
Abstract

Electric production from renewable resources, such as solar photo-
voltaic (PV), is playing an increasingly essential role in the agricultur-
al industry because of the progressive increase in the energy price
from fossil fuels and the simultaneous decrease in the income deriv-
ing from farming activities. A central issue in the sustainable diffusion
of PV technologies is represented by the actual energy efficiency of a
PV system. For these reasons, a performance analysis has been carried
out in order to assess the potentials offered by different PV plants with-
in a defined geographical context with the aim of investigating the
impact of each component has on the PV generator global efficiency
and defining the main technical parameters that allow to maximise
the annual specific electric energy yield of an architectonically inte-
grated plant, installed in a dairy house, compared to a ground-mounted
plant. The annual performances of three grid connected PV plants
installed in the same dairy cattle farm have been analysed: two are
architectonically integrated plants - i.e., a rooftop unidirectional and a
multi-field systems (both 99 kWp) - and the other is a ground-mounted
plant (480 kWp). Furthermore, the electrical performances, estimated
by the photovoltaic geographical information system (PVGIS), devel-
oped by the EU Joint Research Centre, and by an analytical estimation
procedure (AEP), developed on the basis of a meteo-climatic database
related to the records of the nearest weather station and integrated by
the components’ technical specifications, have been compared with
the actual yields.
The best annual performance has been given by the ground-mount-

ed PV system, with an actual increase of 26% and in the range of
6÷12% according to different estimations, compared to the integrated

systems, which were globally less efficient (average total loss of
26÷27% compared to 24% of the ground-mounted system). The AEP
and PVGIS software estimates showed a good level of reliability for
mean deviations between the annual actual and estimated electrical
power yields have been equal to 11.5% for each PV system given the
actual irradiation’ s uncertainty during the examined year. The main
technical parameters, crucial to maximise the energy yield from a
ground-mounted PV system to an integrated one, have been identified
in the Tilt and Azimuth angles. Indeed, once a variance of 3÷4% in the
global efficiency has been confirmed when the type of PV system is
changed, in the case of the unidirectional integrated PV plant, the high
roof pitch and the almost South orientation guarantee a solar energy
increase up to 18% higher than that obtainable on the horizontal plane
and similar to the increase estimated for the ground-mounted genera-
tor (+20%). Hence, integrated PV systems, besides reaching the same
levels of energy efficiency as those ground-mounted, are also more
sustainable than the latter. This is true providing that there are both a
suitable orientation and an accurate design, especially to prevent the
PV panels’ warming during summer, on an already available surface
that is, however, functional to the roof’s architecture.

Introduction

Like many other production industries, agriculture is also facing the
problem of the increasing dependence on sources of energy such as
electricity, oil and natural gas (Karkacier et al., 2006). In effect, agri-
cultural and farming activities require high levels of energy inputs
(Pelletier et al., 2011). At the same time, agriculture can meet directly
these needs thanks to the natural resources available (e.g., biomass)
that are through small systems of energy generation from renewable
resources (Bianco et al., 2014; Castellano, 2014).
Electricity production from photovoltaic systems (hereinafter PV

systems), which is the most common renewable energy technology,
shows a great potential for farms and, particularly, for dairy cattle
farms thanks to the considerable availability of surfaces and their high
electric power consumption (Kraatz, 2007; Bayod-Rùjila et al., 2011).
For these reasons, PV systems are highly employed both as rooftop

integrated plants and ground-mounted plants. The latter has entailed,
however, a large consumption of agricultural land driven by the
favourable system of public incentives in place (Frascarelli and
Ciliberti, 2011). From 2009 to 2010, in fact, the power installed in non-
integrated plants has increased of 146%, as it is the occupation of agri-
cultural land (GSE, 2010). However, since 2011 through the introduc-
tion of the Ministerial Decree of 5 May 2011 (IV Conto Energia) fol-
lowed by the Decree-law of 24 January 2012 (Decreto Liberalizzazioni)
(Italian Regulation, 2011, 2012), the PV ground systems’ diffusion in
agricultural fields was less incentive compared to that of integrated
installations. This resulted in a turnaround quite marked: nationally,
in 2012, the 43% of the PV power is installed on the ground, 48% is
placed on buildings, 6% of greenhouses and shelters and the remain-
ing 3% is located differently. In 2012 over the previous year, there was
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a reversal of the national weight between ground systems and those
integrated that in 2011 were respectively 49% and 41% (GSE, 2012).
On the other hand, the use of building covered surfaces to install PV

systems involves higher costs because of the expensive support struc-
tures required to guarantee adequate ventilation conditions for the par-
tially or totally integrated panels (Huld et al., 2011). Nevertheless, by
employing the surface available on the roofs of farm buildings that,
according to the estimate of the International Energy Agency (IEA,
2002), amounts to 128 km2 (net space of the overall dimensions) suffi-
cient to produce 16 TWhel/year in Italy, the self-sufficiency of agricultur-
al industry would be reached (Brofferio, 2005).
Moreover, it is worthwhile considering another issue related to the

sustainable diffusion of PV technology, that is the actual energy effi-
ciency of a PV plant in the future perspective of a farm self-sufficiency.
To this purpose, it is necessary to use reliable analytical models
(Nofuentes et al., 2003) in order to estimate the energy yield of PV sys-
tems. The subject has been widely discussed in scientific literature.
Examples can be found in complex simulation models of PV generators,
such as those developed by Diez-Mediavilla et al. (2013), Hamad and
Alsaad (2010), Alonso-Abella and Chenlo (2004, 2006), Ransome et al.
(2002) and Kroposki et al. (1994), in geo-referenced statistical meth-
ods for defined geographical areas (Steffen et al., 2013), in simplified
procedures for the estimation of energy performance such as those pro-
posed by King et al. (2003) and Abete et al. (2003), or in the evaluation
systems using a more intuitive approach (Aguilar et al., 2006).
Even the market of technical and commercial software offers a wide

range of products with different degrees of complexity and accuracy
based on the application specificity (McEvoy et al., 2012). Currently, the
most common modelling and simulation software is photovoltaic geo-
graphical information system (PVGIS), developed by the EU Joint
Research Center (European Commission, 2012).
In general, the studies that have been carried out and the software

