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This article aims to devise an analytical methodology suitable for assessing the various
components of the solar radiation (direct, diffused by the sky vault, reflected by the ground
and other surrounding surfaces). As input, it uses measured data of the global solar
irradiance coming from six perpendicular space directions (South, North, Est, West and the
two vertical directions). Assessing the contribute of the component of solar radiation which
is reflected by the surrounding surfaces on a horizontal plane, the proposed method is
suited to being applied in areas (e.g. urban settings) where an optimal installation of the
measurement apparatus (devoid of objects reflecting solar radiation) is not possible.
Furthermore, it allows the actual sky view factor to be taken into account, so that the
influence of objects or surfaces, partially shading the view of the sky is evaluated. In
addition, the experimental apparatus generally used for the assessment of the mean radiant
temperature in outdoor environment may be exploited, thus allowing a more
comprehensive control of the climate conditions of the analysed site.

1. INTRODUCTION

Urban planning is currently considered a crucial factor
within the actions aimed at mitigating the effect and the
consequences of global warming. It involves different fields
of intervention [1-2], which also regard the analysis and
control of the outdoor climatic conditions [3-4].

As a matter of fact, local weather conditions in urban areas
affect the energy consumption of buildings [5], the chance of
renewable source exploitation [6] and determine the quality
of outdoor urban space, thus influencing various human
behaviors [7] and related activities as pedestrian traffic and
modal choices of the transportation systems, whose
rationalization is one of the crucial objective of the action
plans adopted by local authorities in view of tackling
mitigation of climate change [8].

Solar radiation levels are the main features characterizing
the weather conditions of a site [5] and influence the real
effectiveness of the actions usually designed to foster a
sustainable development of urban settlements. Actually, they
affect the chances of passive lighting [9], renewable source
energy production [10] (either photovoltaic or thermal),
thermal gains of indoor space and, hence, building energy
consumption [11]. Furthermore, they are essential input data
for the assessment of the outdoor comfort conditions [8] and,
therefore, for the evaluation of the actual suitability of
outdoor spaces.

Among solar radiation components usually gathered in
meteorological stations observed in the world, global
radiation on horizontal surface, namely the sum of the direct
and diffuse components, is the most frequently measured
quantity [12].

That circumstance is essentially due to the maintenance
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requirements which characterize the instrumental apparatus
needed for measurements of direct and diffuse components
(pyranometers equipped with either solar tracking systems or
shadow band mobile structures).

Nevertheless, the knowledge of both the two components
is a crucial issue for the analysis which the urban planning
process relies on. As an instance, passive lighting mostly
depends on diffuse radiation, whereas photovoltaic
conversion is essentially determined by direct solar radiation.

In this context, this article aims to devise an analytical
methodology for the assessment of the various components
of the solar radiation (direct, diffused by the sky vault and
reflected by the ground and other surrounding surfaces),
using measured data of global irradiance coming from six
perpendicular space directions (South, North, Est, West and
the two vertical directions) as input.

Assessing the contribute of the component of solar
radiation which is reflected by the surrounding surfaces on a
horizontal plane, the proposed method is suited to being
applied in areas (e.g. urban settings) where an optimal
installation of the measurement apparatus (devoid of objects
reflecting solar radiation) is not possible.

Furthermore, it allows the actual sky view factor to be
taken into account, so that the resulted diffuse radiation term
accounting for the presence of objects or surfaces partially
shading the view of the sky, is evaluated.

In addition, the experimental apparatus generally used for
the assessment of the mean radiant temperature in outdoor
environment may be exploited [13] (six-dimensional
technique), thus using the same equipment to obtain a more
comprehensive control of the climate conditions of the
analysed area.

Finally, in order to carry out a preliminary test regarding



the reliability of the procedure, its output was compared to
the outcome of the Diffuse Fraction Correlation Model,
reported in [14].

