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Abstract

:

Agrivoltaics is currently presented as a possible effective solution to one of society’s greatest challenges: responding to the increasing demand for energy and food in an efficient and sustainable manner. To this end, agrivoltaics proposes to combine agricultural and renewable energy production on the same land using photovoltaic technology. The performance of this new production model strongly depends on the interaction between the two systems, agricultural and photovoltaic. In that sense, one of the most important aspects to consider are the effects of the shadows of the photovoltaic panels on the crop land. Therefore, further study of crop behavior under agrivoltaic conditions requires exhaustive knowledge of the spatial distribution of solar radiation within the portion of land between collectors and crops. This study presents a valid methodology to estimate this distribution of solar irradiance in agrivoltaic installations as a function of the photovoltaic installation geometry and the levels of diffuse and direct solar irradiance incident on the crop land. As an example, this methodology was applied to simulate the radiative capture potential of possible photovoltaic plants located in Cordoba, Spain by systematically varying the design variables of the photovoltaic plants. Based on the results obtained, a model correlating the agrivoltaic potential of a photovoltaic plant with its design variables is proposed. Likewise, for the “Alcolea 1” photovoltaic plant (Cordoba, Spain), the solar radiation decay profiles were simulated in the lanes between the photovoltaic collectors where the crops would be planted in the event of converting this plant into an agrivoltaic facility. Thus, the methodology proposed represents an interesting way to determine the agrivoltaic potential of existing grid-connected photovoltaic installations that could be converted into agrivoltaic installations, contributing to the implementation of this new agricultural production model that is more sustainable and environmentally committed to the future.
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1. Introduction


World population growth in recent decades [1] is causing an increase in the demand for food and energy around the globe [2]. Given the negative effects of conventional energy and its growing price, institutions are committed to promoting the use of renewable energy to meet this energy demand. Thus, the implementation of renewable energy sources as an alternative to replace energies based on fossil fuels and, in so doing, fight against climate change has become one of the main social challenges of our time.



Among the various renewable energy sources, photovoltaics is experiencing a significant boost [3,4] due to its advantages over other renewable energies [5,6]. However, the use of large tracts of land for grid-connected PV plants conflicts with the use of this land for traditional farms.



Faced with this problem, in accordance with the proposal of Goetzberger and Zastrow [7], agrivoltaics proposes combining PV and agricultural production on the same land. To do this, instead of at ground level, the PV panels are placed on elevated structures, to allow extensive or intensive mechanized crop-growing methods below them. In addition to this, the density of PV panels in an agrivoltaic installation is lower than in a conventional PV installation on the ground to allow solar irradiance to reach the crop planted on the ground.



Moreover, the PV panels cast shadows on the crop, reducing the levels of incident irradiance, as well as the temperature of the crop and on the ground; therefore, although the decrease in irradiance can affect agricultural production [2,8,9,10,11,12], PV panels protect the crop from excessive heat [13]. Likewise, the partial shadows of the panels on the ground reduce water consumption by evapotranspiration, favoring the water balance of the soil [2,14]. This circumstance would be especially advantageous in times of drought. Thus, agrivoltaics can strengthen the agricultural sector in the face of climate change [2,10] complementing other initiatives proposed to incorporate renewable energies in the rural environment and making it a more sustainable environment [15,16,17].



From an economic point of view, Dupraz et al. [8] proposed the use of the land equivalent ratio (LER) [18] to compare the performance of land when it is used for a combined agricultural and PV (agrivoltaic) use and when it is used independently for PV or agricultural production. Several studies have found that the LER for different agrivoltaic plants is always greater than the unit, proving that although agricultural or electrical production decreases individually, agrivoltaics increases the global economic performance of the land [8,19,20,21]. It has been verified that the annual net income on an agrivoltaic farm is always higher than in the case of an exclusive farm [22] and agrivoltaics reduces the financial risk of farmers since the economic benefit reduces their dependence on weather and market volatility [22]. Furthermore, when comparing agrivoltaic systems with traditional PV installations, it has been verified that both have similar economic and environmental costs, while agrivoltaic systems have a lower impact on land occupation and favor the stabilization of agricultural production [23].



In addition to the advantages already mentioned, it should be noted that agrivoltaics favors the reduction of the energy demand of the agricultural sector and the decentralized generation of energy, reduces conflicts over land use, and improves the competitiveness of agricultural products by satisfying the demands of sustainable supply chains both domestically and in export markets [24]. For all these reasons, agrivoltaics must play a fundamental role in promoting a new agricultural model that is sustainable and contributes to the fight against climate change [25] while being capable of supplying the growing food needs of the world population [26].



