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a b s t r a c t

World population growth is leading to an increased demand for energy and food. This is creating a
conflict over land use as terrain for large renewable energy facilities is not available for agricultural. As a
solution, agrivoltaics combines the use of the land for agricultural and photovoltaic exploitation. In this
work, the conversion of photovoltaic installations with NeS horizontal trackers into agrivoltaic in-
stallations by cultivating tree crops in hedgerows between the rows of collectors is analysed. Specifically,
the shading of the crop on the photovoltaic panels is studied. It has been proved that there is an area
between the collectors in which the crop would not shade the photovoltaic panels. Likewise, a new
tracking/backtracking strategy is proposed to avoid shading in cases where the crop exceeds this region
of no influence. Finally, it has been found that the Land Equivalent Ratio for an agrivoltaic plant in
C�ordoba (Spain) with NeS horizontal trackers and olive groves in hedges up to 3.0 m high and 1.5 mwide
can increase between 28.9% and 47.2%. Thus, these PV installations are potentially adaptable to agri-
voltaic installations making renewable energy facilities compatible with a more efficient and sustainable
agricultural model.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The world population has been growing in recent years and it is
expected that the current 7.7 billion people will reach 8.5 billion in
2030 or 9.7 billion in 2050 [1]. As a consequence, the needs of so-
ciety worldwide also increase [2]. Thus, for example, at the energy
level, the demand for electricity has been growing very rapidly in
recent years and it is expected that this growth will not slow down
in 2021 and 2022 (increases of almost 1200 TWh and 1000 TWh
respectively) after the decrease caused by COVID 19 in 2020 (almost
500 TWh less than the previous year) [3]. This fact, together with
the negative effects that conventional energies based on fossil fuels
present for the environment, have encouraged the institutions to
promote change towards a sustainable energy model where
renewable energies are gaining prominence.

In this context, photovoltaic energy plays a very important role
since it has important advantages such as its availability anywhere,
r Ltd. This is an open access article
its easy installation, its low cost of maintenance and acquisition, its
increased efficiency and its durability. Furthermore, these charac-
teristics lead to a decrease in the LCOE (Levelized Cost of Energy)
[4,5]. Hence the installed PV power in the world is increasing
considerably. Thus, the new installations reached 139 GW in 2020
[6] and 117 GW are expected in 2021 and 119 GW in 2022 [7].
However, PV energy is not exempt from criticism since, tradition-
ally, the large tracts of land that are dedicated to PV plants con-
nected to the grid are no longer available for agri-food production.
This fact affects negatively the possibilities of meeting the demand
for food that also increases as a consequence of population growth
[8], especially in areas with scarce land availability and high pop-
ulation density [9].

As a solution to this dilemma, agrivoltaics proposes to combine
PV and agricultural production on the same land. For that purpose,
PV panels are mounted at sufficient heights to allow agricultural
cultivation under them. This concept was first proposed by
Goetzberger and Zastrow in 1982 [10]. However, it was not put into
practice in pilot agrivoltaic plants until three decades later [9].
Since then, although there are not many commercial or research
facilities [9], plenty of studies have analysed the behaviour of
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

a PV panel width
ac hedgerow crop width
aP ; bP ;F1; F2 P�erez model parameters
d distance between two contiguous rows of PV panels
dj Julian day
D distance from the upper vertex of the crop Q to the

axis of the rear solar collector on which its shadow
would be projected

h PV collector height
hc hedgerow crop height
Hi daily incident radiation on the collector for the day i
Hest
y estimation of the annual incident radiation on the

solar collectors
I incident irradiance on the collectors
IB direct solar irradiance on horizontal plane
ID diffuse solar irradiance
IOH horizontal extraterrestrial irradiance

i
!
; j
!
; k
!

unit vectors associated to Oxyz system
LCOE Levelized Cost of Energy
LER Land Equivalent Ratio
M midpoint between the axis of the solar collectors
n! normal vector to the solar collector
Ndj number of Julian days in the month j
Ox; Oy ; Oz axis of the horizontal reference system
P; T end points of PV panels in adjacent rows
Q Crop upper vertex nearer to the solar collector on

which its shadow would be projected
R region between the rows of PV collectors in which

crops that are included do not shade the solar
collectors

r ratio of solar irradiance losses on an agrivoltaic plant
with the proposed monitoring strategy compared to
the capture of the plant without cropping

s! solar vector
sx ; sy ; sz components of solar vector
t solar hour

Greek Letters
b inclination angle of the collector
bc corrected inclination of the collector to avoid the

shadows of the crops
bLG maximum inclination angle of the collector for which

the astronomical tracking does not imply
intershading

bLT technological limit inclination angle of the collector
G daily angle
d solar declination
hAG�AGPG agricultural efficiency in the agrivoltaic installation
hPV�AGPG photovoltaic efficiency in the agrivoltaic installation
hAG yields of the land when it is exclusively dedicated to

agricultural production
hPV yields of the land when it is exclusively dedicated to

photovoltaic production
q angle of incidence of sunbeams on the inclined plane
qz solar zenith angle
r albedo
g apparent solar elevation
g1 delimiting apparent solar elevation angle when the

whole collector is shaded by the crop
g2 delimiting apparent solar elevation angle when the

collector is partially shaded
g3 delimiting apparent solar elevation angle when the

collector is not shaded
gLG limit apparent solar elevation
j latitude of the place
U Earth's rotation speed
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agrivoltaic facilities, both from an agricultural and energy point of
view [2,11e20].