2. EXPERIMENTAL APPARATUS

The instrument setup used for the radiant flux

measurement is shown in Figure 1.

Figure 1. Experimental apparatus

It consists of three probes installed on a pole. Each probe
is a CNR4™ net radiometer (Kipp and Zonen), which, in turn,
consists of a pyranometer pair, disposed on the opposite
surfaces of the probe’s plane, and a pyrgeometer pair in a
similar configuration. The pyranometer pair measures the
short-wave radiation, whereas the pyrgeometer pair measures
long-wave radiation.

The measured data are collected through a set of two
loggers (QML102TM, VAISALA) which are connected to a
laptop, located in a nearby container, through a Ethernet port.

The measure point (P, Figure 2) is located inside the
courtyard of the Mediterranean University on an area which
is equipped with all the needed networks.

Figure 2. Mediterranean University campus - Measurement
point P

3. METHODOLOGY

The proposed method aims to the assessment of the direct
and diffuse components of solar radiation in urban
environments, where an optimal placement of the measure
apparatus, devoid of interfering obstacles and reflective
surfaces, is often not possible owing to the morphology of the
available areas.

The needed input data are the values of the solar irradiance
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coming from six perpendicular space directions, measured by
means of six pyranometers.

If a spatial reference system, X, y, z, is used, the six solar
irradiance variables may be denoted as follows:

Ix"  solar irradiance measured by the sensor facing the
positive direction of the x axis;

Ix~  solar irradiance measured by the sensor facing the
negative direction of the x axis;

Iy*  solar irradiance measured by the sensor facing the
positive direction of the y axis;

Iy solar irradiance measured by the sensor facing the
negative direction of the y axis;

Iz"  solar irradiance measured by the sensor facing the
positive direction of the z axis (upward);

Iz solar irradiance measured by the sensor facing the
negative direction of the z axis (downward);

Within these conditions, considering that the solar
radiation received by a plane on the ground surface consists
of three component (the direct radiation coming from the
solar disk, the diffuse radiation derived from the sky vault,
and the reflected radiation coming from surrounding surfaces)
the following equation system can be provided:

(be+ Ibh + Id,rx"' = 1x+
Ryx=Ipn + lgpx— = Iy~
{ Rby+ Iyn + Id‘,,y+ = Iy+

Rpy=Ipn + 1gry- = Iy~

(1
Ibh + Id,TZ+ = IZ+

where: Ipy, is the direct component of solar radiation on the
horizontal plane; I; . is the sum of the diffuse and reflected
component of solar radiation on each surface facing each of
the six directions (x*, x, y', v, z', 7).

Ry indicates the conversion factor for the direct solar
irradiance on the involved surface. It depends on the
incidence angle 0 (namely the angle between the solar beam
and the straight line normal to the surface) and on the solar
altitude ou:

cos 6

b = sena (2)

The equation systems (1) consists of 5 equations, but the
unknown variables are six: Ipp, lgyxt s larx= > lary+ s
Id,ry_’ Id,rz+'

The sixth equation is obtained considering the specific
effect of the reflections from the surrounding surfaces and of
the radiation diffused from the sky vault, which does not
depend on the orientation of the struck plane and hence is
constant for all the vertical surface. Specifically, the
following balance can be written:

_ 4l
2

A 3)

Id,rx+ + Id,rx_ + Id,ryJr + Id,r y~

where IZT_ is the radiation reflected by the ground on the

vertical plane.

Regarding the term A, it was introduced to take two
possible occurrences into account: if no other reflecting
surface but the ground is present within the surrounding
environment, A is equal to overall radiation diffused from the
sky and globally shining on the four vertical planes (x¥, x°, y*,
y); on the contrary, if reflections from the surrounding



environment (other than the ground) cannot be neglected,
they are included in the term A.