In this context, it is clear that the future implementation of agrivoltaic installations in rural areas will require energy and environmental integration studies similar to those carried out for the integration of photovoltaic systems in urban electric systems [27,28]. The complexity of these studies, which consider technological [29,30,31,32], geographical [33,34], economic [35,36], meteorological [37,38], sociological, and even political [39] aspects, makes it necessary on many occasions to resort to euristic algorithms and AI techniques [31,40].



Likewise, to guarantee the reception of agrivoltaic systems among agricultural producers and facilitate their widespread implementation, it is necessary to go deeper into the evaluation of the profitability of agrivoltaic plants, considering not only the agricultural and energy production once the agrivoltaic plant is in operation, but also the initial investment for the construction of the plant and its payback period. In this regard, purpose-designed agrivoltaic plants, in which the PV panels are installed on structures 4–5 m above the farmland, involve very high initial costs that considerably lengthen the recovery period of the initial investment over time.



Faced with this situation, as an alternative, the present work proposes taking advantage of the existing PV plants connected to the grid for their reconversion into agrivoltaic plants, thereby reducing the initial cost of building the plant. To do so it is necessary to investigate further into the characterization of this proposal [41]. Thus, for example, it is convenient to identify those crops that present a better performance in this type of installation as well as the geometry of the photovoltaic plants that best adapt to this proposal. In this regard, it is necessary to recognize that the density of PV modules, their height, orientation, or the distance between the rows of collectors are key parameters in the configuration of agrivoltaic systems. This is because they condition not only electricity production but also agricultural production, since the shadows of the panels on the crop and the irradiance levels that reach the ground depend on these parameters [2,10,11]. In accordance with this, in the present work a mathematical model is described that is based on the design characteristics of the photovoltaic plant and which enables the levels of solar irradiance received on the ground to be determined. It consequently helps to evaluate the reconversion potential of the agrivoltaic plant.




2. Materials and Methods


In accordance with the above, to evaluate the reconversion potential of existing grid-connected photovoltaic plants in agrivoltaic installations, this paper describes a mathematical model that simulates solar incidence in a network of representative points on the ground, depending on the geometry and design of the photovoltaic plant to be converted to agrivoltaic.



Specifically, in this work the model focuses on the study of PV plants with rectangular collector planes with a southern tilt and with one side of the rectangle    ( b )    oriented in an east-west direction and parallel to the ground and, normally, much longer than the north-south side or sloped side    ( a )   . The choice of this type of PV plant is due to the fact that it is one of the optimal PV plant configurations connected to the network and, therefore, more common. Figure 1 shows the representative variables of the geometry of the indicated facilities on which this model is based, which, as a generic case, also considers that the land on which the facility is located is horizontal.



The model proposed in the present work allows characterization of the incidence of solar radiation on different points of the terrain by means of the simulation method. To perform this, first, using vector notation, the representation of the solar position with respect to the geometry of the set of collectors (Section 2.1) together with the geometry of the photovoltaic plant itself (Section 2.2) are defined. Subsequently, the model presented allows determination of the incident solar irradiance at each point on the ground and instant of time  t  (Section 2.3.4) To enable this, the Collares-Pereira equations are used to estimate the expected values at each time instant t of direct irradiance    I B    and diffuse irradiance    I D    in a horizontal terrain free of obstructions (Section 2.3.1). Then, for each instant of time, the model determines geometrically whether a certain point on the ground is shaded or exposed to the sun, and from this result it determines the extent to which direct and diffuse irradiances are affected by geometric factors and calculates both components (Section 2.3.2 and Section 2.3.3, respectively). The above process is repeated for the representative days of the year proposed by Klein [42], subdividing each of these representative days into time intervals of 3 min that are depicted by the corresponding mean instant. In this way, the temporal integration of the irradiance at each point makes it possible to obtain the solar radiation at each point for the significant days of the year. Finally, when studying different geometries of photovoltaic installations, it is possible to correlate the radiation at each point and month with the position of each point on the ground (Section 3).



2.1. Astronomy Sun-Earth


For the astronomical characterization of the solar movement, the solar vector   s →   is used, which is defined as a unit vector permanently directed towards the solar disk. Equation (1) shows the mathematical expression of this vector in an Oxyz reference system in which, as shown in Figure 1, the Ox axis is directed to the west, the Oy axis to the south and the Oz axis to the zenith. According to Equation (1) it is observed that the solar vector depends on the latitude of the place  φ  on the solar declination  δ  (Equation (2)), which in turn depends on the daily angle  Γ  (Equation (3)), and of the solar time  t , considering that   t = 0   at each solar noon.


   s →  =  s x   i →  +  s y   j →  +  s z   k →  = sin Ω t   cos δ  i →  +  (  cos Ω t cos δ sin φ − sin δ cos φ  )   j →  +   (  cos Ω t cos δ cos φ + sin δ sin φ  )   k →  ,  