With regard to crops, PV panels partially shade the crop and
reduce incident irradiance levels on it, affecting crop production
[2,9,14,17,18,21]. Simultaneously, the shading and the reduction of
irradiance cause the temperature on the crop and on the land to
decrease, thus protecting the crop from excessive heat [19]. In
addition, partial shading can be beneficial for certain crops and
could reduce water consumption by evapotranspiration and posi-
tively affect the water balance of the soil [2,13]. The benefits of
partial shading on crop yield are also enhanced in time of drought.
That is the reason why some authors affirm that agrivoltaics can
strengthen the agricultural sector in the face of climate change
[2,9]. In this regard, it is necessary to continue characterising the
behaviour of different crops under agrivoltaic conditions to identify
those that have better performance in these types of facilities.

Furthermore, it is important to note that the conditions of par-
tial shading and incident irradiance on the crop can be varied
depending on the design of the PV plant: height, orientation and
density of panels or separation between rows of collectors [2,9,17].
Therefore, and given that these design variables also affect energy
production, it is convenient to analyse in detail that configuration
which optimises the combined agricultural and energy production
of the agrivoltaic plant.
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In this regard, various studies have shown that individually
agricultural production decreases due to the reduction in the levels
of solar irradiance incident on crops. Similarly, electricity power
production also decreases due to having a lower density of PV
panels that allow a good shade balance and irradiance on the crop.
However, despite these individual production decreases, agri-
voltaics increases the global economic performance of the land by
combining agricultural and energy production [12,14,20,22]. To
quantify this gain, the Land Equivalent Ratio (LER) [23] is used,
comparing the yield of the land with agrivoltaic use (combined
agricultural and energy production) with that of the use of the land
for PV and agricultural production independently [14]. Different
studies have estimated the LER for different agrivoltaic plants,
finding that this variable is always greater than 1 [2,14], increasing
in cases with solar monitoring and by increasing the density of
panels [2]. In this line, Agostini et al. [11] have verified that the
economic and environmental costs of agrivoltaic systems are
comparable to those of other photovoltaic systems. However, the
former present significant advantages over the latter since they
favour the stabilisation of crop production with a lesser impact on
land occupation. Likewise, Cuppari et al. [24] have developed a
model to analyse whether agrivoltaics can reduce the financial risk
related to weather conditions for farmers. Specifically, they verify,
for the different cases studied, that annual net income always



Fig. 1. Representation of a PV plant with NeS axis tracking.
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increases in the case of agrivoltaics with respect to the exclusive
agricultural use of the land, with an increase reaching up to 5000%.
Additionally, agrivoltaic diversifies income streams, reducing risk
and improving financial stability during volatile market and
weather conditions. Therefore, agrivoltaic systems must be
considered essential in a future energy system compatible with
climate change and the energy and food needs of the growing
world population.

Although the first research into agrivoltaics was limited to PV
installations with fixed panels [18], recently other designs with
solar trackers (mainly single-axis ones) have been analysed [2,9,12].
In that line of work, it has been proved that, not only is the energy
production of the plant improved [12] but also the agricultural
production of the cultivation [12,13,17,19]. Specifically, the use of
mobile PV panels can be used to improve the distribution of rain in
the crops under the panels [25] as well as to increase the solar
incidence in the extreme hours of the day and reduce high tem-
peratures at noon [12].

In this context, this work analyses the possibility of combining
photovoltaic installations with modernmodes of production in tree
agriculture (olive, almond, peach, cherry, apple, pear) in hedges.
This model of agricultural production has important advantages,
such as the reduction of costs and labour thanks to the mecha-
nisation of work, as well as the increase in production and the
quality of the harvest. These improvements give rise to a higher
profitability of the land [26]. Thus, this agricultural model would
make it possible to reconcile tree cultivationwith agrivoltaics, until
now limited to low-rise crops such as cereals or lettuce. This
circumstance could be of great interest in countries where agri-
culture is one of the fundamental economic activities. In addition,
in recent times, the number of large areas of land dedicated to PV
installations connected to the grid is growing, highlighting among
them the installations with solar trackers on a horizontal NeS axis.
Thus, the introduction of agrivoltaics by combining these large PV
facilities with NeS tracking with tree crops, such as olive groves or
citrus, planted in hedgerows in the lanes between solar trackers,
would result in a positive contribution to a more modern, sus-
tainable, and efficient agricultural model.

However, these tree crops could partially shade the solar col-
lectors, negatively affecting PV production. Moreover, the shading
of the panels can lead to production losses of up to 70% [27,28] since
the levels of solar irradiance incident on the collectors are reduced
by not receiving their direct component. In addition, shaded solar
cells become hot spots that consume the energy of neighbouring
cells, increasing their temperature [29].

As a solution to the partial shading of solar collectors, when this
is due to the interaction between consecutive rows of panels in PV
plants with solar trackers, different authors have proposed
tracking/backtracking strategies to eliminate such shading
[30e38]. To do this, at times of intershading between PV modules,
backtracking proposes to vary the inclination of the modules until
the shadow of each row of modules does not affect the rear row.