Its value can be assessed whether the following conditions
are laid down:

A> 0
Ipp =0
Iap v+ 224005 X (Ipn + Ig 1+)
I 2 4 0.05% (Ipn + Iy ,+)
< Iapy+ = 24005 X (Ipy + Igr ,+) Y
lary~ 2 % +0.05 X (Ipp + 1y ,+)
Iyr,+=010X% (Ibh + Id,‘rz"')

In short, combining eq. (1), eq. (3), a new system is
obtained:

( Ryt Ipn + g5t = Lt
Rpy=Ipn + lgp 5= = Iy~
Rypyt Ipp +1gryt =L+
4 Ryy=Ipp + Ly = I~
Iy + Id,rz+ =1,+
Lypsr larx tlgryt Hlary-= 21,-+A

)

which must be solved under the conditions expressed by eqs.
4

Its solution allows the assessment of the unknown
variables Ipn, lgyx+s larx=s lary+s lary=» lay ,+ and the
term A.

In order to assess the diffuse and reflected components on
the horizontal plane, whose sum is equal to I, ,+, a further
step is needed.

Firstly eq. (3) can be also written as:

I,-

4’dh+1rx++1,x-+1,y++1,y-—47= A ©)

2
where I, is the radiation diffused by the sky vault on the
horizontal plane; I, ,+, L =, I, ,+, I~ are the portions of
solar radiation reflected by the surrounding surfaces, other
than the ground, on the four vertical planes.

If a new variable I; is defined as:

L=L++ L -+ 1L+ + 1L, 7
thus Eq. (5) can be written as:
2l + 1, =21,-+ A ®)

So that, following a procedure similar to the one formerly
described, the unknown variables I;, and I, can be assessed
by solving the system:
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20 +1, =21+ A
[dh + IT'Z+ = Id,T'Z+

L =21+ A
Iy = 0.10 X (Iyy, + Igp) )
I.>0

0 S IT'Z+ < 050 X Idh

where the unknown variables are: Iy, I, I,.,+, and I, + is
the component of solar radiation reflected by the surrounding
surfaces on the horizontal plane.

Solving equation systems (5), within the conditions of eqs.
(4), and (9) consecutively, all the needed unknown variables
are assessed.

4. CASE STUDY

Data gathered during four days characterized by different
sky conditions (clear, partially cloudy and cloudy) were used
to examine the procedure accountability.

Specifically, the four considered days are: 21/06/2017,
21/09/2017,21/12/2017 and 21/03/2018.

Furthermore, in order to carry out a preliminary test
regarding the reliability of the procedure, its output was
compared to the outcome of the Diffuse Fraction Correlation
Model, reported in [14] and used to assess the direct and
diffuse components of solar radiation from global data.
Specifically:

1.020 — 0.248 k,
1.450 — 1.670 k,
0.147

if 0.0<k <03
if 03<k, <0.78
if 0.78<k,

Tan  _
Ipn+lan

(10)

where k; is the ratio of global horizontal to extraterrestrial
radiation and (I, + Iz,) is the measured global solar
radiation on the horizontal plane.

4.1 Input data
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Figure 3. Solar irradiance 21/06/2017- hourly data
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Figure 4. Solar irradiance 21/09/2017- hourly data
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Figure 5. Solar irradiance 21/12/2017- hourly data
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Figure 6. Solar irradiance 21/03/2018- hourly data

Figure 3, Figure 4, Figure 5 and Figure 6 depict the
measured data used as input. They are the hourly average
values of the solar irradiances coming from the six spatial
directions, respectively pointing South, North, Est, West, up
and down.

It is worth noting the different levels of solar irradiance
characterizing the four selected days, respectively
corresponding to different sky conditions.

