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Across the entire Greek territory one may encounter several remote consumers that could cover their
needs on the basis of PV-based stand-alone applications exploiting the high quality local solar potential.
In this context, optimum sizing of such installations also involves investigation of the optimum panels’
tilt angle, which opposite to grid-connected applications is required to provide year-round energy
autonomy rather than maximization of the annual energy yield. Considering the above, investigation of
the optimum panels’ tilt angle for stand-alone applications is the aim of the specific study, in both
theoretical and experimental terms. Theoretical investigation is based on the validation of the
assumption that the optimum angle for such applications coincides with the angle that provides
maximum exploitation of solar potential during winter months, while following, the optimum angle
determined in the area of 60� is also experimentally validated with the conduction of long-term winter
measurements for the area of Athens.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Remarkable progress recently encountered in the field of
photovoltaic (PV) applications [1] has allowed for the expansion of
the specific market in several areas of the planet. In this context,
remarkable growth of the local PV market is met in the Greek
region as well [2,3], where following the enactment of policy
initiatives concerning the promotion of PV applications, the
installed capacity of PVs has recently exceeded 280 MW [4], out of
which almost 2.5% corresponds to stand-alone systems (Fig. 1). At
the same time, State motives concerning rooftop applications [5]
have rapidly increased the share of installed capacity attributed
to small scale grid-connected systems up to 10kWp (w65 MW,
adding another 18 MWp during the first quarter of 2011) (Fig. 1).
Thus, there is a growing experience recently recorded in the field of
small scale applications which is expected to also expand in the
field of stand-alone applications, especially if considering both the
interest exhibited by numerous remote consumers found across the
Greek region [6] and the remarkable solar potential of the entire
Greek territory [7,8].
: þ30 210 5381467.

All rights reserved.
In this regard, one should note that although deregulation of the
local electricity market has been put forward for more than
a decade, a singular monopoly regime exists in Greece, with the
former Public Power Corporation (PPC) owing 84% of the total
electrical installed capacity and being up until recently the exclu-
sive electricity distributor of the country [9]. In this context, despite
the fact that Greek customers had appreciated one of the lowest
retail prices in the EU for a long time period, economic recession
impacts along with the obligation of PPC to purchase CO2 emission
allowances under the EU Emission Trading Scheme [10] have
recently led to considerable increase in the price of electricity, in
the order of 10%. Considering the announcements for further
increase of electricity prices, as well as the constant reduction of PV
costs, a strong motive appears even for grid-connected consumers
to exploit solar energy instead.

At the same time, due to its morphology characteristics, in the
Greek territory one may find numerous remote consumers that
cannot appreciate a firm electricity grid connection. As a result,
satisfaction of those isolated consumers is normally based on the
operation of diesel electrical generator sets, implying high opera-
tional costs to be considered. On the other hand, local conditions
favoring operation of renewable energy sources - based installa-
tions offer the opportunity for the examination of clean energy
alternatives, such as wind-battery or PV-battery stand-alone
systems. In this context, although the local wind potential presents
considerable variation among different Greek regions, one may
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Short-Term Time Evolution of PV Applications in Greece
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Fig. 1. Recent progress of PV installations in Greece.
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argue that the respective local solar potential quality may be
determined as medium-high to high for the entire Greek region,
thus encouraging further examination of PV-based systems.

In this context, there are several different PV-based applica-
tions encountered across the entire Greek region, including PV-
pumping [11,12], service of lighthouses and telecommunication
stations [13], as well as electrification of remote houses where
grid connection is too costly to implement. In the majority of
these cases, excluding only some cases of direct coupled PV-
pumping, use of energy storage (normally battery storage is
selected) is required so as to provide the necessary balance
between energy production and energy demand. Furthermore,
owed to the fact that energy storage capacity required for 100%
energy autonomy throughout the year could in some cases prove
to be extreme, contribution of additional power sources in hybrid
configurations, e.g. wind-PV or PV-diesel [14,15], is considered in
certain cases so as to reduce the required battery storage capacity
considerably.
To this end, in order to improve both energy performance and
cost-effectiveness of PV-only stand-alone systems employing also
battery storage, special attention should be paid in order to esti-
mate the respective minimum dimensions that are able to guar-
antee the energy autonomy of the consumption load each time
investigated. Efficient operation of such PV installations however is
much dependent on the potential of extracting the maximum
possible energy yield from the PV panels employed, mainly during
low solar radiation periods. Relative to this, one should also note
that to achieve maximum efficiency of the installation, several
parameters should be taken into account, among which is also the
panels’ installation angle [16].