available use several algorithms to estimate the energy yield of PV sys-
tems, but the uncertainty of some inputs, the partial knowledge of tech-
nical data and/or the inaccurate modelling of the plant or one of its
components, can somehow reduce the estimation accuracy, which
decreases with the increasing of the number of steps and complexity of
the PV system model (Ransome, 2007). Indeed, these models provide
reliable results only in specific geographical areas. Furthermore, the
state-of-the-art reveals the absence of a cross-sectional performance
analysis on the potentials offered by the several PV systems (both inte-
grated and ground-mounted) within a well-defined geographical con-
text. Therefore, the aim of this paper is to analyse the impact each
plant component has on the global efficiency of a PV generator and
define the plant parameters to optimise in order to maximise the annu-
al specific electric energy yield of an architectonically integrated plant
installed in a dairy house compared to a ground-mounted plant in the
same geographical location.

Materials and methods

In order to carry out a performance analysis on the potentials offered
by the several PV systems (both integrated and ground-mounted),
three PV plants have been considered, all of the grid-connected type
and installed in the same dairy cattle farm by following three different
modalities.
PV plant 1 is installed on the South pitch of a recently built free sta-

bling shed for dairy cattle, in adherence with the surface of the pitch,
by following the modality of total architectural integration. PV plant 2
has also followed the model of total integration and is divided into three
sub-sections: the pitch of a fixed stabling shed for diary cattle and two

pitches of a gable roof barn. On the contrary, PV plant 3, installed on the
ground, has an optimised geometry for the annual activity and occupies
a total surface of about 0.8 ha.
In order to estimate the energy yield of these PV systems, an analyt-

ical estimation procedure (AEP) has been used following the model
proposed in King et al. (2004) and employing: i) the technical specifi-
cations of the installed components; ii) the bibliographic values about
the estimated energy losses in PV systems (McEvoy et al., 2012; Rus-
Casas et al., 2014); iii) a weather and climate database obtained by col-
lecting the records of the nearest weather station. Moreover, the esti-
mates of energy yield developed by the PGVIS software for the three
plants under examination have been also employed and validated for an
operating year.

Description of the photovoltaic plants
The three PV plants form a heterogeneous set from the point of view

both of plant design (technology, power conditioning system with
DC/AC converter, etc.) and structural characteristics (orientation, sup-
port structure, etc.), although all the three systems can be included in
the type of fixed axle grid-connected systems. Table 1 summarises their
technical specifications.

Analytical estimation procedure of the energy yield of
a photovoltaic plant
Firstly, for each PV plant under examination, an archive of the per-

formances registered in 2012 and two weather and climate databases
have been built in order to carry out the analytical procedure for esti-
mating the related electrical performances.

Performance database from photovoltaic generator’s monitoring
The performances, measured at intervals of 10 min on PV1 and PV2

plant meters during 2012, have been calculated in terms of daily cumu-
lative electric energy (ER,C) and instantaneous power delivered (PR).
Afterwards, these records have been temporally synchronised, given

the several gaps caused by maintenance interventions and unreliable
data filtering, while missing data have not been replaced. As for PV
plants 1 (except for the period 12-31/12) and 2 (except for the periods
17/08-10/11 and 13-31/12), the hourly average power delivered ( R(h)) 
and the electric energy produced (ER(h)) have been aggregated on a
temporal basis based on the following relations: 

            
                                                                                                               

(1)

            
                                                                                                               

(2)

As far as PV plant 3 is concerned, only the data on daily electric pro-
duction were available. 

Meteo-climate database
Given that weather and climate data provided by the monitoring sys-

tems of PV plants were not available, the information employed in this
analysis came from the Italian regional agency for environmental pro-
tection, ARPA (Agenzia Regionale per la Protezione Ambientale) station,
which is the nearest to the point of interest, and, by using the Arpa ER
Dexter platform, the one with coordinates lat. 44° 38’ and long. 10° 38’
and 6.1 km far from PV plants (lat. 44° 39’ and long. 10° 42’) has been
chosen.
The weather and climate parameters used are solar irradiation on
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horizontal plane (Ro), air temperature (Ta) and wind speed (v). At the
same time, weather and climate data of solar irradiation on tilted and
oriented planes, contained in the climate monitoring satellite applica-
tion facility (CM-SAF) database of PGVIS, have also been employed
[Time series of solar irradiation on a tilted and oriented plane, con-
tained in the CM-SAF PVGIS weather database, refer to the average day
in a month of the typical solar year and derive from the elaboration of
satellite images over a period of 12 years carried out by the CM-SAF col-
laboration.].
On the other hand, data concerning solar irradiation on horizontal

plane, contained in the Arpa archive, have been re-elaborated based on
the different PV reception geometries (Coffari, 1977; Parker, 1990) tak-
ing solar ephemerides into account (Woolf, 1968; Cooper, 1969). In fact,
knowing the global irradiation on horizontal plane, the related normal
component on a tilted and oriented surface results:

            
                                                                                                               

(3)

where the normal incidence angle β, given by the isosceles triangle
(P1OP2), Figure 1, is:

        

(4)

with:

Eq. 3 highlights that during sunrise and sunset, when the sun is very
low and PV planes are little tilted, sunrays can hit the panel under the
light-sensitive part (because of a problem of temporal synchronisation
between Arpa database and that of the actual production), thus origi-
nating incorrect Rn values. In these cases, non-zero values of measured

                             Article

Table 1. Technical specifications of photovoltaic (PV) plants. As for PV plant 2, sections A, B and C represent, respectively, the Western
pitch of the roof of a fixed stabling shed, the Eastern and the Western pitches of a barn roof.

