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ABSTRACT

In this paper a simulation to maximize the global solar radiation on a sloped collecting surface was applied to typical
latitudes in the area of southern Italy, to calculate the optimum tilt angle of solar panels on building structures or large
photovoltaic power plants located in that geographical area. Indeed, the area of southern Italy and in particular Sicily
and Calabria are the top of European locations for acquiring solar energy. Some models of diffuse solar irradiance were
taken into account to determine panels inclinations that maximized the impinging solar radiation by means of global
horizontal solar radiation data provided from the Italian Institute of ENEA (Italy). An algorithm was used for the simu-
lation providing a set of tilt angles for each latitude. The optimum tilt angle values obtained from the simulation re-
sulted to be strictly related to the model of diffuse solar radiation that was used. Indeed, the disagreement between the
values obtained using anisotropic models of diffuse solar radiation and those obtained from the isotropic model resulted
to decrease significantly with increasing solar declination, showing that the isotropic model can be reliable only in

summer months.
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1. Introduction

The rising cost of electricity has provided the motive for
making best use of daylight, and utilization of solar ra-
diation has led to new architectural developments.

As a consequence of the absence of adequate meas-
ured solar irradiation data, building designers have to
rely on predictive tools and models. These models should
be capable of accurately predicting slope and orientation
of solar panels to maximize solar energy collectable from
meteorological parameters such as global horizontal solar
radiation as an input parameter.

The assumption of isotropic diffuse irradiance of [1]
for computing optimum tilt angles of solar panels and
vertical surface energy gains may have contributed to
overestimations.

Hence, during the past decade several new and better
solar radiation algorithms have evolved. For example,
these models have confirmed that the isotropic assump-
tion overestimates the energy transmission through fen-
estration by as much as 40% for vertical surfaces.

While modeling and simulation of energy systems
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would require determination of hourly horizontal and
slope quantities, daily and monthly-averaged irradiation
values would suffice for an abbreviated analysis.

The area of southern Italy and in particular Sicily and
Calabria are the top of European locations for acquiring
solar energy, because over 3000 hours of sunshine a year.

In 2009, Sicily was the first European region as it has
been reached grid-parity, i.e. the parity between the cost
of solar electricity and that produced by burning oil or
natural gas. Every kilowatt of installed power generates
in Sicily over 1500 kWh per year; 15 solar plants have
been surveyed admitted to the incentives, for a total of
177.5 kW, and there is also provided other 1130 facilities
(26 of which more than 50 kW) for a total of 45.307 kW.

However, the potential of these regions for the use of
solar energy could be even more valued.

This work has been focused on calculating global solar
irradiance and optimum tilt of solar panels at some typi-
cal latitudes in the area of southern-Italy, using some
diffuse solar radiation models and highlighting the dis-
agreement among their results.
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Global horizontal solar irradiation have to be preferred
with respect to empirical expression such as that of [2].
Hence, data archive of ENEA from 1995 to 1999 have
been used.

Otherwise, daily extraterrestrial radiation on a hori-
zontal surface, named H,, can be computed for day n
from the following equation [3]:
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where Gy is the solar constant, equal to 1367 W/m?, n is
the number of the day, ¢ the solar declination, ¢ the geo-
graphical latitude, and w; the hour angle of sunrise.

The ratio of solar radiation at a surface of the earth to
extraterrestrial radiation is called the clearness index.
The monthly average clearness index, K, is defined as:

K, =—% @)

where H; is the monthly average daily solar radiation
on a horizontal surface.

The global horizontal solar irradiation H, includes the
horizontal direct beam irradiation Hy and the horizontal
diffuse sky irradiation Hy.

For obtaining solar irradiation on a tilted surface, users
must use some predictive slope irradiation models, that
evaluate the relationship between the global solar irradia-
tion on horizontal planes and that on tilted planes [1,4-6].

Direct beam and diffuse components of solar radiation
can be estimated from empirical relationships by means
of clearness index K.

The main cause of error in the computation of the op-
timum tilt and orientation of a solar panel is related to
considerable disagreements within the set of those rela-
tionships.

The origin of such disagreements depends upon what
the diffuse correlation is used for.

The Italian Institute of ENEA (Italy) recommended the
following correlation for Italian latitudes:

H, = (0.919 —-0.945K, )Hg 3)
derived from measures of solar irradiance performed by
the ENEA.

2. Empirical Models of the Diffuse Solar
Irradiance

Global daily solar radiation on a tilted surface can be
estimated as follows:

L =1+, +1 (4)

where I, is the direct radiation, which emanates from
the solar disk, Iy the diffuse radiation, which emanates
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from the rest of the sky, and I; the ground reflected radia-
tion.