At this point, what is critical to mention is that the optimum
installation angle of a stand-alone application does not normally
coincide with the optimum angle of a respective grid-connected
system, since in such cases the main goal for the system is satis-
faction of energy demand at all times, rather than maximization of
the annual energy yield. Furthermore, another important issue that
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needs to be considered is the fact that the optimum angle of a PV
generator may be found to vary considerably among different
studies [17,18], mainly due to the calculation models used [19,20]
and the atmospheric environment of the location at which the
experiments take place [21].

Acknowledging the need of remote consumers to obtain
maximum energy autonomy during the entire year, as well as the
fact that most of relevant studies are restricted to the investigation
of grid-connected systems, an effort is currently undertaken in
order to investigate the optimum tilt angle of PV panels destined to
satisfy electrification of remote consumers. For this purpose, both
a theoretical and an experimental approach of the problem inves-
tigated are currently undertaken. More precisely, the optimum
panel tilt angle is first determined through the theoretical inves-
tigation of the problem, while following, validation of the results
obtained is carried out through the conduction of detailed experi-
mental measurements made by the research team of the Soft
Energy Applications and Environmental Protection (S.E.A.&ENVI.-
PRO.) Laboratory of the TEI of Piraeus, Greece [22], during the
winter period, i.e. when both lower levels of solar radiation and
considerable load demand are encountered.
2. Theoretical investigation of the optimum tilt angle

Theoretical investigation of the optimum tilt angle is first
carried out with the use of a well-established sizing algorithm,
appropriate for the determination of minimum size PV-based
stand-alone configurations that may provide 100% energy
autonomy to the remote consumer each time examined. Following,
results obtained are validated with the application of solar geom-
etry equations, used to confirm the conclusion that in similar
systems minimum dimensions derive from the selection of the tilt
angle that may ensure maximum exploitation of the local solar
potential during low solar irradiance periods, i.e. during the winter
months of the year.
Fig. 2. Main components of a typical PV
2.1. Investigation of the optimum tilt angle with the PHOTOV-III
sizing algorithm

Based on previous research works carried out by the authors
[23e26], sizing of a typical PV-based stand-alone system
comprising of the components presented in Fig. 2, may be under-
taken with the application of the PHOTOV-III numerical algorithm.
In this context, the main output of the specific algorithm concerns
the production of numerous combinations of PV power (or number
“z” of PV panels employed) and battery capacity “Qmax”, under the
precondition of energy autonomy throughout the year for the
remote consumer and area each time examined, while to integrate
the analysis of the problem, variation of the PV panels’ tilt angle “b”
is also possible.

More precisely, for each pair of “z” and “Qmax”, the “PHOTOV-III”
algorithm (Fig. 3) is executed for a specific time period (e.g. one
month, six-months, one year, etc.) and for an hour-long time step,
with emphasis laid on obtaining zero-load rejection operation for
the tilt angle each time selected. If this is not achieved, the battery
size is increased and the calculation is repeated until the no-load
rejection condition is fulfilled, i.e.:

Q* ¼ minfQmaxg (1)

The number of PV panels is then increased and the calculation is
performed from the very beginning. After the analysis is completed,
a (z�Q*) curve corresponding to a specific PV panels’ tilt angle is
predicted under the no-load rejection restriction. In this context,
for the numerical algorithm to be executed, the following main
inputs are required:

� Detailed solar radiation “G” measurements for a given time
period (usually one year), at horizontal plane (see also Fig. 4
concerning the area of investigation, i.e. Athens [7,27],
reflecting also the variation of available solar energy between
different seasons).
-based stand-alone configuration.