(1)






  δ  (  r a d  )  =  [  0.006918 − 0.399912 cos  ( Γ )  + 0.070257 sin  ( Γ )  −  0.006758 cos  (  2 Γ  )  + 0.000907 sin  (  2 Γ  )  − 0.002697 cos  (  3 Γ  )  +  0.00148 sin  (  3 Γ  )   ]  ,  



(2)






  Γ  (  r a d  )  =   2 π  (   d j  − 1  )    365   ,  



(3)








2.2. Geometric Characterisation of the Study Facilities


Furthermore, for the geometric characterization of the possible agrivoltaic installation to be simulated, it is chosen to represent the corresponding PV plant that already exists and can be converted into agrivoltaic by means of a set of rectangles.



In this way, for a PV installation with    N r    collectors, a certain collector  i , with   1 ≤ i ≤  N r   , is represented by a rectangle and is characterized by the coordinates of three of its vertices,    P  i 1    ,    P  i 2    , and    P  i 3     (Figure 2). From these vertices, according to Equations (4) and (5), the vectors      u i   →    and      v i   →    are defined which, together with the normal vector to the collector      n i   →   , given by the Equation (6), define the orientation of the collector.


     u i   →  =    P  i 1    P  i 2    →  ,  



(4)






     v i   →  =    P  i 2    P  i 3    →  ,  



(5)






     n i   →  =      u i   →  ×    v i   →     |     u i   →  ×    v i   →   |    ,  



(6)







According to the geometry described, for every collector  i , the corresponding vectors      u i   →    and      v i   →    must be perpendicular to each other, so Equation (7) must be verified.


     u i   →  ·    v i   →  = 0               ∀ i ,  



(7)








2.3. Estimation of the Instantaneous Irradiance at Each Point on the Ground


Once the Earth-Sun motion and the simulated PV installation have been geometrically characterized, the model can be described, as in this section, for estimating global solar irradiance at any point P on the ground between collectors and which would be used for crop-growing in the event of the conversion of the PV plant into an agrivoltaic installation (Figure 1). This irradiance, on whose value the agricultural production of the agrivoltaic plant will depend, is given by the sum of three components: direct solar irradiance, diffuse solar irradiance, and reflected solar irradiance. Regarding the last of these components, it should be noted that this reflected irradiance would be the irradiance which, after reaching the ground, is reflected towards the back of the collectors and from there it is again reflected towards the ground. In that way, according to Amaducci et al. [2], this irradiance comes from the front face of the PV collectors, whose characteristic reflectance is very low    (   ρ  P V   = 0.04  )   , or from the back face, which in turn only receives reflected radiation. Therefore, being a double reflection and considering the low values of the reflection coefficients of the surfaces involved, it can be stated that this component would be very small compared to the direct and diffuse components. Consequently, in the presented model it is considered that the incident solar irradiance at point P will be the sum of the direct and diffuse components incident from the sky dome. In any case, the contribution of this reflected component would always be positive, so the results of the model would correspond to a conservative estimate that does not overestimate the irradiance received and, therefore, in no case would it involve an oversizing of the production of the agrivoltaic plant. Next, the calculation made by the model for the estimation of direct and diffuse solar irradiance is described.



2.3.1. Estimation of Direct and Diffuse Solar Irradiance on Horizontal Terrain without Obstructions


To estimate the solar irradiance incident on the agrivoltaic plant due to the interaction of this irradiance with the PV panels that it finds on its way from the sun to the farmland between the rows of collectors, the model presented considers as a starting point the direct and diffuse solar irradiance on unobstructed horizontal terrain. In this way, we start from the knowledge of the daily solar radiation  H  and, in the first instance, the estimation of its direct components    H B    and diffuse    H D    is carried out so that Equation (8) is fulfilled


  H =  H B  +  H D  ,  



(8)







This decomposition of the daily solar radiation into its direct and diffuse components is carried out based on the Collares–Pereira model [43] which enables estimation of the daily diffuse radiation    H D    from the daily solar radiation  H  by means of Equation (9).


        H D  H  = 0.99      K T  < 0.17         H D  H  = 1.188 − 2.272 ·  K T  + 9.473 ·  K T 2  − 21.856 ·  K T 3  + 14.648 ·  K T 4       K T  ∈  [ 0.17 , 0.8 ]          H D  H  = 0.2      K T  > 0.8      



(9)







This equation is a function defined in sections based on the values of the clarity index of    K T    given by Equation (10), where    H 0    is the extraterrestrial solar radiation, dependent on the declination  δ  and the latitude  φ  of the place.