The daily beam radiation on a tilted surface I, can be
obtained by means of the ratio of the average daily beam
radiation on a tilted plane to that on a horizontal plane,
named Ry, and the parameters to it correlated:

I, =H,R, ®)

The evaluation of the ground-reflected diffuse irradi-
ance is dependent on the factor I.. Most studies consider
that the ground reflection process is ideally isotropic [1],
in which specific case I; can be simplified into

- H, p(1-cosf)
' 2
where p represents the ground albedo, and f is the slope
of the panel as to the horizontal plane.
If we assume an isotropic distribution of solar radiance
through the sky, the diffuse irradiance can be expressed
as follows [1]:

(6)

1, (iso) = H, (lzcosﬂ)

The assumption that the diffuse radiation originates
entirely from the solar disk gives the relation

(7

. cosd
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that is the modeling opposite to the isotropic of [1].

Nevertheless, absorbing and scattering processes in the
atmosphere redistribute solar energy out of the direct
beam into the diffuse radiation.

Le Quere [7] proposed a model for the diffuse solar
component as a combination of the two components,

I, = FxI, (is0)+(1—F)*1, (disk) ©)

suggesting the value F = 0.8, while Hay and Davies as-
sumed the ratio of terrestrial direct radiation to extrater-
restrial radiation as the degree of anisotropy (1 — F).

Klucher [8] proposed a model where the isotropic
component I4(iso) is multiplied by two factors that rep-
resent both circumsolar and horizon brightening:

I, =1, (iso)[1+Ksin3 gj(l-chosz Osin’ Hz) (10)
In this expression the parameter K expresses the de-
gree of anisotropy as a modulating function of the
amount of direct radiation received by the surface
H
K=1-—¢% 11
m an

g

Further models have been proposed up to now to per-
form the anisotropy of diffuse solar irradiance, by means
of some coefficients based on statistical analysis of em-
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pirical data for specific locations.

The peculiarity of PV systems is that they can use both
forms of radiation, direct and diffuse irradiation, hence
further empirical researches on expressions of diffuse
solar irradiance need to optimize the solar energy col-
lected by a solar panel.

3. Computing the Optimum Tilt Angle
Relative to Different Diffuse Solar
Radiation Models at Typical Latitudes in
the Area of South-Italy

The global horizontal solar radiation data relative to 5
cities in the area of southern Italy (Messina, Palermo,
Catania, Reggio Calabria, Lamezia Terme) provided

from the Institute of ENEA from 1995 to 1999 were used.

The geographic latitude and longitude of the cities are
indicated in the Tables 1-5.

Daily extraterrestrial radiation on a horizontal surface,
H,, was computed from (1), and Equation (3) was used
as the relationship between Hy and H,.

Ground albedo was fixed at the typical value p = 0.20,
corresponding to the cement.

The isotropic model of [1] and the anisotropic models
of [7,8] were used to calculate the diffuse solar compo-

| He (cosésinqocosa)cos;/ —sindcos@cosy + cosésinysina))

nent Hy.

The optimum tilt angle values f were calculated using
the parameters of the cities and the models of diffuse
solar radiation above mentioned. The computation was
performed using the algorithm proposed in [9] based on
the assumption that the daily solar irradiation impinging
on the collecting surface be maximum with respect to the
angles f, y, w, where f is the slope of the panel as to the
horizontal plane, y is the azimuth, @ the solar hour angle,
respectively.

This physical assumption is represented by the ma-
thematical conditions:

o,

%_o (12)
ol
a—y_o (13)
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—==0 (14)

The set of equations can be solved as to the angles f, y,
w, using numerical methods [9].

The use of the isotropic model of [1] provides the so-
lutions:
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The use of the anisotropic model of solar diffusion ra-
diation of [8], instead, provides a set of equations that
cannot be solved analytically with respect to S, y, w, but
only using iterative methods, as accurately described in
[9].

The optimum tilt angle values that were calculated us-
ing the models above mentioned are reported on the Ta-
bles 1-5 for each latitude.

The corresponding monthly average of the daily global
solar radiation can be considered representative of the
conversion efficiency of a PV module, because it has a
linear relationship with the solar radiation rate [10].

The optimum tilt angle values obtained for winter
months were confirmed to be very different from the
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values relative to summer months at each latitude, con-
firming that a seasonal tilt angle adjustment is needed,
such as it was evidenced by [11] for some European cit-
ies.

Furthermore, the disagreement between the optimum
tilt angle values obtained using the two anisotropic mod-
els of diffuse solar radiation resulted lesser than 2 de-
grees for each latitude and solar declination value.