Plant                                                                  PV 1                                               PV 2                                                        PV 3

Starting year                                                                       2009                                                           2009                                                                      2011
Installation site                                                                    Free stall barn                                           Tie stall barn and hayloft                                    Field of 8000 m2

Installation type                                                                Integrated on the roof                          Integrated on the roof                                     On the ground
Tilt (°)                                                                                   17                                                                  Section        A        15                                             32
                                                                                                                                                                                           B        6                                                
                                                                                                                                                                                           C        6                                                

Azimuth (°)                                                                        7 W                                                             Section       A        99 W                                       0 S
                                                                                                                                                                                    B        81 E                                        
                                                                                                                                                                                    C        99 W                                  
Installed power (kWp)                                                       99.20                                                             98.25                                                                        479.52

Total area (m2)                                                                  719.65                                                        702.23                                                                   3309.05
PV panel                                       Type                                  Hyundai HIS-M200F                                  Hyundai HIS-M203F                                             Sunowe SF185
                                                                                                (Si polycrystalline);                                 (Si polycrystalline);                                            (Si monocrystalline);
                                                                                                www.hyunday.com                                     www.hyunday.com                                                www.sunowe.com 
                                                      Power (W)                      200                                                                203                                                                           185
                                                      Area (m2)                       1.4503                                                           1.4503                                                                      1.2766
                                                      Nominal yield (%)        13.8                                                               14.0                                                                          14.5

Inverter                                      Type                                6 Danfoss TLX 15k;                                 6 Danfoss TLX 15k;                                           24 Albatech APL20; 
                                                                                             1 Danfoss TLX 10k;                                www.danfoss.com                                             www.albatech.com 
                                                                                             www.danfoss.com
                                                     Configuration                Centralised                                              Multi-string (Master-Slave)                            Dedicated for string 
                                                     EU yield (%)                 97.5                                                            97.5                                                                       97.0
Tracking system type                                                          Weblogger                                                  Weblogger                                                             SolarLog1000

Connection type                                                                Low voltage                                             Low voltage                                                         Middle voltage

Figure 1. Assessment of normal incidence angle β.
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electricity production correspond to zero values of simulated radiation.
This condition has been observed, by considering the actual insolation
hours in 2012, with the following relative frequency percentages: PV 1,
0.92%; PV 2-A, 1.45%; PV 2-B, 0.00%; PV 2-C, 1.08%; PV 3, 0.81%.
Therefore the incorrect radiation value has been replaced in accor-
dance with the following:

        (5)

Given the non-linearity of solar radiation over the time, in order to
assess the impact this correction had on the daily production (ES,A), a
sensitivity analysis has been carried out by varying the correct Rn value
of ±40%. A variance of ±1.6% in ES,A on the annual average basis is thus
obtained for all the PV plants and, for each season, it is equal to: Spring
±0.5%; Summer ±0.4%; Autumn ±1.9% and Winter ±3.7%. The highest
value in Winter is explained by the lower number of insolation hours
compared to the summertime. 
As for the missing data on normal irradiation Rn, they have been

integrated by averaging the values of the previous and following day at
the same time:

        
(6)

Estimation of energy yield
The theoretical procedure (AEP) proposed, developed in Matlab®

environment by following the logical flow chart showed in Figure 2, pro-
vides an estimation of the electric energy produced by a PV plant
through the following relation (King et al., 2004):

                   
                                                                                                               

(7)

with

                   
                                                                                                               

(8)

The estimation of Rn can be obtained from the Arpa database or
PVGIS software. Furthermore, using three large-scale path losses has
assessed the energy yield of a PV system: pre-conversion inefficiencies,
dissipation in the PV panel and DC/AC power conditioning system
before feeding the distribution network. The first loss is ascribable to
non-systemic events that cannot be easily assessed (e.g., snow, clouds,
dust) and, consequently, it has not been taken into consideration. On
the other hand, as for the two remaining losses, the analysis refers sep-
arately to the individual components of each PV generator under exam-
ination: PV panel and DC/AC power conditioning system.
As far as the PV panel performance (hS,p) is concerned, it varies

based on the environmental operating conditions. Hence, the nominal
performance, referred to the standard test conditions, has been correct-
ed based on the actual operating conditions. To this purpose, a model
proposed by King et al. (2004) has been employed, which considers the
impact on the actual performance of PV panel given by the normal irra-
diation on the surface, the operating temperature and phenomena of
reflection.
The performance of a PV panel, similarly to the algorithm of PVGIS

software for crystalline silicon panels (Huld et al., 2011), results:
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Figure 2. Logical flow chart for the estimation of the energy yield of a photovoltaic (PV) system.
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where: 

The coefficients ki, with i = 1,…,6, depend on the type of PV technol-
ogy employed. The values used, taken from the literature (Huld et al.,
2010) are related to C-Si panels, Table 2. Moreover, being the panel
temperature (Tp) unavailable, the analysis used an empirical model
that took into account Ta,R’n and v, the parameters contained in the
Arpa database, to estimate the operating thermal regimes of the panel.
Therefore, the hourly temperature of the PV panel is:

(10)

Eq. 10 can be applied both for ground-mounted and roof-top architec-
tonically integrated PV systems (Skoplaki and Palyvos, 2009), and it dif-
fers from the model implemented in PVGIS for the latter considers only
the impact of irradiation on the panel temperature, without accounting
for the cooling effect of wind. Finally, as for PV plant 2, given the presence
of three sections with different orientations, Eq. 9 has been calculated as
weighted average of the performances of the three collectors actually in
place that have been weighted on the corresponding surfaces. 
To calculate the (hS,BOS) efficiency of the DC/AC (balance of system,

BOS) power conditioning system, the following loss factors have been
considered on the basis of Eq. 8:
hv: system technical obsolescence and losses caused by the non-unifor-
mity in the operation of modules, strings or the whole PV field, with
an annual loss up to 3% (Rus-Casas et al., 2014). The values
employed for the plants under examination, given the corresponding
starting times (Table 1) and considering also the losses caused by
phenomena of reflection with a decrease in the annual efficiency of
0.6÷1.5% (McEvoy et al., 2012), are: PV plants 1 and 2: 94%; PV plant
3: 97%;

�ht: voltage transformer losses occurred downstream of a PV system and
measured in a single system performance on an annual average
basis equal to 98.5% (value declared by the network service
provider);