5. RESULT AND DISCUSSION

Comparisons among the results of the proposed procedure
and of the Diffuse Fraction Correlation Model are reported in
Figure 7, Figure 8, Figure 9 and Figure 10.
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Figure 7. Solar radiation: comparison among the results of
the proposed method and the outcome of the Diffuse fraction
correlation model- 21/06/2017- hourly data
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Figure 8. Solar radiation: comparison among the results of
the proposed method and the outcome of the Diffuse fraction
correlation model- 21/09/2017- hourly data
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Figure 9. Solar radiation: comparison among the results of
the proposed method and the outcome of the Diffuse fraction
correlation model- 21/12/2017- hourly data

All the components of solar radiation there reported (direct
Iyn, and diffuse l4y,) shine on the horizontal plane.

Firstly, it is worth noting that the two methods yield results
which show similar time trends. Therefore, the proposed
procedure seems quite reliable from this point of view.

Furthermore, it estimates values of the direct component of
solar radiation which tend to be higher than the ones
calculated by means of the Diffuse Fraction Correlation
Model. Conversely, the opposite circumstance regards the



diffuse component: the values calculated by means of the
proposed procedure are, by and large, lower.
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Figure 10. Solar radiation: comparison among the results of
the proposed method and the outcome of the Diffuse fraction
correlation model- 21/03/2018- hourly data

This occurrence is presumably due to the configuration of
the site where the measures were performed, namely to the
presence of a sky view factor which is actually different from
1.

The proposed procedure is able to take this circumstance
into account, thus yielding the actual value of the radiation
diffused from the visible sky vault.

The effect of the presence of reflective surfaces is
deducible from Figure 11, which reports the radiation, I,.,+,
they reflect on the horizontal plane.
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Figure 11. Solar radiation component reflected on the
horizontal plane by the surfaces located nearby the measure
point

6. CONCLUSIONS

This article aims to devise an analytical methodology for
the assessment of the various components of the solar
radiation (direct, diffused by the sky vault and reflected by
the ground and other surrounding surfaces), using measured
data of global irradiance coming from six perpendicular
space directions (South, North, Est, West and the two vertical
directions) as input.

It is suited to being applied in areas (e.g. urban settings)
where an optimal installation of the measurement apparatus
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(devoid of objects reflecting solar radiation) is not possible.

As a matter of fact, it allows the actual sky view factor to
be taken into account, and the contribute of the component of
solar radiation which is reflected by the surrounding surfaces
on a horizontal plane to be calculated.

Preliminary analysis of the results of the proposed method
are encouraging: on balance, comparison to the outcome of a
well-known statistical model seems to yield a positive
response.

However, further analysis regarding both the validity
limits of the proposed model and the consistency of the
results are needed for a definitive judgment on its reliability.

An experimental campaign is being planned in order to
fulfil this task.
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NOMENCLATURE

Ix-

Iy

Iy

Solar irradiance, Wm™

solar irradiance measured by the sensor
facing the positive direction of the x
axis, Wm

solar irradiance measured by the sensor
facing the negative direction of the x
axis, Wm

solar irradiance measured by the sensor
facing the positive direction of the y
axis, Wm

solar irradiance measured by the sensor
facing the negative direction of the y
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1z

1z

Ry

Greek symbols

0
o

Subscripts

o o

axis, Wm™
solar irradiance measured by the sensor
facing the positive direction of the x
axis, Wm?
solar irradiance measured by the sensor
facing the negative direction of the x
axis, Wm
conversion factor for the direct solar
irradiance

Solar beam incidence angle, rad
Solar altitude, rad

Relative to the surface of the plane
perpendicular to the x axis and oriented
towards the its positive direction
Relative to the surface of the plane
perpendicular to the x axis and oriented
towards the its negative direction
Relative to the surface of the plane
perpendicular to the y axis and oriented
towards the its positive direction
Relative to the surface of the plane
perpendicular to the y axis and oriented
towards the its negative direction
Relative to the surface of the plane
perpendicular to the z axis and oriented
towards the its positive direction
Relative to the surface of the plane
perpendicular to the z axis and oriented
towards the its negative direction
Diffuse radiation

Direct radiation

Reflected radiation