In a similar way, when considering the conversion of PV plants
into agrivoltaic plants with crops in a hedge between the rows of
solar collectors, it is necessary to analyse the shadows that the crop
can cast on these PV panels since it could affect energy production.
However, no works aimed at characterising this behaviour have
been found in the literature. In this context, the present work an-
alyses a novel proposal for an agrivoltaic plant based on the culti-
vation of hedgerow trees between the rows of an existing PV plant
with horizontal trackers on a NeS axis. Furthermore, this research
presents a new tracking strategy that improves the yield of these
plants by eliminating the possible shadows of the crop on the PV
panels. For this purpose, the behaviour of the solar irradiance in the
agrivoltaic facility proposed is modelled and the shading of the crop
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on the PV panels is simulated. From the results of this simulation, a
geometric space between the rows of solar collectors available for
crops without affecting the irradiance capture or the tracking
strategy has been identified (sections 2.1 and 2.2). Subsequently,
section 2.3 analyses how the tracking/backtracking strategy of the
collectors should be modified when the crops exceed the non-
influence region previously mentioned. Finally, section 2.4 pre-
sents the methodology to characterise the solar radiation on PV
collectors obtained when the solar trackers of the agrivoltaic plant
move according to the modified tracking/backtracking strategy
proposed as a novelty in this work. Therefore, this research con-
tributes to the progress of knowledge in the field of agrivoltaics
while promoting a sustainable and efficient agricultural model.
2. Methodology

The PV plants with NeS axis horizontal trackers show simple
geometric characteristics as represented in Fig. 1.

The action of conversion to agrivoltaics studied in this work
consists of the implantation of a line of crops in the central area of
the lanes between trackers. For the geometric characterisation of
the crop, it is considered that, whatever the actual shape of the tree,
it will not exceed the limits of a rectangle of height hc and width ac
(Fig. 2).

In both figures the horizontal reference system is considered in
which the axis Ox is oriented towards the west and the axis Oy
towards the south and the axis Oz towards the zenith. In this way,
the projection of the crop on the Oxz plane would be contained in
the rectangle of dimensions ac and hc in correspondence with the
agronomic description of hedge crops.
2.1. Astronomical considerations

For the analysis of intershading between collectors and the
corresponding tracking/backtracking strategy that is proposed in
this work, it is necessary to simulate the incidence of solar radiation
in the plant under study. To do this, the vector description is used
both for the positioning of the sun in the sky and to describe the
orientation of the solar collectors.

Letting i
!
, j
!

and k
!

be the unit vectors on the axes Ox, Oy and
Oz, respectively, of the horizontal reference system described
above, the solar vector, s!, will be expressed by Eq. (1), inwhich j is
the latitude of the place, U ¼ p

12 rad=h is the angular speed of
rotation of the Earth, t is the solar hour and d is the declination.



Fig. 2. Representation of an agrivoltaic plant tracking with NeS axis and crops in lines.

Fig. 3. Graphic representation in the OXZ plane of a PV plant with tracking to an NeS
axis and the apparent solar height.
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s!¼ sx i
!þ sy j

!þ sz k
!

¼ ðsin Ut,cos dÞ i!þ ðcos Ut,cos d,sin j� sin d,cos jÞ j!

þ ðcos Ut,cos d,cos jþ sin d,sin jÞ k!

(1)

According to the model proposed by Spencer [39], the declina-
tion d depends on the Julian day dj using Eqs. (2) and (3).

dðradÞ¼ ½0:006918�0:399912 cosðGÞþ0:070257 sinðGÞ
�0:006758 cosð2GÞþ þ0:000907 sinð2GÞ
�0:002697 cosð3GÞþ0:00148 sinð3GÞ�

(2)

GðradÞ¼2p
�
dj � 1

�
365

(3)
Fig. 4. Limit situation between astronomical tracking and backtracking for a PV plant
with tracking on an NeS axis.
2.2. Tracking and backtracking in a PV plant with an NeS axis
without crops

First, as a point of reference, a PV plant with NeS horizontal
single-axis solar trackers is considered. Usually, these facilities
carry out astronomical solar tracking, which, at every moment,
seeks tominimise the solar incidence angle q, which forms the solar
vector s!with the normal vector to the collectors, n!. This condition
is expressed by Eq. (4).

n! ¼ sxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sx2 þ sz2

p i
!þ szffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sx2 þ sz2
p k

!
(4)

Fig. 3 shows the view of these PV plants projected on the Oxz
plane. From this figure, the apparent solar elevation, g, can be
defined as the angle formed by the projection of the solar vector, s!,
in the Oxz planewith the Ox axis. According to this definition, gwill
be given by Eq. (5).

g¼ arctg
�

sz
jsxj

�
(5)

From the apparent solar elevation, the inclination of the col-
lectors at each instant is given by Eq. (6)

b¼p
2
� g (6)
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However, this movement in the early and late hours of the day,
when the sun's rays strike at low solar height, generate inter-
shading of collectors, which leads to significant negative effects on
the operation of the PV plant [29,40e43]. In accordance with this,
to avoid this intershading between panels, different authors pro-
pose the backtracking or movement strategy that disorients the



Fig. 6. Influence of the technological limits of inclination of the collectors in the R
region for a PV plant with tracking on an NeS axis.
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collectors with respect to the solar direction, with the aim of
eliminating intershading [31,32,37,44]. This movement forces the
solar collectors to move closer to the horizontal position at the
beginning and end of the day.