Fig. 3. The PHOTOV-III algorithm.
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Long Term Monthly Average of Solar Potential at the 
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Fig. 4. Aspects of Athens solar potential based on solar irradiance measurements.
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� Ambient temperature “qamb” data for the entire period
analysed.

� Operational characteristics of the photovoltaic modules
selected.

� Operational characteristics of all the other electronic devices of
the installation, i.e. inverter efficiency, battery cell operational
curve, etc.

� Electricity consumption profile. A typical load demand profile
based on information provided by the Hellenic National
Statistical Agency [6], on an hourly basis, being also dependent
[28e30] on the year period analysed (winter, summer, other)
may be used, as in previous studies [6,24]. In particular, the
corresponding annual electricity consumption is slightly less
than 5 MWh (w4.7 MWh), with the respective peak load
demand being almost 3.2 kW (see also Fig. 5) and with the
appliances and operation time plan considered given in Table 1.

Based on the above inputs, application of the numerical algo-
rithm is currently carried out for the area of Athens and for the
typical remote consumer investigated (Fig. 5), considering at the
same time variation of the PV panels’ tilt angle from 0� to 90�, at an
angle step of 15�. Results obtained are given in Fig. 6, where energy
autonomy curves (z � Q*) for each of the panels’ tilt angles exam-
ined are included.

As one may obtain from the figure, by increasing the number
of PV panels, battery capacity is as expected reduced up to a point
that the curve continues almost asymptotically (i.e. in the order
of 1200 Ah), while as it may be concluded, 60� is designated as
the optimum panels’ tilt angle (i.e. the one that leads to mini-
mization of the battery capacity requirements for the same PV
power).

On the other hand, what must also be stretched is that differ-
ence between the various tilt angles concerning battery capacity is
eliminated as the number of PV panels increases considerably (i.e.
above 220 panels orw11.2 kW), while the energy autonomy curves
of both 45� and 75� suggest only marginally higher battery capacity
requirements in comparisonwith the respective optimum tilt angle
of 60�.



Typical Remote Consumer Weekly Load Demand Profile 
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Fig. 5. Detailed load demand profile of a typical remote consumer.
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2.2. Investigation of the optimum panel tilt angle season

Following the determination of the optimum panels’ tilt angle
on the basis of minimizing the size of a respective PV-based stand-
alone installation for the electrification of a typical remote
consumer, an effort is presently undertaken in order to correlate
the results obtained with the season of the year that the specific
angle is -according to the theoretical solar geometry equations-
considered to be optimum. In this context, theoretical determina-
tion of the optimum tilt angle is based on the established equations
of solar geometry [31,32] and more precisely on the minimization
of the solar radiation incidence angle “q” distribution (see also
Appendix A), considering that zero incidence angle implies vertical
incidence of the solar radiation upon the surface under study and
thus maximum absorbance of solar radiation (see also Fig. 7).

Using the set of equations in Appendix A along with the infor-
mation of Table 2 concerning assigned values of input parameters,
variation of the incidence angle “q” in relation to the panel tilt angle
Table 1
Input data for the electricity demand profile of the typical remote consumer.

Appliances/loads
(number)

Period of use Hours of operation Power (W)

Refrigerator (1) Every day 10 80
Bathroom lights (1) Every day 1 22
Kitchen lights (1) Every day 4 32
Living room lights (1) Every day 1 92
Coffee machine (1) Every day 0.5 750
Washing machine (1) Saturdays 4 3200
Cook stove (1) Every day 1.5 3000
Extractor fan (1) Every day 1 240
Oven (1) Every day 1 2000
Bedroom lights (3) Every day 2 69
Steam iron (1) Mondays &

Fridays
3 1200

Personal computer (1) Every day 1 92
ΤV set (1) Every day 4.5 75
Radio (1) Every day 0.5 15
A/C units (2) June to

September
3 1100

Central heating
circulator (1)

November to
March

5 70
“b” each time selected for the entire year period is given in Fig. 8 for
e.g. LST ¼ 12:00. According to the results obtained, the optimum tilt
angle varies with the time season of the year, with 60� found to
produce theminimum incidence angle “q” during thewintermonths
of the year (i.e. between D ¼ 300 and D ¼ 45). Thus, as one may
conclude, maximum exploitation during the low solar potential
period of the year (see also Fig. 4) leads to minimum dimensions of
the PV-based stand-alone configuration (Fig. 6), opposite to the
rationale of grid-connected applications, where the tilt angle selec-
tion aims at the maximization of the system annual energy yield.