�hc: ohmic dissipation in wiring/cables upstream (DC) or downstream
(AC) of the inverter measured in a single system performance on an
annual average basis equals to 97%, for each system and each year
under examination (Rus-Casas et al., 2014);

hi: losses due to the inverter operation depending on the variance in
the workload compared to the maximum power point. In effect, the
higher is the load, the more  increases.
Based on their technical specifications, a nonlinear regression

analysis has been carried out for PV plants 1 and 2 in order to provide
automatically all the possible values:

                                           (11)

with C(h) = [PR(h) / PN] ×100, the hour workload percentage of the
inverter with relative nominal power PN in kW. Using as coefficients a
= 0.97915; b = 0.07567; c = 0.09923, the result obtained is R2 = 0.992,
with a maximum percentage error of 0.22% (Figure 3). On the other
hand, in the case of PV plant 3, given that data on the actual power
delivered are not available (see Section Description of the photovoltaic
plants), the performance declared by the manufacturer for the related
inverter has been used, which is equal to 97% with a nominal voltage
of 700 Volt in each string.

Comparative analysis between actual and estimated
electric performances (analytical estimation procedure
and photovoltaic geographical information system) 
The estimation of producible electric energy by the PV plants has

been carried out by considering two different estimation models (AEP
and PVGIS). The electric production, estimated by using AEP on the
basis of Arpa irradiation database (ES,A), has been calculated by apply-
ing Eq. 7, with Rn(h) = RA,n(h), to the hours of actual irradiation in the
period under examination and considering the conversion losses based
on Eq. 8. On the contrary, the electric production estimated according

                             Article

Table 2. Coefficients for the estimation of a photovoltaic (PV) panel performance based on its technology.

PV technology            k1                                k2                          k3 [°C−1]               k4 [°C−1]                       k5 [°C−1]                   k6 [°C−1]

C-Si                                −0.001716                          −0.040289                           −0.004681                       0.000148                                  0.000169                             0.000005
CIS                                 −0.005521                          −0.038492                           −0.037010                     −0.000899                               −0.001248                            0.000001
CdTe                              −0.103251                          −0.040446                           −0.001667                     −0.002075                               −0.001445                          −0.000023

Figure 3. Estimated inverter performance on the basis of the hour
workload (Danfoss TLX15; www.danfoss.com).
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to PVGIS (ES,P) has been directly employed, with the exception of PV
plant 2 for which the productions of the individual sub-fields have been
determined on the basis of the related geometries, along with the total
electric energy. The results obtained, for the producible electric energy,
have been compared in their aggregated forms for the year available,
thus determining monthly and yearly variances between the actual and
the estimated production for each plant by following the two-above-
mentioned modalities. Therefore, in order to make the results compa-
rable, the deviation between the electric productions estimated by each
model and the actual electric yield has been calculated, by employing
the following equation:

                                                                           

(12)

Eq. 12 has been assessed both on a monthly and yearly basis so that
possible periodicities in the estimates given by each estimation model
on the energy yield of PV plants under examination could be evaluated
(Miller and Lumby, 2012).

Results and discussion

Energy yields recorded in 2012
Energy yields recorded in 2012 were equal to 109.6 MWh, 76.2 MWh and

694.3 MWh for PV plants 1, 2 and 3, respectively (Table 3). As far as PV
plant 2 is concerned, the result is only partial (see Section Performance
database from photovoltaic generator’s monitoring). In terms of electric
energy per day and per square meter of light-sensitive surface, the
ground-mounted system showed an average production 27% higher than
integrated solutions. However, during the year considerable fluctuations
have been reported in the performances of the three systems due to the
alternation of seasons and environmental operating conditions, especially
in April (Figure 4). The months reporting the highest and the lowest elec-
tric production for all the plants were July and December, respectively, cor-
responding to the periods of maximum and minimum solar radiation dur-
ing the year. Furthermore, the latter, except for the two-month period of
September/October, produced different amounts of electric energy though
being of equal powers (Figure 4) with the PV plant 2 resulting more
penalised by its complex plant configuration and the orientation of its sev-
eral sections compared to PV plant 1. The seasonal comparison shows that
PV plant 3 was the most productive in Winter thanks to its better reception
geometry (0.35 kWh/m2/day); while, among the roof-top integrated sys-
tems, PV plant 1 produced approximately twice the amount of PV plant 2
because of the layers of snow and ice formed on sections B and C of the
barn, which were almost horizontal. In the summertime, PV plant 3,
though remaining the most efficient thanks to the better ventilation
offered by ground mounting system, reported the lowest inter-seasonal
(Winter-Summer) increase in the electric production (+0.48 kWh/m2/day)
due to the sub-optimal tilt of panels during summer. On the other hand,
PV plants 1 and 2 showed higher inter-seasonal increases (+0.50 and
+0.49 kWh/m2/day, respectively).

Estimation of the producible electric energy by photo-
voltaic plants
The following sections report and discuss the results of the estima-

tion of the producible electric energy in accordance with the AEP by
applying Arpa insolation data to estimate (Rn), and by examining also
the estimated performances of the individual components in each PV
system. 

Solar energy availability on the installation site
Table 4 highlights the results obtained for the annual availability of

energy received from each PV plant and/or sections as a function of
their orientation.
The best orientation is that of PV plant 3 with an increase of solar

energy received, compared to the horizontal position, ranging from
23.5%, following Arpa data, to 16.5% based on the data contained in
PVGIS. 
The condition of PV plant 1, given the high tilt of its pitched roof,

shows also a higher amount of solar energy received, compared to the
horizontal position; an increase of 12% according to PVGIS data and of
18% based on Arpa measurements have been assessed. 
On the contrary, the comparison between PV plant 1 and PV section

2-A (Table 1), highlights that the first produces an increase in the ener-
gy receivable which is 14% higher than the latter although they are
branded by similar values of Tilt angle. 
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Table 3. Actual electric productions reported in 2012.

Plant                                ER                                   ΕR(d)m
                               (MWh/year)                    (kWh/m2/day)

PV 1                                          109.6                                              0.458
PV 2                                           76.2                                              0.446
PV 3                                          694.3                                             0.574
PV, photovoltaic.

