winter (cf. February in Figure 7), generally acts lowering the comfort quality class in summer, spring, 
autumn and, hence, during the whole year.  
Similar occurrences can be observed in correspondence of the various 28 points that pattern the floor area of 
the building module so that if the analysis is extended to the whole room, the maps reported in Figures 8-10 
may be obtained.  
The curves represented in the figures are the iso-EQI curves, namely the locus of points where EQI, during 
the selected period (month or year), assumes the same value. 

The reported maps highlight that, due to the position of the window, the effect of the sun is remarkably 
noticeable in the central area (Figure 8) of the room and, while during winter it concerns mainly the farthest 
points from the window (Figure 9), during summer it involves the region next to the South wall (Figure 10) 
because of the different inclination of the sun rays during the various seasons. 
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Figure 8. Iso-EQI curves for both unirradiated (Case 0) and irradiated (Case 1)subject. Reference period: 
year 

Unirradiated Irradiated  

  

 

 

 

Figure 9. ISO-EQI curves for both unirradiated (Case 0) and irradiated (Case 1)subject. Reference period: 
January 
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Figure 10. ISO-EQI curves for both unirradiated (Case 0) and irradiated (Case 1)subject. Reference period: 
June 

In summary the influence of the sun on comfort classification might also be derived from Figure 11 and 
Figure 12 which report the percentage of floor area in which every class occurs. 

 

Figure 11. Environmental classification: comfort class distribution over the floor surface for unirradiated 
(Case 0) subject.  
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Figure 12. Environmental classification: comfort class distribution over the floor surface for irradiated (Case 
1) subject.  

In the long term (year), when the sun effects are not considered, the environmental conditions inside the 
studied room are classifiable as C in correspondence of the 50% of the floor area and D over the remaining 
50% (Figure 11), but they worsen entirely towards class D when the sun is taken into account (Figure 12). 

In order to analyze some of the available solutions usually planned to either limit or compensate the negative 
impact of the sun, two cases were considered and compared: firstly the effect of the overhang (Figure 3) 
described in the previous section was assessed (Case 2 - Table 7), successively the consequence of lowering 
the cooling set-point temperature to 24°C (Case 3 - Table 7) was investigated. 

The results are reported in Figure 13 and Figure 14. 

 

Figure 13. Environmental classification: comfort class distribution over the floor surface. The overhang is on 
(Case 2).  
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Figure 14. Environmental classification: comfort class distribution over the floor surface. The cooling 
temperature set-point is set to 24°C (Case 3).  

Objectively, on an annual basis, the overhang acts improving the environmental condition (Case 2 - 
Figure 13), almost restoring the classes that were found when no sun effect was taken into account (Case 0 - 
Figure 9). 

On the other hand, the reduction of the cooling air temperature set-point (Case 3 - Figure 14) improves the 
comfort quality level of the environment to a large extent. 

As far as energy consumption is concerned, Figures 15-17 show the results for the analyzed cases in terms of 
monthly primary energy. 

According to the results of several simulation studies [33] overheating due to high solar irradiation could 
cause higher energy use in summer, making the use of external or/and internal shading essential for energy 
saving purposes. 

As expected, a reduction of the energy consumptions for cooling (QC) has been found with the installation of 
the overhang (Case 2), while, on the contrary, the reduction of the temperature set-point (Case 3) has made 
the cooling energy demand higher. As regards the heating energy consumption (QH), it is enhanced by the 
presence of the overhang (Case 2), but, of course, it is not influenced by the change of the cooling set-point 
(Case 3). 

From the point of view of the lighting demand (QL), the presence of the overhang causes an appreciable 
increase of the energy consumptions. Nevertheless both spring and summer months are not affected by this 
phenomenon because the long duration of the daylight makes the activation of the lighting system however 
less likely. 

A summary of the results in terms of both comfort conditions and primary energy consumptions is shown in 
Figure 18 where, for each analyzed case, the yearly energy demand and the values of EQIavg are reported. 

EQIavg is an average EQI obtained as follows 

 
P

P
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T
avg n

EQI

EQI




,

 (7) 

where P is the generic point T the reference period and np the number of considered points. 
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Figure 15. Cooling heating and lighting primary energy consumptions. Case 0 and Case 1. 

 

Figure 16. Cooling heating and lighting primary energy consumptions. Case 2. 

 

Figure 17. Cooling heating and lighting primary energy consumptions. Case 3. 
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Figure 18. Environmental classification and primary energy demand.  

4 CONCLUSION 

The current work designs a procedure which allows the rating of the thermal comfort quality of indoor 
environments in presence of solar radiation. It could be used in correlation with energy classification of 
buildings in order to refer energy performance to indoor environmental conditions, as stated by 2010/31/EU 
European Directive [5]. 

The most innovative facet of the proposed procedure lies in the consideration of solar radiation hitting the 
subject that affects thermal comfort to a large extent. Indeed, given that solar radiation entering into indoor 
environment and shining on the occupants, strongly depends on the position of the subjects, period of the 
year and time of the day, the proposed methodology provides for a spatial and long term analysis that covers 
one year at least. 

The application to a case study has demonstrated that solar radiation may cause the presence of unacceptable 
environmental conditions in a remarkably large portion of the studied indoor space. The phenomenon would 
have not been noticed if solar radiation had not been taken into account using the proposed algorithm. 
Obviously, the issue might be stemmed by the use of solar shields, but this solution must be carefully 
analyzed because, in spite of the improvement of the comfort conditions, it may cause the enhancement of 
the energy demand of buildings.  Therefore their operational mode must be accurately designed as a result of 
the trade-off between energy saving and comfort needs and in consideration of the weather conditions, 
building-plant configuration, management and intended use conditions of the indoor environments, etc.. 