To further analyze the optimum angle during the specific season
of theyear, the timeperiodof investigation is extended fromOctober
15 to March 15, with the pattern of diurnal distribution for several
typical days given in Fig. 9. In this context, annual distribution of
different tilt angles is validated, with the 60� tilt angle resulting to
the minimum incidence angle “q” during the winter months of the
year,while prior to and after the specific season, 45� ensure themost
vertical incidence of solar irradiance upon the panels’ surface.
Besides that, as already seen in Figs. 6, and 8 45� and 75� are the two
tilt angles onlymarginally lacking in comparisonwith the respective
optimum, thus further strengthening the conclusions drawn.
3. Experimental setup and procedure of the experiment

Following the theoretical investigation of the optimum panel tilt
angle for stand-alone applications, experimental measurements
are carried out during the winter period of the year in order to
validate results obtained theoretically. In this context, description
of the experimental setup as well as of the experimental procedure
followed are given in the sections below.
3.1. Description of the experimental setup

The PV installation used for the experimental measurements is
situated on the roof of the S.E.A.&ENVI.PRO. Laboratory, i.e. on the
top of one of the buildings comprising the TEI of Piraeus Campus
[27], with its exact location being determined by the geographical
coordination of 37�580 N and 23�400 E and a high quality local solar
potential (see also Fig. 4). The installation consists of two PV arrays,
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6 panels each (Fig. 10), with each of the arrays being mounted on
a metal frame, properly designed so that the tilt angle can be
adjusted from 0� to 90�, at a 5� step.

Furthermore, the 12 panels employed are connected in six
parallel strings of two, with six ammeters and voltmeters placed on
the control panel of the installation (Fig. 10), providing the neces-
sary measurements of current and voltage from each of the strings.
Fig. 7. Incidence angle “q”, tilt angle “b” and azimuth angle “g” of a given surface.
On the other hand, the orientation of the PV panels is fixed with the
azimuth angle “g” set equal to zero, while the multi-crystalline
panels employed are manufactured by Kyocera (LA361-K51S),
with their technical characteristics given in Table 3.

Moreover, for the measurement of the solar radiation, two
pyranometers of Li-Cor type are used. The first pyranometer
measures the global radiation on the horizontal plane and the
second is mounted on the PV base so that it is able to measure the
global radiation on the PV surface, at the tilt angle each time
selected. Finally, what should also be mentioned is that all
measurements taken are also collected in a data logger (STYLITIS-
41) (see also Fig. 10) that is able to store data for up to 30 days
through the use of a computer.

3.2. Description of the experimental procedure

The basic concept of the experimental procedure is to compare,
on a real time basis, the performance variation of four identical PV
panels, with the two of them (PV pair I) kept at a fixed tilt angle of
60� (expected -according to the theoretical investigation of the
problem- to be the optimum tilt angle during thewintermonths for
the specific area) and the other two set to periodically vary their tilt
angle (PV pair II) in order to compare their performance with the
fixed angle ones during the winter months (October to March) of
the year.

Measurements were taken every 10 min during daylight, while
the panel tilt angles examined correspond to 0�, 15�, 30�, 45�, 60�,
75� and 90�. Besides that, measurements were taken at the cold
period of the year (from mid-October to mid-March) with the
above mentioned panel tilt angles being examined consecutively
for a 15- to 20-day period each (see also Table 4), considering at the
same time the global solar irradiance at both the horizontal and the
Table 2
Solar geometry equations inputs.

Parameter Value

Azimuth angle “g” 0�

Standard Meridian “Lst” 30�

Local Meridian "Ll" 23� 400

Latitude “4” 37� 580



Fig. 8. Variation of the incidence angle throughout the year for various tilt angles.

Fig. 9. Theoretical daily distributions of the incidence angle for various panel tilt angles and representative winter period days.