Fig. 4 shows the graphical representation of two contiguous
rows of collectors in the limit situation in which there is no inter-
shading. For clarity, the circumference described by the ends of the
PV collectors in their solar tracking motion has been drawn. From
Fig. 4 it is possible to define an apparent solar height limit, gLG,
which corresponds to the common tangent to both circumferences
and which, therefore, is given by Eq. (7). Associated with this
apparent solar height limit, the limit inclination bLG can be defined
as the maximum inclination of the panels for which the astro-
nomical tracking does not imply intershading (Eq. (8)). Both mag-
nitudes depend on geometric and astronomical factors.

gLG ¼ arcsin
�a
d

�
(7)

bLG ¼
p

2
� arcsin

�a
d

�
(8)

Thus, when g � gLG and b � bLG there is no intershading and the
collectors move according to the astronomical tracking strategy.
Therefore, the inclination of the panels will be determined by Eqs.
(5) and (6), as explained previously. On the contrary, if g< gLG and
b> bLG, it is necessary to resort to backtracking to avoid inter-
shading between panels. In this case of back-tracking, the inclina-
tion of the collectors b will be given by Eq. (9), as demonstrated in
Appendix A.

b¼p

2
�g� arcos

�
d
a
sin g

�
(9)

Fig. 5 shows a generic instant in which the solar rays hit with an
apparent height lower than gLG. Consequently, in this situation
backtracking is proposed to avoid intershading and the inclination
of the panels would be rectified approaching the horizontal. In this
position, it is observed that the points P and T of the limit ray that
passes through the ends of two contiguous collectors have co-

ordinates in the Oxz plane P≡
�
a
2 cosb;h�a

2 sinb
�
and T≡

�
d � a

2 cosb;

h þ a
2 sinb). Therefore, it is verified that the midpoint M of this type

of rays is a fixed and invariable point, with coordinates M≡
�
d
2;h

�
,

that is, it is the midpoint between the axis of the solar collectors.
From this reasoning it follows that there is a region R through
Fig. 5. Representation of the region without direct solar radiation in a PV plant with
tracking on an NeS axis.
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which in no case do the direct solar rays incident on the collectors.
Fig. 5 shows the representation of this region on the Oxz plane. As a
consequence, no crop located in the R region without exceeding its
limits would shade the panels and, therefore, would not affect the
tracking/backtracking strategy of the previous PV installation.

However, in commercial trackers it is usual that the inclination
of the panels cannot reach the value of bLG since it is limited by the
mechanical design. Thus, there is frequently a technological incli-
nation limit value, bLT , that the mechanism cannot exceed. Under
these conditions, the value obtained in Eq. (9) must be recalculated
with the criteria given by Eq. (10). Furthermore, in the event of this
mechanical limit to the inclination of collectors, the R regionwould
be of greater amplitude than that previously described, as shown in
Fig. 6.

if jbj > bLT /b ¼ sign ðbÞ$bLT (10)

2.3. Tracking and backtracking in a PV plant with an NeS axis with
crops

In this section, the appearance of possible shading when the
crop exceeds the non-shading zone R is analysed. Moreover, a solar
tracking strategy is proposed to prevent partial shading of collec-
tors, thus allowing the collectors to always receive a uniform inci-
dence of direct irradiance.

Fig. 7 represents the PV plant with NeS horizontal single-axis
Fig. 7. Geometric representation of the angular limits g1 (solar collector totally
shaded), g2 (solar collector partially shaded) and g3 (solar collector no shaded) for the
study of crop shading on PV panels.
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solar trackers and a crop of dimensions ac (width) and hc (height)
centred at the average distance between two consecutive rows of
PV panels. In this figure, according to the tracking/backtracking
strategy described in section 2.2 and depending on the apparent
solar height, the panels are inclined an angle b which will be given
by Eq. (6), in the case of astronomical tracking, or by Eq. (9), in the
case of backtracking. In this way, from the analysis of shadows of
the crop on the panels, a tracking/backtracking algorithm will be
proposed. For it, a corrected tilt value of the panels, bc, will be
provided to avoid the shadows of the crop on the panels. From it, it
is possible to calculate the normal vector to the collector n! using
Eq. (11).

n!¼ sin bc i
!þ cos bc j

!
(11)

To analyse whether the crop produces shading on the panels,

the upper left vertex Q of coordinates Q≡
�
d
2�ac

2 ; hc

�
is considered

as the limit situation from which these shadows would be pro-
duced. In this way, the algorithm is based on the definition of three
delimiting angles for the apparent solar elevation values:

a) g1, when the whole collector is shaded by the crop, given by Eq.
(12)

b) g2, when the collector is partially shaded, given by Eq. (13), and
c) g3, when the collector is not shaded, given by Eq. (14)

respectively.

g1 ¼ arctg
�
2

hc � h
d� ac þ a$cos b

�
(12)

g2 ¼ arctg
�
2
hc � h
d� ac

�
(13)

g3 ¼ arctg
�
2hc � 2hþ a sinb
d� ac � a cosb

�
(14)

These delimiting angles define four possible intervals or cases to
be considered in the analysis of crop shading on PV panels:

i) 0<g<g1: As long as this condition is met, the collector must
remain in a horizontal position without direct irradiance falling
on it. Therefore, for this situation, bc ¼ 0 is proposed. Thus,
substituting this value in Eq. (11), it is established that the
normal vector to the collectors must point to the zenith of the
place (Eq. (15))

n!¼ k
!