   K T    =    H   H 0    ,  



(10)







Once the diffuse radiation has been estimated, the Collares–Pereira model enables the values of solar irradiance and its diffuse and direct components to be obtained. Specifically, for the calculation of the solar irradiance  I  Equations (11)–(15) are used where  L  is the longitude of the place,  T  is the length of the day    (  T = 24   h  )  ,   and  Ω  is the angular speed of rotation of the Earth    (  Ω =  π  12     r a d / h  )   


  I =  r G  · H ,  



(11)






   r G  =  π T   (  a + b · cos Ω t  )   [    cos Ω t − cos Ω  t s    Ω  t s  · cos Ω  t s  − sin Ω  t s     ]  ,  



(12)






   t s  =  1 Ω  arccos  (  − tan δ · tan L  )  ,  



(13)






  a = 0.409 − 0.5016 · sin  (  Ω  t s  + 1.047  )  ,  



(14)






  b = 0.6609 − 0.4767 · sin  (  Ω  t s  + 1.047  )  ,  



(15)







Similarly, the Collares–Pereira model enables calculation of the diffuse irradiance    I D    from the diffuse radiation    H D    using Equations (16) and (17).


   I D  =  r D  ·  H D  ,  



(16)






   r G  =  π T   [    cos Ω t − cos Ω  t s    Ω  t s  · cos Ω  t s  − sin Ω  t s     ]  ,  



(17)







From the solar irradiance  I  and its diffuse component    I D   , the direct irradiance is given by Equation (18).


   I D  = I −  I D  ,  



(18)








2.3.2. Estimation of Incident Direct Solar Irradiance in the Agrivoltaic Plant


Once the solar irradiance has been obtained on a horizontal plane without obstructions, from the analysis of the geometry of the agrivoltaic installation, the model allows estimation of the diffuse and direct solar irradiance that falls from the sky dome on the land between collectors enabled for crops in the agrivoltaic plant.



Regarding direct solar irradiance, as its name indicates, this component represents the irradiance coming from the direction of the solar disk and, therefore, that falls on P in the direction of the solar vector. In this way, it has to be considered only at the times when the direct solar rays hit point P, and not being blocked in their path by the PV panels. According to this, this component is given by Equation (19) in which the variable    f  B P     is defined in such a way that it takes the value 0 if point P is shaded and 1 if P is exposed to solar incidence.


   I  B P   =  I B  ·  f  B P   ,  



(19)







To determine    f  B P    , we start by considering the vector that from P points to the Sun and that, therefore, is a vector parallel to the solar vector    s →    and with origin at point P. In this way, at a given instant of time, P will be shaded and    f  B P     will be null when a point Ii, resulting from the intersection of this vector with the plane containing collector  i  is included in the rectangle that represents the collector (Figure 3b). On the contrary, if Ii is not included in the rectangular area of the collector, the direct irradiance reaches the point P which will not be shaded and    f  B P     will be equal to the unit (Figure 3a).



It will therefore be necessary to analyze the possible intersections for each of the    N r    collectors. To perform this, according to the geometry of Figure 4, it is proposed to solve, for all the rectangles i that make up the PV installation, the system of Equation (20) by means of an iterative process in which the value of    f  B P     starts with 1 (situation of no shading) and will take the null value in the case of shading of point P.


    P  I i   →  = λ ·  s →  =   P  P  i 1    →  + μ    u i   →  + η    v i   →  ,  



(20)







Applying Cramer’s rules to solve this system of equations, the parameters  λ ,  μ , and  η  will be given by Equations (21)–(23).


  λ =    |    P  P  i 1    →  ,    u i   →  ,    v i   →   |     |   s →  ,    u i   →  ,    v i   →   |    ,  



(21)






  μ = −    |   s →  ,   P  P  i 1    →  ,    v i   →   |     |   s →  ,    u i   →  ,    v i   →   |    ,  



(22)






  η = −    |   s →  ,    u i   →  ,   P  P  i 1    →   |     |   s →  ,    u i   →  ,    v i   →   |    ,  



(23)







In this way, the point P will be shaded when the conditions given by Equation (24) are fulfilled simultaneously.


   f  B P   = 0 ⇔  {      λ > 0       0 ≤ μ ≤ 1       0 ≤ η ≤ 1       ,  



(24)








2.3.3. Estimation of Incident Diffuse Solar Irradiance in the Agrivoltaic Plant


For the calculation of the solar irradiance that reaches the possible cultivation land between collectors coming from the entire sky dome and that is not direct, in this work the isotropic model is considered. This model assumes that at all times the radiance or brightness associated with any celestial direction is constant. Thus, if a diffuse irradiance    I D    (W/m2) is incident on an unobstructed horizontal, the model determines that the radiance in any direction is    I D  / π   (W/m2sr). In this way, on tilted and/or partially obstructed surfaces, the incident diffuse radiation is given by Equation (25)