J. Kaldellis et al. / Renewable Energy 46 (2012) 179e191186



Fig. 10. Aspects of the experimental setup; two pairs of PVs, variable angle pyranometer; control panel of the installation; Stylitis data logger.
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tilted plane as well as the current and voltage output for each of the
PV pairs. After the collection of measurements for the time period
of study (e.g. to� toþ Dt), performance of the two pairs of PV panels
investigated may be based on the assessment of their energy yield.
More specifically, the energy output of each pair is calculated as
[31]:

EPV ¼
ZtoþDt

to

IiðtÞ$ViðtÞdt (2)

where “Ii” is the current output and “Vi” is the output voltage of
each pair of PV panels, while to obtain a more straightforward
comparison between the performance of different tilt angles, esti-
mation of the mean capacity factor “CFPV” for the respective
measurement period is currently made (see also Eq. (3))

CFPV ¼ EPV
Np$Dt

(3)

with “Np” being the peak power of the PV panels (i.e. 51 Wp each
panel).
Table 3
Technical characteristics of the PV panels employed.

Parameter Value

Peak power 51.0 W
Voltage at maximum power 16.9 V
Current at maximum power 3.02 A
Open circuit voltage 21.2 V
Short circuit current 3.25 A
Length 988 mm
Width 448 mm
Thickness 36 mm
Weight 5.9 kg
Cell 100 cm2

Maximum efficiency 14%
Prior to the conduction of measurements however, to increase
reliability of results obtained, statistical similarity of both the pyr-
anometers and the pairs of PV panels used was examined through
the application of the h-test method [33,34] (see also Appendix B).
Similarity of both pyranometers and PV pairs may be reflected in
the presentation of measurements in Fig. 11, as well as in the results
of Table 5. Besides, what should also be noted is that to avoid
influence of factors such as dust [35,36], all four PV panels were
kept clean from any external pollutant throughout the experi-
mental period, thus ensuring similarity of their performance vali-
dated by the h-test.

4. Experimental results

Experimental results obtained appear in Figs. 12 and 13, where
one presents representative daily performance comparisons
between the fixed and the variable PV panels’ tilt angles, examined
in terms of hourly energy production “EPV”, while in the same set of
figures one also includes the respective average hourly distribution
of solar radiation for the horizontal plane, based on the measure-
ments obtained from the respective pyranometer. In this context,
energy production “EPV” is as expected found to be analogous to the
distribution of solar radiation, while influence of the panels’ tilt
angle becomes evident.
Table 4
Experimental measurements’ plan.

Variable angle PV pair Period of measurements

60� 01/11/10 to 15/11/10
0� 16/11/10 to 04/12/10
15� 05/12/10 to 22/12/10
30� 23/12/10 to 10/01/11
45� 11/01/11 to 31/01/11
75� 01/02/11 to 21/02/11
90� 22/02/11 to 15/03/11



Fig. 11. Statistical comparison of the two pyranometers and the two PV pairs.

Table 5
Parameters’ values of the h-test.

Pyranometers PV pairs (both kept at 60�)

Parameter Value Parameter Value

do (W/m2) 0 do (A) 0
x1(W/m2) 479.01 x1(A) 1.1
x2(W/m2) 460.80 x2(A) 1.1
s1 (W/m2) 302.9 s1 (A) 0.75
s2 (W/m2) 291.64 s2 (A) 0.78
N1 1149 N1 847
N2 1149 N2 847
qo 1.47 qo 0
x 2292.71 x 1691.37
qc 1.96 qc 1.64