(15)
ii) g1 <g<g2: In the instants inwhich this condition occurs, only a
part of the collector can access direct irradiance, producing
shadows in the rest. In order to avoid partial shading, it has been
decided to reorient the collector so as to prevent direct irradi-
ance on it. As demonstrated in Appendix A, the geometric
analysis in this hypothesis leads to the Eq. (16) for the corrected
inclination of the collectors in which D is the distance from the
vertex Q to the collector axis given by Eq. (17).

bc ¼
p

2
�g� arcos

�
2D
a

sinðg2 �gÞ
�

(16)
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D¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
d
2
� ac

2

�2

þ ðhc � hÞ2
s

(17)
iii) g2 <g<g3: Under these conditions, if the value of b obtained
in section 2.2 is maintained, the lower part of the collector
would be shaded. However, the correction to the value given
by (18) allows uniform access of the direct irradiance to the
entire collector, as demonstrated in Appendix A.

bc ¼
p

2
�g� arcos

�
2D
a

sinðg�g2Þ
�

(18)
iv) g>g3: In this case, the crop would not shade the collectors.
Consequently, it is not necessary to correct the tilt of the
collectors.
2.4. Determination of irradiance and solar radiation on PV
collectors

Once the tracking/backtracking strategy has been defined for
the agrivoltaic plant with NeS horizontal single-axis solar trackers
and a crop characterised by a rectangle of width ac and height d; the
energy production in this plant is analysed. For this, the incident
irradiance on the collectors, I, is evaluated by means of the sum of
its three components (direct, diffuse and reflected), considering
three radiative models: Liu-Jordan isotropic model, Hay-Davies
anisotropic model and Perez's anisotropic model.

a. Isotropic sky model: This model, proposed by Duffie and Beck-
man [45] and Liu and Jordan [46] assumes that the diffuse
component of solar irradiance is isotropically distributed in the
celestial sphere. Accordingly, the model establishes that the
solar irradiance, I, is calculated from the direct ðIBÞ and diffuse
ðIDÞ solar irradiance on the horizontal surface by means of Eq.
(19). In this equation, q is the angle formed by the solar vector
and the normal to the collection surface, qz is the zenith angle
and r is the albedo of the reflecting surface.

I¼ cos q
cos qz

IB þ
1þ cos b

2
ID þ r

1� cos b
2

ðIB þ IDÞ (19)
b. Hay-Davies model [47]: it establishes that a certain fraction of
the diffuse irradiance, given by the quotient between the direct
irradiance on the horizontal surface IB and the horizontal
extraterrestrial irradiance I0H ,

IB
I0H
, is directed from the direction

of the solar disk. Consequently, it has a behaviour similar to that
of the direct component, while the rest of the diffuse irradiance
has an isotropic behaviour (Eq. (20)).

I¼ cos q
cos qz

IB þ
	�

cos q
cos qz

�
IB
I0H

þ
�
1� IB

I0H

�
1þ cos b

2



ID

þ r
1� cos b

2
ðIB þ IDÞ (20)
c. P�erez model [48]: Finally, this third model assumes that diffuse
irradiance is decomposed, in turn, into three subcomponents:
one of an isotropic nature, another from the area near the solar
disk and a last one coming from the horizon. Accordingly, the
irradiance is given by Eq. (21) inwhich F1, F2 are coefficients that



Table 1
Geometric characteristics of the simulated crop in the agrivoltaic plant.

Case number aciðmÞ hciðmÞ
0 2 2
1 2 3
2 2 4
3 2 5

Table 2
Daily radiation on the horizontal plane (H) in C�ordoba (Spain) taken from Posadillo
& L�opez-Luque [50], and representative day considered for each month [49].

Month H (MJ/m2) Representative day

January 7.401 17
February 11.097 47
March 14.158 75
April 17.307 105
May 19.017 135
June 24.263 162
July 25.719 198
August 23.411 228
September 17.983 258
October 11.895 288
November 8.228 318
December 6.237 344
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deliberate the weight of each of the subcomponents of the
diffuse irradiance and ap and bp are given by Eqs. (22) and (23)
respectively.

I¼ cos q
cos qz

IB þ
	
ð1� F1Þ

1þ cos b
2

þ F1
ap
bp

þ F2 sin b



ID

þ r
1� cos b

2
ðIB þ IDÞ (21)

ap¼maxðcos q;0Þ (22)

bp ¼maxðcos 85�; cos qzÞ (23)

Regardless of the model considered, for the instants in which
the collectors are shaded, cos q ¼ 0 will be considered in Eqs.
(19)e(22). With this, in the irradiance calculation, the direct
component and the circumsolar diffuse fraction are eliminated.

For each of these radiative models and the proposed tracking
strategy, the incident solar irradiance on solar collectors has been
simulated every 3 min in the 12 representative Klein days [49].
From the irradiance, the solar radiation for each of the represen-
tative days has been calculated using Eq. (24).

Hi ¼
ðt sunset

t sunrise

I dt (24)

Finally, Eq. (25) allows an estimate of the annual incident radi-
ation on the collecting planes

Hest
y ¼

X12
j¼1

Ndj$Hj (25)

where Ndj is the amount of Julian days of the month j.
Fig. 9. Evolution of the inclination angle b of collectors for four different crop heights.
3. Results and discussion

In this section, the results obtained when applying the exposed
methodology to a practical case are presented and discussed.
Specifically, a PV plant with NeS horizontal single-axis solar
trackers located in C�ordoba, Spain (latitude: 37.58� N; Longitude:
4.18� W) with the geometric characteristics shown in Fig. 8 has
been chosen for the simulation.