   I D ′  =  I D  · S V F ,  



(25)







In this equation   S V F   or sky view factor is a factor less than 1 that represents the fraction of incident irradiance at a point P due to the obstructions that such irradiance encounters on its way from the Sun to the incidence surface. In addition, this model has the advantage that   S V F   can be estimated equal to the percentage of rays of the isotropic beam that emerge from the ground and reach the sky dome. Several authors have described the procedure for the construction of isotropic beams of rays [44]. In this work, the model that is used consists of rasterizing the surface of the horizontal unitary circle centered at point P into regular cells assigned the index  j  (Figure 5). Considering the center of each cell    (   x j  ,  y j   )   , the direction of the ray associated with cell  j  is given by the vector      r j   →    which is obtained mathematically from Equation (26). In this way, the isotropic beam of rays is obtained by going through the index  j  all of the cells that are included in the circle of the base (Figure 5).


     r j   →  =  x j   i →  +  y j   i →  +   1 −  x j 2  −  y j 2     k →  ,  



(26)







From the beam of isotropic rays, the procedure to check if a beam reaches the sky dome or is intercepted by any of the installation’s rectangles is identical to the procedure set out for calculating the interception of the solar ray in the previous section. In this way, the vision factor is calculated as the quotient between the rays that reach the sky dome without intercepting any collector and the total number of rays of the isotropic beam.




2.3.4. Estimation of Irradiance and Incident Solar Radiation in the Agrivoltaic Plant


Once the direct and diffuse components of the incident solar irradiance at point P,    I P   , have been estimated, the global irradiance received at a point P will be given by the sum of both (Equation (27)).


   I P  =  I B  ·  f  B P   +  I D  · S V F ,  



(27)







From the global solar irradiance, the daily solar radiation at each point is obtained by integrating Equation (26) over the time corresponding to the astronomical day (Equation (28)). However, this integration can be approximated by means of Equation (29), in which temporary increases are considered   Δ t = 3   min .  


   H P  =   ∫    t  s u n r i s e      t  s u n s e t      [   I B  ·  f  B P   +  I D  · S V F  ]  · d t ,  



(28)






   H P  ≈  ∑   [   I B  ·  f  B P   +  I D  · S V F  ]  · Δ t ,  



(29)







The incident global solar radiation throughout the year at point P of the land between collectors and that would be dedicated to agricultural cultivation,    H  y e a r    , is obtained from the daily radiation estimated with Equation (29) for the twelve representative days of the year proposed by Klein [42],    H  P k    , in which each representative day  k  belongs to each one of the twelve months of the year    (  k = 1 , 2 , … , 12  )   . In this way, the annual radiation in P is determined by Equation (30) in which    N k    represents the number of days of the month  k .


   H  y e a r   =   ∑   k = 1   12    N k  ·  H  P k   ,  



(30)








2.3.5. Description of Area Studied


The proposed methodology was applied to develop an exhaustive study of the radiative distribution on the field of photovoltaic installations with fixed collectors located in Córdoba, Spain (latitude = 37.916055° N; longitude = 4.672133° W). Cordoba was chosen as a study area because it is a region with an important agricultural activity where agroforestry could be an interesting proposal to combine agricultural and renewable energy production in a sustainable way. Cordoba is a region of the south of Spain (Figure 6) typical of a Mediterranean climate (‘Gossypium hot’ according to Papadakis’ classification of summer types [45]). From the point of view of agricultural production, the main crops in the Cordoba region are permanent crops of olive, almond, and pistachio trees, and extensive crops of wheat, sunflower, and cotton.



Table 1 shows for each month the representative days of Klein [42] and the daily radiation data on a horizontal plane without obstructions in Córdoba. These radiation values were obtained as the average of the daily radiation values for the    N k    days of each month. Based on these data and the proposed methodology, the potential for conversion of grid-connected PV installations in Cordoba (Spain) into agrivoltaic plants was analyzed.






3. Results


This section presents the results obtained by applying the proposed methodology to the previously described case study.



Figure 7 shows the main geometric variables that determine the geometry of the plants under study and that are considered for the simulation: width of collectors    ( a )   , height of supports of the collectors    ( h )   , angle of inclination of the collectors    ( α )   , distance between collectors    ( d )   , width of the lane not covered by the collectors    ( c )  ,   and distance of a study point P with respect to the end of the lane    ( x )   . Likewise, Table 2 shows the intervals considered for the variation of each of these variables. It is necessary to point out that, based on the geometric similarity of the problem, the radiation values at a point P do not depend on the absolute values of the PV collector width  a , but on the relative values   h / a  ,   d / a  ,   c / a  ,   x / a  . Consequently, the width of the PV collectors was considered constant, with a value   a = 4   m  , and only the remaining magnitudes were varied. In addition, it is important to note that, as can be seen from Figure 7, the variable  c  depends on  a ,  α , and  d  according to Equation (31). Thus, although it is not explicitly included in Table 2, it varies likewise as  a ,  α , and  d .