J. Kaldellis et al. / Renewable Energy 46 (2012) 179e191188
More precisely, in Fig. 12 comparison between the fixed and the
variable angle PV pairs is attempted, with both pairs of panels kept
at 60�. As one may obtain from the figure, similarity of the two PV
pairs already designated in Fig. 11 is also reflected from the hourly
distribution of energy output of the two PV pairs, being exactly the
same for this representative day of measurements. On the other
hand, the impact of varying the panels’ tilt angle becomes obvious
in the experimental results presented in Fig. 13. Starting from the
0� angle for the variable angle PV pair, deviation between the
optimum angle of the fixed pair and the respective variable one
corresponds to a daily average of 40%, i.e. 285 Wh compared with
170 Wh. Analogous is also the difference noted in the case of 15�,
where the fixed angle pair is found to produce almost 376 Wh,
which corresponds to approximately 42% more energy production
than the respective of 15�. On the other hand, difference noted
between the fixed and the variable angle PV pairs is found to
minimize in the case of 45� and 75�, following also the theoretical
distribution of the incidence angle presented in Fig. 9, considering
at the same time the period of measurements corresponding to the
specific tilt angles (i.e. January and February, see also Table 4).
Contrariwise, the situation is again inversed when the variable
angle PV pair is set vertical at 90�, producing almost 35% less energy
than the respective optimum angle PV pair during this specific day.
Note that measurements concerning the 90� angle were taken
during the period from the end of February to mid-March, thus



Hourly Energy Production Vs Solar Irradiance Variation 
(PV Pair II at 60

o

-09/11/2010) 

0

60

120

180

240

300

360

420

480

540

600

8:00-
9:00

9:00-
10:00

10:00-
11:00

11:00-
12:00

12:00-
13:00

13:00-
14:00

14:00-
15:00

15:00-
16:00

16:00-
17:00

H
or

. P
la

ne
 S

ol
ar

 Ir
ra

di
an

ce
 (W

/m
2 )

0

8

16

24

32

40

48

56

64

72

80

H
ou

rly
 E

ne
rg

y 
Pr

od
uc

tio
n 

(W
h)

Solar Irradiance (W/m2)
Fixed Angle (60 degrees)
Variable Angle (60 degrees) 
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Fig. 13. Comparison of performance between the fixed and the variable angle PV panels for representative days of measurements.
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Fig. 14. The impact of the tilt angle variation on the daily capacity factor of the fixed PV
panels set at the tilt angle of 60.�
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justifying the reduced energy deficit in comparison with the
60�e0� and the 60�e15� cases previously examined (see also the
respective diurnal distributions in Fig. 9).

Finally, to obtain a more solid aspect of the impact that is being
induced by the variation of the panels’ tilt angle in comparison to
the corresponding optimum one, the respective long-term “CFPV”
(15e20 days) is estimated for every tilt angle and period of inves-
tigation examined. In this context, in Fig. 14 one presents the
deviation of the “CFPV” of each panel tilt angle in relation to the
respective of the fixed PV pair (i.e. 60�) for the time periods
included in Table 4, considering also the case of 60�e60�. As it may
be concluded from the figure, deviation of the “CFPV” maximizes in
the case of 0� (w45%), while as already seen in the presentation of
theoretical results, difference between the performance of the two
PV pairs is as expected much less considerable in the case of 45�

and 75�, dropping below 7% and 12% respectively. Finally, given the
fact that the minimum difference is achieved in the area of 60�

(w3%), theoretical estimation of the optimum panel tilt angle for
stand-alone PV-based installations is also experimentally validated.

5. Conclusions

Acknowledging the need to investigate the optimum tilt angle of
PV-based stand-alone applications destined to satisfy the electri-
fication of typical remote consumers, an effort is currently under-
taken so as to determine the former, both theoretically and
experimentally. In this context, theoretical approach of the problem
investigated is undertaken first with the use of a numerical sizing
algorithm used for the dimensioning of PV-based stand-alone
systems and accordingly through the application of established
solar geometry equations. According to the results obtained, the
assumption that the optimum angle of PV-based stand-alone
application coincides with the tilt angle ensuring maximum
exploitation during the low-solar irradiance period of the year
(rather than the one suggesting maximum energy production
throughout the year) is validated.

Accordingly, experimental validation of the optimum panel tilt
angle is also attempted, based on the conduction of detailed
measurements for the entirewinter period of the year in the area of
Athens, Greece, using two different pairs of PV panels; the first kept
at a fixed angle equal to the respective theoretical optimum and the
other set to vary at a 15� angle step, from 0� to 90�. In this context,
emphasis is given on the evaluation of performance of the two PV
pairs through estimation of the energy output and the respective
“CFPV” deviation (of the variable tilt angle PV pair in comparison
with the fixed, optimum angle PV pair) during consecutive time
periods of the entire winter season.