With regard to the crop, four cases of interest have been
considered for determining the necessary tracking/backtracking
Fig. 8. Geometric characteristics of the PV installation considered as a case study.
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Fig. 10. Irradiance on collectors in C�ordoba on the representative day of March and depending on the crop heights according to: a) Liu-Jordan model [46]; b) Hay-Davies model [47]
and c) Perez model [48].
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strategy, as well as for the evaluation of the radiative potential in
each case. Although in all cases a fixed width ac ¼ 2 m, has been
assumed, the height of the crop has been varied according to the
values shown in Table 1. Of the cases considered, the first one ðac0;
hc0Þ corresponds to a crop that, according to section 2.2, does not
interfere with the PV plant monitoring strategy because it is within
the R zone. Therefore, it is considered a reference against which to
compare the rest of the cases studied ðac1; hc1Þ, ðac2; hc2Þ and ðac3;
hc3Þ.

For each of the cases considered, the application of the meth-
odology set out above allows obtaining the daily evolution of both
the position of the collectors and the irradiance incident on them
based on the geometric characteristics of the crop. For this, it is
necessary to know the values of the representative Julian days of
Klein of each month [49], as well as the climatological value of the
characteristic solar radiation during this month (Table 2).

Fig. 9 shows the comparison of the tracking strategies for each
of the cases planned on the representative day of July (15th July).
It shows the different types of tracking in each case, considering
the case ðac0 ¼ 2 m; hc0 ¼ 2mÞ as a reference because it gives rise
to a tracking policy identical to the previously existing back-
tracking one. It is observed that, the greater the degree of
obstruction, the more it takes to start the daily movement and
the earlier the movement ends. It is also appreciated that the
curves of the cases with obstruction begin with a rise in the angle
b during which the collectors do not receive direct radiation to
avoid the partial shading of collectors. For the same reason, they
also show a final downward stretch before being horizontal or
waiting the next day.
Fig. 11. Incident radiation on collectors estimated according to: (a) Liu-Jor
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Fig. 10 show the estimated irradiance according to the Liu-
Jordan [46], Hay-Davies [47] and P�erez [48] models respectively
for the four cases considered and the representative day of the
month of March. Among them, there is a high similarity in terms
of behaviour. In cases with obstruction, the initial and final sec-
tions of the curve correspond to moments in which only the
diffuse radiation falls on the collectors that are either horizontal or
adapting their position to avoid direct irradiance. There are also
sections with high linearity that correspond to the backtracking
periods and a central section in which astronomical monitoring is
carried out.

For all months it is observed that the isotropic model [46] pre-
dicts lower levels of irradiance than the Hay-Davies [47] or Perez
[48] models. This is due to the fact that the structure of the
anisotropic models separates a fraction of the diffuse irradiance
that follows a behaviour analogous to the direct one. This implies
that in the simulationwith solar trackers, higher capture values are
always obtained with the anisotropic models. This effect is also
observed when irradiances are compared in the periods in which
there is no direct irradiance. The diffuse values decrease in the
anisotropic models with respect to the isotropic one.

For the practical quantification of the degree of obstruction ac-
cording to the irradiance models, the annual profiles have been
obtained. For that purpose, the 12 representative days, in the four
cases proposed for analysis have been considered. Fig. 11 shows this
evolution, evidencing in it that the differences in incident radiation
on collectors are higher in summer than in winter months. The
differences become greater in the anisotropic models for the rea-
sons previously discussed.
dan model [46], (b) Hay -Davies model [47] and (c) Perez model [48].
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Thus, Fig. 12 shows, for each of the obstructed cases, the ratio r
which indicates in the radiative decay due to the obstruction (Eq.
(26)).

r¼Hðhc ε RÞ
Hðhc;RÞ (26)

In general, a higher decay is obtained for all models in the crops
with the highest degree of obstruction. When comparing models, it
can be seen that the anisotropic ones predict lower ratios than the
isotropic one. This is because the geometric character of the
shading harms the models that consider the existence of irradiance
of diffuse circumsolar origin.

Finally, to delve into the dependence of the annual radiation in
the selected standard installationwith respect to the dimensions of
the crop ðac; hcÞ, as well as to offer graphically a practical result of
rapid application, the annual energy losses by varying ac between
0 and 3 m and hc between 0 and 4 m in the selected installation
have been analysed. Fig. 13 shows the representation by level
curves of such losses and the position of the Q point on these lines
indicates the radiative loss to which the crop gives rise.

The graphs in Fig. 13 allow an estimation of the LER parameter of
PVinstallationsconvertedtoagrivoltaicplants.Asanexample, theLER
calculation is presented in the installation obtained by inserting a
super-intensive olive grove hedge with hc ¼ 3:0m and ac ¼ 1:5m,
knowing that inapurelyagricultural farmthis typeofhedgewouldbe
between4mand6mapart. According toDuprazet al. [14], the LER for
this example installation would be the sum of the yield ratios of
photovoltaicpowerproductionandagriculturalproduction (Eq. (27)),
Fig. 12. Radiation decay rate r on collectors estimated according to: (a) Liu-J
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LER¼ hPV�AGPG
hPV

þ hAG�AGPV
hAG

(27)

where hPV�AGPG and hAG�AGPG are respectively the photovoltaic and
agricultural efficiency in the agrivoltaic installation and hPV and hAG
are respectively the yields of the land when it is exclusively dedi-
cated to photovoltaic and agricultural production.