  c = d − a · cos α ,  



(31)







Likewise, it should be noted that, although the number of geometric combinations resulting from systematically crossing all the possibilities listed in Table 2 (5 values for  h , 7 values for  α  and 12 values for  d ) is 420    (  420 = 5 · 7 · 12  )   , those combinations that imply an exposure without shade in the month of December of less than two hours were not considered. Thus, the number of geometric combinations considered in the simulation is 405 cases. For each of these 405 installations, the methodology described in epigraph 2 was applied in 11 significant points of the lanes between collectors and in the 12 representative days of the year, simulating, therefore, the solar irradiance    H P   , given by Equation (29), in 53,460    (  53 , 460 = 405 · 11 · 12  )    study cases. From these results, monthly distribution maps of incident solar radiation on the ground were generated for each of the facilities resulting from the combinations of geometric parameters.



By way of example, the results obtained for the “Alcolea 1” plant, whose design variables are included in the set contemplated in Table 2 (  a = 3.2   m  ,   h = 1.5   m  ,   α = 30 °  ,   d = 7.5   m  ), are shown in Figure 8 and Figure 9. Specifically, Figure 8 shows the contour lines of the irradiance received at the agricultural plant in a three-dimensional representation. The representation includes the horizontal projection of the collector rows (represented by green rectangles) including the end of the rows, which makes it possible to appreciate the edge effect on the radiative reception at the collector end. Furthermore, this representation makes it easier to see the irradiance variation profile in the lanes between collectors. Thus, it can be seen that the irradiance reaches its maximum value in the central part of the lane between collectors. Similarly, Figure 9 shows a three-dimensional representation of the percentage reduction in the solar irradiance received by the agrivoltaic crop compared to that which would be received by a traditional crop without PV panels and, therefore, unaffected by the shade of the panels.



Finally, in order to simplify and generalize the set of results obtained, a way of characterizing them mathematically was sought. In this sense, it should be remembered that the model described and used (for each of the 53,460 cases studied) can be considered as a mathematical function to obtain the radiation incidence variables from the initial geometric design values of the agrivoltaic installation. However, the complexity of the model and the need to add results on the different representative days makes it difficult, in principle, to know the weight or influence of each variable on the final results. Thus, to overcome this difficulty, in the present work a mathematical function of simple expression is proposed that allows the estimation, with an acceptable error, the influence of the different design variables considered in the final irradiance received in the crop field and, therefore, in the potential of the agrivoltaic plant. To do this, statistical methods were used to correlate the radiation values obtained in each of the 53,460 cases studied with the geometric variables of the corresponding PV installations, obtaining Equation (32). Specifically, Equation (32) shows the dependence on the design variables of the PV plant of the quotient between the incident solar radiation at point P of the agrivoltaic plant, HP, and the incident radiation at this point by not considering the obstructions derived from the PV panels, that is, the radiation values  H  that are collected in Table 1. In this equation,    γ 1   ,    γ 2   ,    γ 3   ,    γ 4   ,    γ 5   ,    γ 6   ,    γ 7   ,    γ 8   ,    γ 9   ,    γ  10    , and    γ  11     are the model coefficients


     H P   H  =  γ 1  +  γ 2  ·  x c  +  γ 3  ·    (   x c   )   2  +  γ 4  · α +  γ 5  ·  h a  +  γ 6  ·    (   h a   )   2  +  γ 7  ·  d a  +  γ 8  ·    (   d a   )   2  +  γ 9  ·     (   c h   )   2  +  γ  10   · δ +  γ  11   ·  δ 2  ,  



(32)







Table 3 shows the values obtained for these coefficients for the study carried out in Córdoba, together with the corresponding adjustment coefficient obtained. From these results, Equation (32) allows us to understand and quantify the effect of geometric variables on solar radiation at each point.



Thus, for example, the adjustment shows that within the crop lanes, the solar radiation in each month shows a relative decrease as the study points approach the south. Globally, when comparing the points at the northern end of the lanes    (  x / c = 0  )    with those at the southern end    (  x / c = 1  )   , Equation (32) establishes an increase in solar gain of 30%.    (  −  γ 2  −  γ 3  = − 0.4025 −  (  − 0.7024  )  = 0.2999  )    of the north with respect to the south.



Similarly, the influence of the angle of tilt is also reflected in a global way. Thus, the coefficient    γ 4  = − 0.00172   is interpreted as the relative rate of daily radiation decay for all points of the crop space for each degree of increase in the module tilt.