In contrast, the disagreement between the optimum tilt
angle values obtained using the anisotropic models and
those obtained using the isotropic model resulted relevant
for the winter months, as can be observed in the last
column of the Tables 1-5, where the differences Af be-
tween the averaged optimum tilt angles obtained from
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Table 1. Optimum tilt angle values computed using the diffuse models of Liu and Jordan, Le Quere, and Klucher, and the
monthly averages of the daily global horizontal solar irradiation data acquired from 1995 to 1999 by the ENEA at the site of
Messina (latitude +38°11'40™, longitude +15°33'02"); d; (i = 1 --- 12) is the solar declination computed for the 15th day of the
i-month. The difference between the mean of the optimum tilt angle obtained by means of the anisotropic models and the
value obtained using the isotropic model is reported for each solar declination in the last column.

Month Solar declination Liu & Jordan’s Model Le Quere’s model Klucher’s model A (anis-iso)
(deg) B (deg) B (deg) f (deg) (deg)

January di=-21.269 53.1 60.9 61.9 8.3
February d,=—-13.289 45.8 53.2 54.2 7.9
March d; =-2.819 36.0 42.8 429 6.8
April ds=9.415 24.7 30.4 28.9 5.0
May ds =18.792 16.9 20.6 18.9 2.9
Jun ds=23.314 13.0 15.9 14.2 2.0
July d;=21.517 14.7 17.8 16.2 2.3
August dg=13.784 214 259 244 3.7
September dy=2.217 31.4 37.8 373 6.1
October dip=-9.599 42.7 49.6 50.5 7.4
November d;; =-19.148 50.5 58.8 59.6 8.7
December d;, =-23.335 54.6 62.8 63.6 8.6

Table 2. Optimum tilt angle values computed using the diffuse models of Le Quere, Hay and Davies, and Klucher, and the
monthly averages of the daily global horizontal solar irradiation data acquired from 1995 to 1999 by the ENEA at the site of
Palermo (latitude +38°06'44", longitude +13°20'12"); d; (i = 1 --- 12) is the solar declination computed for the 15th day of the
i-month. The difference between the mean of the optimum tilt angle obtained by means of the anisotropic models and the
value obtained using the isotropic model is reported for each solar declination in the last column.

Month Solar declination Liu & Jordan’s Model Le Quere’s model Klucher’s model Ap (anis-iso)
(deg) $ (deg) # (deg) f (deg) (deg)

January di=-21.269 54.3 60.9 62.4 7.4
February d,=-13.289 46.5 532 54.5 7.4
March d; =-2.819 36.4 42.8 43.1 6.6
April ds=9.415 24.9 303 29.0 4.8
May ds =18.792 17.0 20.6 18.9 2.7
Jun ds=23.314 13.0 15.8 14.2 2.0
July d; =21.517 14.8 17.7 16.2 2.1
August ds=13.784 21.6 25.8 24.5 3.5
September dy=2.217 31.7 37.7 374 5.8
October dip=-9.599 43.0 49.6 50.6 7.1
November di; =-19.148 51.3 58.8 59.9 8.0
December di, =-23.335 56.1 62.9 64.3 7.5
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Table 3. Optimum tilt angle values computed using the diffuse models of Le Quere, Hay and Davies, and Klucher, and the
monthly averages of the daily global horizontal solar irradiation data acquired from 1995 to 1999 by the ENEA at the site of
Catania (latitude +37°30'05", longitude +15°04'27""); d; (i = 1 --- 12) is the solar declination computed for the 15th day of the
i-month. The difference between the mean of the optimum tilt angle obtained by means of the anisotropic models and the
value obtained using the isotropic model is reported for each solar declination in the last column.

Month Solar declination Liu & Jordan’s Model Le Quere’s model Klucher’s model AP (anis-iso)
(deg) B (deg) £ (deg) B (deg) (deg)

January di=-21.269 53.4 60.3 61.7 7.6
February d,=-13.289 46.2 52.6 53.9 7.0
March d; =-2.819 35.7 422 42.4 6.6
April d,=9.415 243 29.7 28.3 4.7
May ds=18.792 16.4 19.9 18.2 2.6
Jun d¢=23.314 12.6 15.2 13.6 1.8
July d; =21.517 14.2 17.1 15.5 2.1
August ds=13.784 20.9 25.2 23.7 3.5
September dy=2.217 31.1 37.1 36.7 5.8
October dio=-9.599 42.7 49.0 50.1 6.9
November d;; =-19.148 51.0 58.3 59.5 7.9
December di, =-23.335 55.5 62.3 63.7 7.5

Table 4. Optimum tilt angle values computed using the diffuse models of Le Quere, Hay and Davies, and Klucher, and the
monthly averages of the daily global horizontal solar irradiation data acquired from 1995 to 1999 by the ENEA at the site of
Reggio Calabria (latitude +38°06'42", longitude +15°39'44"); d; (i = 1 --- 12) is the solar declination computed for the 15th
day of the i-month. The difference between the mean of the optimum tilt angle obtained by means of the anisotropic models
and the value obtained using the isotropic model is reported for each solar declination in the last column.