To calculate the first of the ratios, it is admitted that the energy
production is proportional to the annual radiation incident on the
collectors. Likewise, from Fig. 13 three estimates are obtained
depending on the radiative model considered. Specifically, for each
model, the losses are obtained from the isoline intersected by the
rectangle representing the crop in Fig. 13. Thus, the estimates will
be given by Eqs. (28)e(30):�
hPV�AGPG

hPV

�
Iso

¼100 � 2:8
100

¼ 0:978 (28)

�
hPV�AGPG

hPV

�
H�D

¼ 100 � 3:6
100

¼ 0:964 (29)

�
hPV�AGPG

hPV

�
Perez

¼100 � 4:1
100

¼ 0:959 (30)

Regarding the ratio of agricultural yields, it is considered that
the productive drop is proportional to the drop in the density of
hedges with respect to the crop in exclusively agricultural condi-
tions [51]. In this way, the values given by Eqs. (31) and (32) are
obtained
ordan model [46], (b) Hay -Davies model [47] and (c) Perez model [48].



Fig. 13. Annual radiation losses in collectors depending on the position of Q in the isoline field. Here are distinguished the models of: (a) Liu-Jordan model [46], (b) Hay -Davies
model [47] and (c) Perez model [48].

Table 3
Calculation of the range of variation of the LER for an agrivoltaic plant with NeS
horizontal single-axis solar trackers and crop of olive groves in hedge of di-
mensions hc ¼ 3:0m and.ac ¼ 1:5m�

hAG�AGPV
hAG

�
4 m

�
hAG�AGPV

hAG

�
6 m�

hPV�AGPG
hPV

�
Iso

1.302 1.472

�
hPV�AGPG

hPV

�
H�D

1.294 1.464

�
hPV�AGPG

hPV

�
Perez

1.289 1.459
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�
hAG�AGPV

hAG

�
4 m

¼1 ðcrop hedgerow every 12m in AGPGÞ
3 ðcrop hedgerow every 12m in AGÞ ¼ 0:33

(31)

�
hAG�AGPV

hAG

�
6 m

¼1 ðcrop hedgerow every 12m in AGPGÞ
2 ðcrop hedgerow every 12m in AGÞ ¼ 0:5

(32)

Table 3 shows the six possible estimates of when combining the
results of the yields given by equations (28)e(30). resulting from
the different alternatives considered and previously described. This
example, in addition to showing the application of the graphs in
Fig. 13, allows to verify that, a priori, the productivity of the land in
an agrivoltaic installation located in C�ordoba (Spain) under the
hypotheses and the design conditions considered, will be seen
increased between 28.9% and 47.2%.
4. Conclusions

Agrivoltaics proposes combining agricultural production with
the photovoltaic technology on the same land. Thus, it is possible to
547
optimise the yield of the land and reduce the conflict over the use of
land for large PV facilities. This new model has important advan-
tages from the agricultural, economic and energy point of view,
such as the water balance of the land, the improve of the produc-
tion of certain crops, the reduction of financial risk for farmers and
the promotion of a more efficient and sustainable energy system.
Accordingly, it seems appropriate to promote the implementation
of agrivoltaic facilities. To this end, this work presents a novel
proposal to take advantage of the growing number of photovoltaic
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installations with NeS axis tracking that are being installed to
transform them into agrivoltaic plants. Specifically, planting tree
crops in hedges between the rows of PV collectors is proposed.

In that line of work, in the present research an in-depth simu-
lation study of the possible shading of crops on photovoltaic panels
has been carried out. As a result of this study, it is shown that, under
the basic hypotheses established, there is a geometric space of
possible use for crops that would not shade the panels and
consequentlywould not affect the photovoltaic production of a pre-
existing PV plant (Fig. 6). However, given the possibility of
exceeding this region, a new collector tracking/backtracking strat-
egy has been proposed to minimise the effect of partial shading on
collectors. The radiation obtained after following these strategies
has also been quantified. Specifically, the reduction of the solar
radiation reaching the solar collectors when they move according
to the tracking/backtracking strategy proposed is represented by
means of isolines (Fig. 13). In that way, it is recommended that the
manager of any PV plant with NeS solar trackers, following the
proposed methodology, obtains the corresponding isolines of ra-
diation losses. Thus, based on this graphic, the PV plant manager
can evaluate the convenience of converting a PV plant to an agri-
voltaic plant with hedge crops also oriented in the NeS direction.
Particularly, in the case of an agrivoltaic plant with NeS horizontal
single-axis solar trackers and an olive grove in a hedge of di-
mensions hc ¼ 3:0 m and ac ¼ 1:5m located in C�ordoba (Spain), it
is verified that the LER of the land could increase between 28.9%
and 47.2%.