With regard to the influence of the relative height of the modules compared to their width (    h / a    ), this influence is described by the coefficients    γ 5    and    γ 6    that reflect a decreasing dependence of the second degree. Thus, it can be interpreted that there is a relative radiation decrease rate with respect to    (  h / a  )   . This rate (−0.803 + 0.738 · (h/a)) is not constant, but rather, in turn, depends on the ratio    (  h / a  )   . Similarly, it occurs with respect to the dependence of the ratio    (  d / a  )   . In this case, the coefficients    γ 7    and    γ 8    reflect a higher rate of increase in layouts with narrow lanes, since with   d / a = 0   the rate of increase is 1.26. However, for values of   d / a = 2.5   the rate of increase vanishes.



Finally, the values of    γ  10     and    γ  11    , both positive, mark the greatest penetration of solar radiation in the crop lanes at times when the declination angle is greatest.



The model expressed in Equation (32) can be improved by making 12 adjustments corresponding to each of the 12 representative days of the year. In all cases, an adjustment of the type expressed in Equation (32) is used. Thus, the explanatory variables would be the same as those used in (32) except for the declination δ on the synoptic days while the number of cases that each adjustment synthesizes is 4455    (  4455 = 53 , 460 / 12  )   . Table 4 shows the adjustment coefficients obtained for each month.




4. Conclusions


Agrivoltaics, defined as the combination of agricultural and photovoltaic production on the same land, has important advantages, including the following: it optimizes land yields [8,20,21], favors the expansion of photovoltaics without compromising food production [26], protects the crop from excess heat [13], benefits the water balance of the land [2], promotes a new, more sustainable and efficient agricultural system [25], and boosts the economy of rural areas [26]. For all these reasons, the expansion of this new agricultural model must be supported, since, together with other initiatives developed to incorporate renewable energies in the rural environment [15,16,17], it contributes to the fight against climate change [2,10]. However, this progress must go in parallel with the advancement of scientific and technical knowledge of the system [41] in order to identify its weaknesses and strengths, solving the former and strengthening the latter. In that sense, further studies of the behavior of crops under agrivoltaic conditions require an exhaustive knowledge of the spatial distribution of solar radiation within the portion of land between collectors allocated to crops [41].



In this work, a valid methodology was developed and presented to estimate this distribution in agrivoltaic installations. The method considers that the incident solar irradiance at a point on the ground is given by the sum of the direct and diffuse radiation, the reflected component being negligible (Equation (27)). Thus, the methodology for estimating both components is described, taking into account the geometry of the problem. Specifically, the beam component is defined as dependent of the factor    f  B P     which takes the value 0 if the point of interest is shaded and 1 if it is exposed to solar incidence (Equation (19)). Likewise, for the calculation of the diffuse component, it is considered as a starting hypothesis that this component is distributed isotropically in the sky dome. In this way, the sky view factor at each point on the ground can be estimated as the fraction of rays of an isotropic beam that, emerging from the point of study, reach the sky dome without intersecting with any of the collectors of the PV installation (Equation (25)). It is, therefore, a numerical method that determines the irradiance at the points of interest at certain times. From the irradiance, the incident radiation is obtained in certain periods of time by means of temporal integration (Equation (28)). In this way, the proposed methodology can help to assess the feasibility of transforming an existing PV plant with fixed collectors connected to the grid into an agrivoltaic plant by calculating the solar radiation incident on the streets between the rows of collectors that could be used for crop cultivation.



As the study of the agrivoltaic potential of already designed PV installations is currently of great interest, the presented methodology was applied to the study of the solar access of the spaces between collectors of fixed PV installations with fixed tilt on structures in the E–W direction (Figure 7b). In order to know the effect of the design variables of the PV plant on the distribution of radiation in the streets between collectors, a study of facilities in Córdoba, Spain (latitude = 37.916955° N; longitude = 4.672133° W) was carried out using the systematic crossing of design variables. This crossing gave rise to 53,460 simulations. In order to know, in a global and quantitative way, the influence of the design variables on the fraction of radiation incident on the ground between collectors, a simple mathematical adjustment (Equation (32)) between these variables was sought and the values were interpreted from the coefficients obtained. It is expected that the introduction of agricultural use within existing PV plants will not alter their electrical production, which can be estimated as a function of the installed collector power using the conversion ratio of 1650 kWh/kWp. Finally, the case of the “Alcolea 1” installation (Cordoba, Spain) was studied in greater depth, obtaining the profiles of the curves representing the decay of solar radiation that does not reach the crop when it is planted on the land between the rows of photovoltaic collectors that shade it.