Table 4. Annual average daily availabilities of solar energy as a
function of photovoltaic (PV) panels’ orientation against a hori-
zontal plane.

Plant/section                   Arpa database               CM-SAF-PVGIS
                                         (kWh/m2/day)                (kWh/m2/day)

PV 1                                                        4.497                                          4.501
PV 2         A                                             3.932                                          3.878
                B                                             3.941                                          4.045
                C                                             3.884                                          3.981
PV 3                                                        4.702                                          4.685
Horizontal plane                                  3.809                                          4.028
CM-SAF, climate monitoring satellite application facility; PVGIS, photovoltaic geographical information
system.

Figure 4. Monthly average electric productions per day and per
square meter of photovoltaic (PV) surfaces reported in 2012.
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Indeed, in unidirectional plants (e.g., mono-pitched roof integrated
or ground-mounted), a high Tilt angle engenders an increase in the
solar energy receivable compared to the horizontal condition only if the
Azimuth angle is close to zero (South); while the effect is overturned
with East-West orientations (Liberati and Zappavigna, 2012). 
On the contrary, for PV systems integrated on gable roofs, the model

provided by Liberati and Zappavigna (2012) proposes, for every orien-
tation, a minimum Tilt angle so that all the available surface can be
exploited. In fact, in the case of PV sections 2-B and 2-C, that are almost
plane, the variances in the solar energy receivable compared to the hor-
izontal condition are minimal (+1.5% and +0.1%, on average according
to both databases, Table 4).

Performances of photovoltaic panel
PV plant 3 panel offered the best performance throughout 2012

(Figure 5A) thanks to the monocrystalline silicon technology and the
better cooling condition during summertime given by the ground
mounting system (Miller and Lumby, 2012). Among the roof-integrated
collectors, PV plant 2 panel showed the lowest efficiency during
Autumn and Winter. On the other hand, PV plant 1 panel occupied an
intermediate position thanks to its good orientation, especially in
Autumn and Winter, while in Summer it resulted insufficiently cooled
based on the estimation given by Eq. 10.
These observations have been also upheld by a detailed performance

analysis carried out on a sample of four weeks within the year under
examination (Table 5). In effect, in Spring and Winter, the estimated
performances of PV 1 and 3 panels reported average values which were
not excessively reduced compared to their nominal values; while high-
er deviations compared to the potentials declared by the manufacturer
- with decreases up to 16% - have been reported in Summer and
Autumn.
The estimated performance of PV 2 panel settled on values typical of

warm periods (a decrease of approximately 16.8% in the efficiency
caused by heating up to 70°C); while, both in Autumn and Winter, it
showed rather low efficiencies probably caused by two concurrent phe-
nomena: an higher diffuse radiation component, typical of Winter, for
it has been amplified in case of nearly plane surfaces (e.g., sections 2-
B and 2-C), which can produce a greater winter heating of the PV panel.

Performances of DC/AC power conditioning systems
The estimated annual losses in the power conditioning systems of

PV plants ranged between 10% and 17%, thus confirming the typical

performance of this block system (BOS), equal to 80÷90%, predicted
for grid-connected PV systems (Diez-Mediavilla et al., 2013). In fact,
Figure 5B shows that the performance of the DC/AC conditioning sys-
tem in the PV plant 3 is constantly settled on these performance levels
for it has been assessed on an annual average basis (see Section
Estimation of energy yield).
On the contrary, the trends of performances hS,BOS related to PV

plants 1 and 2 show a certain periodicity: from April to August, when
about the 70% of the annual electricity is produced, the performances
hS,BOS are equal, on average, to 84% thanks to the constant irradiation
on panels, and thus having a higher workload of inverters; while, in the
remaning part of 2012, performances resulted equal to 82.5% for PV
plant 2 and 83% for PV plant 1, although these generators had the same
inverters (Table 1). The difference could come from the higher opera-
tional continuity of PV plant 1 which was guaranteed by the high pitch
that facilitated the removal of snow layers from the panels compared to
PV sections 2-B and 2-C that were nearly horizontal.
Furthermore, comparing the annual average performances of DC/AC

conditioning systems of PV plant 3 to those of PV plants 1 and 2, report-
ed above, a greater efficiency of the former (ground-mounted) can be
observed, and on average 6.5% higher than those estimated for inte-
grated installations. However, this is due to: i) a higher obsolescence
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Table 5. Going from left to right, the following values, for each photovoltaic panels and for every sample periods of 2012, are reported:
minimum, mean and maximum hourly values for estimated yields; percentage differences between hourly mean estimated yields and
nominal ones. 

Plant                 Week                                                                      hps (%)                                                     [(hps − hpN) / hpN] . 100%
                                                                              Min                     Mean                     Max                                               

PV 1                     01/01-07/01                                                     3.5                                12.4                               13.9                                                         −10.1
                             10/03-16/03                                                     1.5                                12.5                               13.7                                                          −9.4
                             21/06-27/06                                                     6.2                                11.6                               12.6                                                         −15.9
                             01/12-07/12                                                     1.4                                11.6                               13.9                                                         −15.9
PV 2                     01/01-07/01                                                     1.2                                10.5                               14.1                                                         −25.0
                             10/03-16/03                                                     1.1                                11.7                               13.8                                                         −16.4
                             21/06-27/06                                                     2.8                                11.6                               12.8                                                         −17.1
                             01/12-07/12                                                     1.1                                 9.9                                13.9                                                         −29.3
PV 3*                   01/01-07/01                                                     2.8                                13.3                               14.1                                                          −8.3
                             10/03-16/03                                                    12.6                               13.0                               13.9                                                         −11.1
                             21/06-27/06                                                    12.4                               12.5                               12.7                                                         −13.8
                             01/12-07/12                                                     7.9                                12.3                               13.8                                                         −12.4
PV, photovoltaic. *Data assessed on average daily basis.