Based on the results obtained, performance deviation is as
expected largely depending on the selected tilt angle and the
period of examination, with the greatest deviation between the
fixed and the variable tilt angle PV pairs for the current set of
measurements noted in the case of 60�e0�. On top of that and
following the theoretical estimation, the fact that the optimum
angle is found in the area of 60� is also experimentally validated,
while at the same time the relatively less considerable difference
between the 45�, the 60� and the 75� angles expected is also
confirmed by the experimental results.

To this end, one should underline the fact that deviation of the
“CFPV” value is directly related with the energy production of the
installation and thus difference currently noted even at the levels
of 45% for a certain period of time (between the optimum and the
less efficient angle) implies analogous reduction of the energy
yield. In this context, if considering that the optimum “CFPV” value
(i.e. almost 16%) encountered for 60� is reduced by e.g. 45% in the
case that the 0� angle is selected, the energy yield of a PV
installation for this almost 20-day period between mid-November
and early-December (when 45% reduction applies) is expected to
drop from approximately 77 kWh/kW to almost 42 kWh/kW. In
this regard, to satisfy a given energy consumption, a bigger-size
system should be considered, which in turn implies increase of
system costs not required in the case that the optimum angle is
selected.

Appendix A

According to solar geometry [31,32] (see also Fig. 7), incidence
angle “q” is provided by the following Eq. (A.1), where parameters
involved also include the panel tilt angle “b”, the latitude of the
location examined “4”, the azimuth angle “g”, the solar hour angle
“u” and the solar declination “d”.

cos q ¼ sin d$sin f$cos b� sin d$cos f$sin b$cos g

þ cos d$cos f$cos b$cos u

þ cos d$sin f$sin b$cos g$cos u

þ cos d$sin b$sin g$sin u (A.1)

Following, solar declination “d” is given by Eq. (A.2), where “D” is
the Julian day of the year.

d ¼ 23:45$sin½360$ðDþ 284Þ=365� (A.2)

Furthermore, solar hour angle “u” is a function of solar time “ST”
and is provided by the following equation, where “ST” is given in
decimal form.

u ¼ 15�$ðST� 12Þ (A.3)

Subsequently, in order to estimate the solar time “ST”, local
standard time “LST” along with the standard and the local meridian
of the area (“Lst” and “Ll” respectively) are required,

ST ¼ LST� 4$ðLst � LlÞ þ Et � c (A.4)

with (þ) applying to the west hemisphere and (�) to the east. On
top of that, “c” corresponds to the 1 h correction (i.e. 60 min)
applying only during the period from the last Sunday of March to
the last Sunday of October so as to raise the daylight saving time
(otherwise c ¼ 0), while “Et” corresponds to the time correction
function given by the Watt equation below

Et ¼ 9:87$sinð2BÞ � 7:53$cos B� 1:5$sin B (A.5)

with “B” being also a function of the Julian day of the year “D”.

B ¼ ½360$ðD� 81Þ=364� (A.6)
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Appendix B

According to the h-test method [33,34], measurements
provided by the two different measuring instruments (e.g. the two
pyranometers) may differ by a predefined value of “do” (currently
taken equal to zero) -at a reliability level of 95% only if the following
condition is validated.

�jqcj < qo < jqcj (B.1)

with “qo” being calculated on the basis of the Student distribution,
using the following equation

qo ¼ ðx1 � x2Þ � doffiffiffiffiffiffiffiffiffiffi
s21
N1

�
s ffiffiffiffiffiffi

s22
N2

s (B.2)

where “xi”, “si” and “Ni” are the average, standard deviation and
number of measurements respectively.

In this context, by using the necessary input values (e.g. see also
Table 5) and Eq. (B.3) following, the freedom degrees “x” value may
be estimated.

x ¼

 
s21
N1

� s22
N2

!2

 
s21
N1

!2

N1 � 1
þ

 
s22
N2

!2

N2 � 1

(B.3)

Using “x”, the value of “qc” is also determined by the Student
distribution tables for a reliability level of 95%, eventually desig-
nating similarity or dissimilarity of the two measuring instruments
through validation -or not- of Eq. (B.1).
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