The authors consider that the presented methodology is useful for the knowledge and design of the conversion of PV to agrivoltaic plants. In this line, in future works the agrivoltaic potential of PV plants with solar trackers will be studied.
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Figure 1. Geometric characterization of the considered PV installations. 
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Figure 2. Geometric representation of a manifold of index i from its vertices Pi1, Pi2, and Pi3. 
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Figure 3. Graphical representation of the geometric problem to be solved to determine if the point P is shaded. (a) Case where P is not shaded; (b) case where P is shaded. 
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Figure 4. Geometric representation of mathematical conditions for point P to be shaded. 
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Figure 5. Geometric construction to obtain the set of isotropic rays      r j   →   . 
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Figure 6. Area of study. 
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Figure 7. (a) Geometric variables considered to define the geometry of the type of PV plant under study; (b) aerial photograph of type of installation. 
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Figure 8. Representation of solar radiation at the “Alcolea 1” installation by means of contour lines and three-dimensional representation on a synoptic day of (a) December, (b) March, (c) June. 
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Figure 9. Representation of solar irradiance reduction on agrivoltaic plant in comparison to a traditional crop without PV panels at the “Alcolea 1” installation on a synoptic day of (a) December, (b) March, (c) June. 
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Table 1. Daily radiation on the horizontal plane (H) in Córdoba (Spain) taken from Posadillo et al. [46], and representative day considered for each month [42].
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	Month
	H (kJ/m2)
	Representative Julian Day





	January
	7401
	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
	8228
	318



	December
	6237
	344
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Table 2. Considered values of the design variables.
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	Variable
	Interval
	Increment





	h (m)
	[0.5; 2.5]
	0.5



	α (°)
	[0; 30]
	5



	d (m)
	[4.5; 10]
	0.5



	x (m)
	[0; c]
	0.1c
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Table 3. Coefficients corresponding to the adjustment of Equation (32) for the prediction of solar radiation in the space between PV collectors.
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	Coefficient
	Value





	γ1
	−0.6033



	γ2
	0.4025



	γ3
	−0.7024



	γ4
	−1.72·10−3



	γ5
	−0.8032



	γ6
	0.3698



	γ7
	1.2660



	γ8
	−0.2424



	γ9
	−4.52·10−4



	γ10
	4.64·10−3



	γ11
	1.85·10−4



	R2
	66.7
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Table 4. Coefficients corresponding to the adjustment of Equation (32) for the prediction of solar radiation in the intercollector space for the representative day of each month of the year.
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	γ1
	γ2
	γ3
	γ4
	γ5
	γ6
	γ7
	γ8
	γ9
	R2





	January
	7.5·10−3
	0.3318
	−0.4042
	−3·10−3
	−0.2000
	0.1845
	0.1981
	8.41·10−2
	−4.5·10−3
	0.611



	February
	0.1623
	1.32·10−2
	−0.1435
	−2.8·10−3
	−0.364
	0.3245
	0.1213
	0.1261
	−7.4·10−3
	0.523



	March
	0.2404
	−2.55·10−2
	−0.3258
	−9·10−4
	−0.5336
	0.2153
	0.2625
	7.7·10−2
	−5.4·10−3
	0.734



	April
	0.2963
	0.3711
	−0.7844
	5·10−4
	−0.7163
	0.2851
	0.3365
	2.71·10−2
	−2.9·10−3
	0.804



	May
	0.3083
	0.7315
	−1.0436
	1.1·10−3
	−0.6666
	0.2797
	0.3019
	1.75·10−2
	−2.2·10−3
	0.840



	June
	0.3806
	0.9671
	−1.2795
	1.4·10−3
	−0.6589
	0.2731
	0.2863
	3·10−3
	−1.3·10−3
	0.813



	July
	0.4150
	0.9557
	−1.3573
	1.3·10−3
	−0.7226
	0.2926
	0.3106
	−5.2·10−3
	−1·10−3
	0.796



	August
	0.4091
	0.5361
	−1.1233
	6·10−4
	−0.8445
	0.3245
	0.3774
	−9·10−4
	−1.5·10−3
	0.785



	September
	0.3131
	−0.1148
	−0.4399
	−8·10−4
	−0.7039
	0.2499
	0.3485
	4.91·10−2
	−4.2·10−3
	0.734



	October
	0.2228
	−2.82·10−2
	−0.1698
	−1.9·10−3
	−0.4707
	0.3100
	0.1622
	0.1114
	−6.9·10−3
	0.608



	November
	5.11·10−2
	0.2813
	−0.3558
	−2.7·10−3
	−0.2563
	0.2389
	0.1707
	9.72·10−2
	−5.4·10−3
	0.588



	December
	9·10−3
	0.3974
	−0.4710
	−2.6·10−3
	−0.2000
	0.1461
	0.2206
	7.09·10−2
	−3.9·10−3
	0.684
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