Figure 5. Annual trends of monthly average performances esti-
mated for photovoltaic (PV) panels (A) and DC/AC power con-
ditioning systems (B), by applying the analytical estimation pro-
cedure on Arpa insolation data during 2012. 
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rate of PV plants 1 and 2 (2 years older): every operating year it pro-
duced a decrease of 0.6÷1.5% in the global performance of the system
(McEvoy et al., 2012) with a partial contribution in hS,BOS of 2÷2.5%; ii)
the nominal performance considered for the inverter of PV plant 3 (see
Section Estimation of energy yield): this assumption has effectively
generated a value of hS,BOS for PV plant 3 higher than 4% compared to
the estimates of PV 1 and 2 thus integrating the annual average differ-
ence previously observed.

Comparative analysis of the estimated electric yields
by employing analytical estimation procedure and
photovoltaic geographical information system
The estimates of annual electric yields and energetic efficiencies -

globally and for the individual components of each PV plant - obtained
by employing the AEP procedure, have been compared as aggregates
with those provided by PVGIS software in the available year. The analy-
sis was divided into two stages: firstly, the annual losses estimated in
accordance with the abovementioned procedures have been compared
and, afterwards, the estimates of electric yields have been validated
against the actual productions reported for each PV plant.

Conversion losses estimated in the operating year
Table 6 shows the annual losses based on the AEP procedure applied

to Arpa meteo-climatic data and those provided by PVGIS software for
the three PV plants.
The estimates calculated by applying the AEP to Arpa data and those

provided by PVGIS are sufficiently concordant in the case of PV plant 1;
while, for PV plants 2 and 3, the first estimation exceeds the second of
1.72% and 3.19%, respectively, even though the algorithm of PVGIS did
not consider directly the effect of the wind (Skoplaki and Palyvos,
2009). These moderate deviations have been caused by an overestima-
tion of the Summer mean temperatures of the panels, measured in the
reference year, given by Eq. 10 compared to the estimates provided by
PVGIS (lower than 14% and 17% compared to the former). In effect,
through the implementation of the analytical model contained in
PVGIS, summer thermal dissipations have been estimated to be lower
than 1.22% (PV 1), 1.81% (PV 2) and 0.84% (PV 3) compared to those

provided by Eq. 10; while, on an annual basis, these deviations have
been equal to 0.61%, 0.85% and 0.45%, respectively.
Therefore, this comparison has again confirmed a high concordance

between the two estimation models in the case of roof-integrated
plants but, in the case of the ground-mounted PV plant 3, a deviation of
2.7% (Table 6) has been reported that can be justified only by the more
intense cooling estimated by PVGIS during Summer. As for the losses
in the DC/AC (BOS) power conditioning system, the estimates provided
by the two models are sufficiently concordant in the case of PV plants 1
and 2, showing a deviation of ±0.40% (Table 6). On the other hand, as
for PV plant 3, PVGIS estimated a greater loss in the system, approxi-
mately higher than 6% compared to that provided by the AEP applied on
Arpa data. The causes of this difference can be attributed to what has
already observed in paragraph Performances of DC/AC power condition-
ing systems. Nevertheless, it is worthwhile noting that PV plant 3 does
not show levels of global efficiency much higher than those reported for
PV plants 1 and 2, according to both estimation models. In fact, by com-
paring PV plants 3 and 1, the estimated variance in the global loss
between the two PV generators ranges from 3.1% to 3.7%.
Consequently, roof-integrated PV systems, if well dimensioned, can
reach levels of global efficiency virtually close to those of ground-
mounted systems; on the contrary, the systems integrated on more than
one pitched roof show losses that are at least higher than 1÷2% caused
by the different operating conditions in each light-sensitive section
and/or subfield as in the case of PV plant 2.

Validation of electric yields estimated by analytical estimation
procedure on Arpa data and photovoltaic geographical 
information system
The estimates provided both by AEP on Arpa data and PVGIS show

that the best annual performance in terms of specific electric energy is
always given by PV plant 3 because it guarantees an electric production
from 6% to 12% higher than those provided by integrated PV plants 1
and 2 (Table 7).
On the contrary, the latter, when compared throughout the year, except

for the months of September and October (Figure 6), show lower actual
electric productions compared to the several estimates provided. For the
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Table 6. Annual losses based on the analytical estimation procedure applied to Arpa meteo-climatic data and those provided by photo-
voltaic geographical information software for photovoltaic plants 1, 2 (values averaged on the three sections) and 3. 

Plant                                                                            PV 1                                         PV 2                                                      PV 3
Energy losses                                           AEP on                PVGIS            AEP on                   PVGIS                    AEP on                    PVGIS
(%Convertible solar energy)                Arpa data                                Arpa data                                            Arpa data                      

Panel (temperature, low irradiation, etc.)             13.42                          13.70                    14.61                             12.89                               12.79                                9.60
BOS (inverter, cables, wiring,                                   16.37                          16.00                    16.47                             16.88                               10.09                               16.30
reflection phenomena, etc.)                                          
Total                                                                                 27.60                          27.20                    28.67                             27.20                               23.94                               24.10
PV, photovoltaic; AEP, analytical estimation procedure; PVGIS, photovoltaic geographical information system; BOS, block system.

Table 7. In the order starting from left to right, for each photovoltaic (PV) plant and by applying the analytical estimation procedure
on Arpa meteo-climatic data and the photovoltaic geographical information system, the following data are reported: estimated annual
and daily electric energy per square meter; solar energy gain against a horizontal plane; global efficiency, considering also the impact
of PV technology.