Month Solar declination Liu & Jordan’s Model Le Quere’s model Klucher’s model AP (anis-iso)
(deg) f (deg) f (deg) f (deg) (deg)

January di=-21.269 53.2 60.8 62.0 8.2
February d,=-13.289 455 53.1 54.0 8.0
March d; =-2.819 35.7 42.7 42.8 7.0
April ds=9.415 24.5 30.3 28.8 5.1
May ds=18.792 16.7 20.6 18.7 2.9
Jun ds=23.314 13.0 15.8 14.1 2.0
July d;=21.517 14.7 17.7 16.1 22
August dg=13.784 214 25.8 244 3.7
September dy=2.217 312 37.7 37.1 6.2
October dio=-9.599 42.6 49.5 50.4 7.4
November d;; =-19.148 50.9 58.8 59.8 8.4
December di, =-23.335 54.9 62.8 63.7 8.4
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Table 5. Optimum tilt angle values computed using the diffuse models of Le Quere, Hay and Davies, and Klucher, and the
monthly averages of the daily global horizontal solar irradiation data acquired from 1995 to 1999 by the ENEA at the site of
Lamezia Terme (latitude +38°58'01", longitude +16°18'36"); d; (i = 1 --- 12) is the solar declination computed for the 15th day
of the i-month. The difference between the mean of the optimum tilt angle obtained by means of the anisotropic models and
the value obtained using the isotropic model is reported for each solar declination in the last column.

Solar declination Liu & Jordan’s Model

Month

Le Quere’s model Klucher’s model AP (anis-iso)

(deg) B (deg) B (deg) B (deg) (deg)
January di=-21.269 54.1 61.6 62.8 8.1
February dr=-13.289 46.3 53.9 54.9 8.1
March d; =-2.819 36.7 43.6 43.8 7.0
April dy=9.415 252 31.1 29.6 5.8
May ds =18.792 17.3 21.3 19.4 3.1
Jun ds=23.314 13.7 16.6 14.9 2.1
July d; =21.517 15.4 18.5 16.9 2.3
August dg=13.784 22.1 26.7 253 3.9
September dy=2.217 32.1 38.5 38.2 6.3
October dip=-9.599 43.4 50.3 51.3 7.4
November di; =-19.148 52.0 59.6 60.7 8.1
December di, =-23.335 56.3 63.6 64.7 7.9
the two anisotropic models and the values resulted from o]
the isotropic model were reported. D ] .. ®
. . . - g .
This difference was plotted as a function of solar dec- T g L
lination, using all the optimum tilt angle values obtained % . = .
from the simulation and reported in the tables (see Fig- g ] - :
ure 1). ° 6 L
A significant correlation was found, represented by a § S o .
correlation coefficient R = 0.965 (the linear regression is § ] g
represented by the red line in Figure 1). 2 4 .
This result showed that the isotropic model at latitudes = 5] "N
in the range from 37° to 39° can be reliable only in the ) i
months from May to August, suggesting that further re- é 24 1 I
search is needed on empirical models of diffuse solar g ]
radiation depending on the geographic location. T30 20 -10 0 10 20 30
solar declination (deg)

4. Conclusions

The maximization of global solar radiation on an inclined
surface applied to some latitudes in the area of southern
Italy led us to use an algorithm to solve a set of equation

to provide the optimum tilt angle f of a collecting surface.

The numeric simulation was applied to some latitudes in
an area of Southern-Italy, using global horizontal solar
radiation data provided from the Italian Institute of
ENEA (Italy) and some models of diffuse solar irradi-
ance.

The optimum tilt angle values that resulted from the
simulation strictly depend on the used models of diffuse
solar irradiation.
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Figure 1. The difference between the optimum tilt angle
computed using the anisotropic models of diffuse solar ra-
diation and the value obtained using the isotropic model, as
a function of solar declination. A significant correlation was
found, represented by a correlation coefficient R = 0.965
(the linear regression is represented by the red line). All the
optimum tilt angle values obtained from the simulation,
reported in the Tables 1-5, were used for the plot.

In particular, a relevant disagreement between the op-
timum tilt angle values obtained using the anisotropic
models and those obtained using the isotropic model was
evidenced for the winter months. Indeed this difference
was observed to decrease with increasing solar declina-
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tion, with a significant correlation coefficient.

This result, which may be extended to other locations

with the same latitudes, showed that the isotropic model
can be reliable only in summer months, suggesting the
need of further research on empirical models of diffuse
solar irradiance depending on the geographic location, to
provide the maximization of the solar radiation collect-
able by a solar collector.
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