For the case analyzed in the present study, for example, the designed solar shield, which was an overhang 
installed over the South exposed window, has proved to be less effective than changing the cooling 
temperature and this result concerns both point of views of energy consumptions and environmental comfort. 

These conclusions should be taken into account when optimization processes are designed. As a matter of 
fact, in order to avoid misleading results, the analysis aimed at the identification of the optimal building-
system configuration should regard both comfort and energy facet and, above all, it should be able to 
properly assess the time and space variations of the involved variables. This last circumstance allows an 
appropriate evaluation of the effect of the weather conditions and especially of solar radiation which proved 
to affect results to a remarkable extent. 

By means of such an analysis, the presence of non-comfortable positions inside the studied indoor 
environment can be highlighted and the frequency of their occurrence can be assessed, so that the 
arrangement of the tasks and of the organization of the human activities to be performed inside the room 
become part of the optimization process. 
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As a consequence, whereas the definition of the optimal configuration become strictly connected to the 
singular studied situation and cannot be generalized, the reliability of the result improves. 

The proposed methodology is suitable for this type of analysis and, hence, for optimization purposes because 
it allows proper analysis of both time and space performances of every examined configuration, so that the 
effect of weather conditions and especially of sun irradiation are able to be taken into account appropriately. 

As regards the presence of unacceptable environmental conditions due to solar radiation entering through 
glazed surfaces, movable and automated shields or switchable glass, controlled by smart systems able to both 
follow the values of some environmental variable (MRT, solar radiation ,etc.) and react accordingly, could 
be effective solutions and, of course, they should be taken into account as part of the optimization process; 
therefore future analysis will be planned in this direction. 
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NOMENCLATURE 

 solar altitude angle (°) 
𝛼௜௥௥,ௗ  relative absorbances referring to the diffuse solar radiation (adim) 
𝛼௜௥௥,௕ relative absorbances referring to the direct solar radiation (adim) 
𝑐 heat capacity (J kg-1 K-1) 
𝐶ௗ௡ day–night coefficient (adim) 
𝐶ௌ

௢௨௧  shading coefficient taking into account external obstacles to the solar beam component (adim) 
𝐶ௌ

௜௡ indoor building shield coefficient (adim) 
𝑒 hemispherical emissivity (adim) 
 emissivity of the human body (adim) 
𝐸𝑄𝐼௉,் Environmental Quality Index at point P, during the reference period T (adim) 
𝐸𝑄𝐼௔௩௚

்  environment average of the Environmental Quality Index during the reference period T (adim) 
𝑓௣ projected area factor of the subject in the solar beam direction (adim) 
𝐹ௌ→௜ angle factors between the subject and the ith internal surface (adim) 
𝐹ௌ→௝  angle factors between the subject and the jth transparent surface of the envelope (adim) 
 solar azimuth angle (°) 
𝐼௕௡

௜௡  direct component of solar radiation entering the environment through its transparent surfaces and shining 
on the subject (Wm-2) 

𝐼௕
௢௨௧  direct component of solar radiation hitting the external side of the glazed surfaces (Wm-2) 

𝐼௖௟  clothing insulation (clo) 
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𝐼ௗ,௝
௜௡  diffuse component of solar radiation entering the environment through its transparent surfaces and shining 

on the subject (Wm-2) 
𝐼ௗ

௢௨௧ diffuse component of solar radiation hitting the external side of the glazed surfaces (Wm-2) 
𝑘 thermal conductivity (Wm-1K-1) 
𝐿ௐ length of window (m) 
𝑀 metabolic rate (met) 
𝑓௅

௉,் occurrence frequency of the category of quality L, at point P, during the reference period T (adim) 
𝐻ௐ  height of window (m) 
𝑥ௐ abscissa of the lower right corner of a window as viewed by an observer watching it from the inside (m) 
𝑝௔  water vapour partial pressure (Pa) 
𝑅 thermal resistance (Wm-2K-2) 
𝑅𝐻 relative humidity (%) 
𝑠 wall thickness (m) 
𝑟 solar reflectance (adim) 
 density (kg m-3) 
 Stefan–Boltzmann constant (5.67 x 10-8 Wm-2K-4) 
𝑡 solar transmittance (adim) 
𝑡௔ air temperature (°C) 
𝑡௜  temperature of the ith isothermal surface of the environment (°C) 
τୢ optical transmittance of the glass for the diffuse solar component (adim) 
τୠ optical transmittance of the glass for the direct solar component (adim) 
𝑡௥̅,௨ mean radiant temperature of an un-irradiated subject (°C) 
𝑡௥̅,௜ mean radiant temperature of a subject irradiated by the solar radiation (°C) 
𝑣௔  air velocity (ms-1) 
𝑥஺, 𝑦஺ 
𝑥஻ , 𝑦஻  
𝑥஼ , 𝑦஼  
𝑥஽ , 𝑦஽  

coordinates of the points limiting the irradiated zone inside the indoor environment  (m) 

𝑧௕ quote of barycentre of the human body (m) 
𝑧ௐ quote of the lower right corner of a window as viewed by an observer watching it from the inside (m) 
 

 
 