Plant          AEP on Arpa data                            PVGIS
               ES,A                ΕS,A(d)           Solar energy gain      Total system                ES,A                ΕS,A(d)           Solar energy gain         Total system 
        (MWh/year)  (kWh/m2/day)   (%Horizontal plane)  efficiency (%)       (MWh/year)  (kWh/m2/day)   (%Horizontal plane)      efficiency (%)

PV 1            121.7                      0.509                               +18.06                              76.21                             112.1                      0.470                               +11.74                                   76.55
PV 2*          84.9                       0.497                                +2.88                               75.34                              77.6                       0.455                                +1.49                                    76.61
PV 3            675.1                      0.560                               +23.44                              79.53                             620.1                      0.493                               +16.31                                   79.39
AEP, analytical estimation procedure; PVGIS, photovoltaic geographical information system. *Averaged values on the three sections.
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possible causes see Section Energy yields recorded in 2012. 
However, PV plant 1, though having a power equal to PV plant 2,

shows a larger production compared to the latter, on the basis of both
the actual electric yields and the estimates provided by the two models,
thanks to the better orientation of its panels and configuration of its
DC/AC conditioning system.
PV plant 3 also shows, according to the several estimates, the lowest

inter-seasonal Winter-Summer increase among the PV systems under
examination: +0.383 and +0.442 kWh/m2/day for AEP and PVGIS,
respectively, because of an excessive tilt during summertime. 
The same increase, estimated for PV plants 1 and 2 and by applying

each estimation model, shows values that are in line with the actual
ones reported in Section Energy yields recorded in 2012. 
Hence, it can be concluded that - although PV plant 3 was the most

productive during the year under examination thanks to its ideal orien-
tation for the annual operations and to the best ventilation it was pro-
vided during Summer - integrated PV plants 1 and 2 can also reach, in
theory, competitive levels of electric production per square meter
(Table 7). 
However, in the light of the analysis carried out on the actual per-

formances (see Section Energy yields recorded in 2012), the deviation
between the electric yield of PV plant 3 and the average yields of inte-
grated PV plants 1 and 2 showed to be approximately of 27%. 
Consequently, an error, ranging from 15% (AEP) to 21% (PVGIS), is

reported in the estimation of the annual loss of electric yield in the pas-
sage from ground-mounted to architectonically integrated plants.
In fact, by assessing the coincidence between the estimated and the

actual electric productions for each system (Table 8), it can be noted
that the AEP on Arpa data produced an overestimation in the case of PV
plants 1 and 2, which was equal to 11.25% on average; while the esti-
mation was more accurate in the case of PV plant 3 (rounded down by
2.76%). On the contrary, PVGIS software provided more accurate esti-
mates for PV plants 1 and 2, while those of PV 3 were strongly underes-
timated (10.60%). These deviations between the estimated and actual
electric yields reveal to be even more evident when analysing the
monthly trends of the parameter lR,S. In effect, for every estimation
model and each PV system under examination, the monthly maximum
and minimum values for the parameter�lR,S were reported in Winter
and Autumn (Figure 7) due to the higher variability in the local insola-
tion conditions and, thus, in the operation conditions of PV generators
during these periods.
On the contrary, in Summer, lR,S assessed for both models, reported

more limited monthly absolute values thanks to more stable environ-
mental operating conditions, except for PV plant 3 whose actual sum-
mer production was at least 10% higher than all the estimates reported,
probably because, as already said, of a better actual cooling of ground-
mounted panels. 
On the contrary, the estimates of global losses seem to be sufficiently

concordant for each PV plant (see Section Solar energy availability on
the installation site). Therefore, a general uncertainty can be noted in
the estimation of the electric yields of the three PV plants during the
year under examination due to pre-conversion losses.
The existence of variability factors in solar intensity, not included in

the two models, has actually generated deviations between the estimat-
ed and actual electric yields in absolute values in the range of
1.91÷11.43%, that should be considered acceptable for the adoption of
climatic data detected far from the installation site can imply an error
up to 6% (Ransome et al., 2002; Ransome, 2007). However, these devi-
ations should be assessed over the whole technical lifetime of the plant
in order to consider also the errors in the long-term assessments of a
PV system electric yield caused by the inter-annual variability of inso-
lation and conversion losses (Miller and Lumby, 2012).

Main technical parameters for maximising the electric
yield of a photovoltaic plant
The comparison between the ground-mounted PV plant 3 and the

integrated PV plants 1 and 2 highlights that the PV field orientation -
defined by the Tilt and Azimuth angles -, rather than by the perform-
ances of the panel or DC/AC conditioning system, allows to maximase
the theoretical annual specific electric yield provided by a PV plant.
However, the orientation of a PV plant integrated on the roof of a

dairy barn is affected by other technical aspects such as the mainte-
nance of internal meteoclimatic conditions which prevent any form of
heat stress for the animals housed therein (Zappavigna and Liberati,
2002). In fact, this may lead to a reduction of milk production especially
for those dairy cows reared in warm and humid climates like the
Mediterranean (Shoshani and Hetzroni, 2013). Therefore, in order to
maximise the natural ventilation inside the building (stack effect in
Winter and wind effect in Summer), the barn should be oriented with
the longitudinal axis along the west-east direction with a slope roof
between 14 and 20 degrees (Ferrari et al., 2006). On the contrary, the
optimisation of a PV system orientation can result both in the maximi-
sation of the solar energy receivable and convertible in electricity
(Liberati and Zappavigna, 2012) and in the passive reduction of the
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Figure 6. Actual electric productions (blue), estimated by
employing the analytical estimation procedure on Arpa weather
and climate data (green) and photovoltaic geographical informa-
tion system data (red), of photovoltaic (PV) plants 1, 2 and 3 in
2012.

Figure 7. Trends of the monthly mean deviations (λ) between
actual and estimated electric productions calculated by employ-
ing analytical estimation procedure on Arpa data (A) and the
photovoltaic geographical information software (B), related to
photovoltaic (PV) plants 1, 2 and 3 in 2012.
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shielding effect caused by possible deposits on the panels (McEvoy et
al., 2012), considering also the need of automatic cleaning systems.
Generally, for the northern Italy latitude, a PV system optimised for the
annual operating is characterised by a value of the Tilt angle between
30 and 35 degrees, and a zero angle of Azimuth as in the case of the PV
3. Thus, a well-oriented livestock building, from the point of view of the
internal microclimatic control, has a value of the Tilt angle (or slope
roof) lower than the optimal inclination for maximising the solar radi-
ation collection, but, as regards the Azimuth angle, the two optimal
conditions lead to the same result (South orientation). Nevertheless,
by examining Table 7, it can be observed that the estimates obtained
both by AEP and PVGIS software report, on one hand, annual levels of
conversion loss that are similar for all the PV generators (including
also the effect of PV technology) and, on the other hand, a higher spe-
cific electric yield in the better-placed, better-dimensioned, integrated
PV plant 1 compared to PV plant 2.
In the first case, in fact, its almost perfect South orientation and the