The authors consider the progress achieved in this study to be
very significant as the natural evolution of the implementation of
PV power plants with single-axis trackers will force, over the
coming years, the search for solutions to their conversion to agri-
voltaic facilities. However, a campaign of experimental measures is
necessary to corroborate the simulated results, as well as to deepen
the knowledge of the response of crops to conditions in which ra-
diation would be limited by shared use with photovoltaics.
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Appendix A. Deduction of inclination angle as A function of
geometry

i) Collector inclination during backtracking, b (Eq. (9)), in a
photovoltaic plant with NeS axis tracking
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Fig. A.1 shows the situation of two contiguous rows of trackers
of a photovoltaic plant with NeS horizontal single-axis solar
tracking at a time when backtracking is performed. In it, the tri-
angle MP2C with sides MC ¼ d=2 and CP2 ¼ a=2 is considered.

Applying the sine theorem, it is obtained that the angle a≡ dMP2C ,
corresponding to the vertex P2, is given by Eq. (A.1).

a¼ arcsin
�
d
a
sin g

�
(A.1)

Fig. A.1. Representation of two contiguous rows of PV panels during backtracking in a
PV plant with NeS horizontal single-axis solar trackers.

Furthermore, from Fig. A.1, it is observed that the angle dMP1C
verifies Eq. (A.2).

dMP1C ¼p� a (A.2)

Likewise, for the triangle of vertices M, P1 and C, Eq. (A.3) is
verified.

dMP1C þ dCMP1 þ dP1CM ¼ p (A.3)

Thus, by substituting Eq. (A.2) for Eq. (A.3) and taking into ac-

count that, according to Fig. A.1, dCMP1 ¼ g and dP1CM ¼ b, Eq. (A.4)
is obtained.

ð p� a Þþ gþ b ¼ p (A.4)

Therefore, isolating b from Eq. (A.4) and considering Eq. (A.5),
the Eq. (A.6) that represents the inclination of the collectors during
backtracking, b, is obtained. This Eq. (A.6) coincides with Eq. (9) of
section 2 of this article.

arcsin a þ arccos a ¼ p

2
(A.5)

b¼p

2
�g� arcos

�
d
a
sin g

�
(A.6)
ii) Corrected inclination of the collectors during backtracking, bc
(Eq. (16)), in an agrivoltaic plant with solar trackers to a NeS axis
and crops in hedgerows in the case in which g1 <g<g2

Fig. A.2 shows the rotation of a solar tracker in a PV plant with
NeS horizontal single-axis tracking transformed into an agrivoltaic
plant with a hedgerow crop at a time of backtracking inwhich g1 <
g<g2 . In that situation, the collector may not be fully exposed to
sunlight. Under these conditions it is necessary to position it so that
direct irradiance does not affect it. Applying the sine theorem to
triangle PCQ , Eq. (A.7) for the angle a is obtained.
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a¼ arcsin
�
2D
a

sinðg2 � gÞ
�

(A.7)

Fig. A.2. Representation of the influence of a hedgerow crop on an agrivoltaic plant
with solar trackers on a NeS axis in the case of backtracking where g1 < g< g2.

Furthermore, the inclination angles of the lines starting from P
verify Eq. (A.8). In this way, solving for bc from (A.8) and
substituting the relationship between the arcsine and arc cosine
functions (Eq. (A.5)), as well as Eq. (A.7), the Eq. (A.9) is obtained.
This Eq. (A.9) coincides with Eq. (16) of the article which represents
the corrected inclination of the collectors during backtracking in an
agrivoltaic plant with NeS horizontal single-axis solar trackers and
hedgerow crop in the case in which g1 <g<g2

aþð� bcÞ ¼ g (A.8)

bc ¼
p

2
�g� arcos

�
2D
a

sinðg2 �gÞ
�

(A.9)
ii) Corrected inclination of the collectors during backtracking, bc
(Eq. (18)), in an agrivoltaic plant with solar trackers to a NeS axis
and hedgerow crop in the case in which g2 <g<g3

Fig. A.3. Representation of the influence of a hedgerow crop on an agrivoltaic plant
with solar trackers on a NeS axis in the case of backtracking where g2 < g< g3.

Fig. A.3 shows the rotation of a solar tracker in a PV plant with
NeS horizontal single-axis solar tracking transformed into an
agrivoltaic plant with hedgerow crop at a time of backtracking in
which g2 <g<g3. In this situation, to avoid the shadow of Q on the
collector, it must be rotated so that this shadow coincides with the
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end T of the collector. Applying the sine theorem to the triangle
RCQ , Eq. (A.10) for the angle a is obtained.

a¼ arcsin
�
2D
a

sinðg1 �g2Þ
�

(A.10)

Furthermore, from Fig. A.3, it is observed that the angle dCTQ
verifies Eq. (A.11).

dCTQ ¼p� a (A.11)

Likewise, for the triangle of vertices C, T and Q , Eq. (A.12) is
verified.

dCTQ þ dQCT þ dTQC ¼ p (A.12)

Thus, by substituting Eq. (A.11) in Eq. (A.12) and taking into

account that, according to Fig. A.3, dQCT ¼ g2 þ b and dTQC ¼ g� g2,
Eq. (A.13) is obtained.

ð p� aÞþ ð g2 þ bcÞ þ ðg � g2Þ ¼ p (A.13)

Therefore, isolating b from Eq. (A.13) and considering Eq. (A.5),
the Eq. (A.14) is obtained. This Eq. (A.14) coincides with Eq. (18) of
the article which representing the corrected inclination of the
collectors during backtracking in an agrivoltaic plant with NeS
horizontal single-axis solar trackers and hedgerow crop in the
case where g2 <g<g3

bc ¼
p

2
�g� arcos

�
2D
a

sinðg�g2Þ
�

(A.14)
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