high tilt of its roof guarantee an increase in the receivable solar energy,
compared to the horizontal plane, of only five percentage points lower
than that measured in PV plant 3, considering also the reduced vari-
ance in the global performances of the two generators (about 3%).
Consequently, it has been reported a deviation, on average, of only 0.04
kWh/m2/day in the estimated electric yields of the two systems accord-
ing to both estimation models. Thus, it is noted that, as in the case of
PV 1, a PV plant, integrated on the roof of a barn designed according to
current construction standards concerning the internal climatic pas-
sive control (Table 1), may be regarded as competitive than a ground-
mounted system. 
In the second case, the partition in several sections of PV plant 2

involves an average availability of solar energy which is definitely lower
than that of the ground-mounted PV plant 3 and, finally, a potential
electric production lower than 0.05 kWh/m2/day on average, compared
to the latter, to which a greater conversion loss of approximately 4% is
also added (Table 7). 

Conclusions

This paper focused on the comparative performance analysis of
three different PV plants installed in the same dairy cattle farm. In this
perspective, an AEP has been developed in order to estimate the related
electric yields. 
The results obtained by employing the AEP have been compared to

those provided by the PVGIS software and validated against the actual
electric productions of each PV system. 
This comparison allowed to assess the impact of the individual

plant’s component on the global efficiency of different PV generators
and to define the main technical parameters for optimising in order to
maximise the annual specific electric yield of a roof-integrated system
compared to a ground-mounted one in view of a sustainable diffusion
of PV technologies in the farming industry.
Firstly, the analysis of actual electric yield recorded in the operating

year allowed to establish how the type of installation, the plant compo-
nents and the operating conditions have influenced the actual perform-
ances of the PV systems under examination. 
In fact, thanks to its optimal orientation and to the better cooling of

ground-mounted panels during summer, the electric energy produced
by PV plant 3 was on average 27% higher than that produced by inte-
grated systems (PV plants 1 and 2). 
On the contrary, the better orientation and configuration of the inte-

grated PV plant 1 guaranteed an electric yield per square meter approx-
imately 3% higher than that of PV plant 2, which was penalised by its

multi-section layout with different orientation.
Secondly, the results given by the two estimation models highlighted

a variance in the estimation of electric yield, not higher than 11.5%
considering all the PV plants. This was due to the uncertainty on the
actual environmental conditions amplified by the effect of climatic data
that were detected far from the installation site or, however, obtained
through indirect measurements as in the case of the CM-SAF database,
thus implying a decrease in the accuracy up to 6% (Ransome, 2007). 
Consequently, the electric production per square meter, as estimated

for the ground-mounted PV plant 3 shows on average an increase rang-
ing from 6% (PVGIS) to 12% (AEP) compared to those reported for inte-
grated systems.
From the point of view of global efficiency, PV plant 3 reported elec-

tric yields, assessed by both models, of 79.5%; while those related to
roof-integrated systems ranged between 75.9% (PV plant 2) and 76.4%
(PV plant 1). The difference was caused by: i) the nominal value of the
performance panel installed on PV plant 3, that was 0.7% higher than
that of roof-integrated polycrystalline silicon panels, more suitable to
receive diffuse radiation (Huld et al., 2012); ii) the lower dissipation
estimated for ground-mounted panels (lower than 2÷3% compared to
those of rooftop collectors that were less cooled during summer); iii)
the better DC/AC power conditioning system of PV plant 3, with invert-
ers dedicated to each string (on average 3% more efficient than those
evaluated for integrated PV systems, based on AEP and PVGIS models).
Furthermore, in the case of multi-field integrated PV system (e.g., PV
plant 2), it seems to be crucial the installation of master-slave inver-
sion systems with dedicated inverter for each section, otherwise a fur-
ther global efficiency decrease could be reported because of a higher
operational variability that, based on the AEP developed, results in
approximately 1% of the solar energy virtually convertible.
For these reasons, the main technical parameters for maximising

the annual specific electric energy of an architectonically integrated
system - compared to a ground-mounted system - have been identified
in the Tilt and Azimuth angles of PV panels. In fact, once determined a
deviation in the global efficiency ranging from 3% to 4% according to
the PV generator type - that could be moreover reduced through the
implementation of the developed AEP - the optimisation of the PV pan-
els orientation for a given geographical location allows to maximise the
annual solar energy receivable and convertible in electricity (for the
northern Italy latitude, Tilt and Azimuth angles respectively equal to
30÷35° and 0°). Nonetheless, taking into account the typical summer
decline in milk production due to the heat-stress suffered by dairy cows
reared in humid and warm climates such as the Mediterranean one,
the orientation of a PV system integrated in the roof of a stall is influ-
enced by the need to foster natural ventilation within the building
(west-east orientation and roof slope between 14 and 20 degrees).
Therefore, a well-oriented, barn from the point of view of the internal
environmental control, offers a value of the Tilt angle (or slope roof)
lower than the optimal inclination for energy yield maximising. On the
contrary, as regards the optimal Azimuth angle, the two requirements
are fulfilled with the South orientation. However, the PV plant 1, which
is installed on the roof of a well-oriented barn from the internal climat-
ic point of view, reported an increase in the solar energy convertible up
to 18% higher than that obtainable on the horizontal plane thanks to
the high tilt of the roof and its being oriented almost perfectly to South.
In addition, this increase is similar to the one estimated for the
ground-mounted PV generator that, given the optimised exposure for
the annual operation, resulted to be of +20% on average. Therefore, it
is noted that a PV plant, integrated on the roof of a barn designed
according to current construction standards concerning the internal
climatic passive control, may be regarded as competitive than a ground-
mounted system in terms of annual electric yield per photosensitive
square meter. 
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Finally, integrated PV systems, besides reaching the same levels of
energy efficiency as the ground-mounted systems, are even more sus-
tainable compared to the latter, provided that there is both a suitable
orientation and an accurate design, especially to prevent the warming
of PV panels during summer, on a surface that is already available and,
however, based on the architectural typology of building roofs.
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