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An agrivoltaic system is a complex system, being, at least, a spatial, an energy and an agronomic system. Its design and

assessment must adhere to requirements set depending on the project’s needs in order to meet desired performance quality

objectives. Different dimensions of performance need to be taken into account.

agrivoltaics land use photovoltaic design assessment landscape PV greenhouse PV pattern

integrated photovoltaics

| 1. Introduction

In recent years, agrivoltaic (APV) systems have been the subject of numerous studies due to their potential in the food—

energy nexus. Demonstrative projects with new conceptual designs based on photovoltaic (PV) modules for covering open

fields have shown promising results through optimizing light availability while reducing the need for irrigation and protecting

from extreme weather phenomena. APV denotes sharing the sunlight for co-production of food and energy on the same piece

of land; therefore, designs must overcome, as far as possible, physical constrains of covering crops with photovoltaic modules

in order to alleviate the reduction in crop profitability. Some examples of the main issues related to the use of co-located PV

on cropland and the solutions commonly proposed to solve them are shown in Table 1.

Table 1. Barriers and solutions to implementation of agrivoltaics in open-field systems.

Topic

Design Related Solution

Technology Related Solution

Minimizing shadows on
crops (biomass yield)

Optimal design:
Distance between the arrays of modules (the stripes).
Distance of the modules from the ground

Sun-tracking systems
Semi-transparent PV modules (by
spacing PV cells)
Light-selective PV devices

Maximizing electric
energy generation

Optimal planning:
Avoiding sharing losses from surrounding elements
(structures, buildings, trees, inter-row shading of the PV
modules should be minimized)

Optimal design:
Azimuth facing equator and tilt close to latitude

Highly efficient systems (e.g., sun-
tracking systems)
Highly efficiency modules or
technologies (e.qg., bifacial module
technology)

Social acceptance
(landscape dimension)

Optimal landscape design:

Pattern of PV arrays aligned to the parcel
Natural fences and low height structures to minimize
visual disturbance
Use of marginal areas
Removable systems

Optimal design:
Different tilt, azimuth and height to reproduces the

New materials for structure
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Topic Design Related Solution Technology Related Solution
orography of the land

New business models:
Higher economic efficiency per land unit (farmer
perspective)
Benefits for local economy and employment (tourism,
local recreation, etc.)
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The concept of a dual-use approach for both solar photovoltaic power as well as agricultural production was theoretically
conceived by Goetzberger and Zastrow at the Fraunhofer Institute (Germany) in 1981 [ They proposed to elevate the
structure (by about 2 m) and the distance between rows (about 3 times the height of the modules) to achieve uniform radiation
on the ground while at the same time that allow the moving of mechanized agricultural equipment. In 2004, Japanese
engineer Akira Nagashima developed the first agrivoltaic system (here referred to as “solar sharing”) using a structure similar
to a garden pergola [2. Nagashima designed diverse test fields with different shadowing rates based on the concept of the
light saturation point of each crop with the idea of sharing the excess of solar radiation with PV systems to generate electricity
(plants only employ a small percentage of incident sunlight, between 3% and 6% of total solar radiation, to accomplish their

maximum rate of photosynthesis).

The first experimental pilot project, however, was installed in France, close to the southern city of Montpellier
in the spring of 2010. The prototype has mono-crystalline PV modules mounted at a height of 4 m above the
ground (Figure 1a,b). In order to evaluate the effect of the shadow by the PV, the prototype was split into
different parts with two densities of solar modules: one called “full density”, with optimal spacing between rows
for electricity production and which transmitted on average 50% of the incident radiation to the crop, and the
second called “half density”, obtained by removing one PV strip out of two and which left on average 70% of
incident radiation available to the crop, so that the effect of the shadow by the PV can be compared to each
density, and to control plants under full sun conditions [Bl. Additionally, to evaluate the advantages of solar-
tracking technology, which allows the adjustment of the radiation level on crops, two independent single-axis
tracking PV systems were added in 2014 (Figure 1c) 4. The experimental farm led to the exploration of the
potential of the open-field agrivoltaic systems, giving rise to many scientific publications, from the effect of the
rain distribution (PV—water nexus) B8 to the impact on microclimatic condition together with growth,
morphology and yield in crops such as lettuce, cucumber and durum wheat [BIE],

(a) Structure 4 m above the ground (b} Mono-crystalline PY arrays () Single-axis sun tracking system

Figure 1. Experimental agrivoltaic system in Montpellier, France. © C. Dupraz.

In recent years, several research groups have implemented agrivoltaics demonstration projects around the world. In
Germany, the Fraunhofer Institute for Solar Energy Systems (Eraunhofer ISE) is at the forefront of APV research. A research

pilot plant was installed in 2016 near Lake Constance in southern Germany (Figure 2a,b). This pilot research plant is used to
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examine the impacts of the technology with regard to aspects such as energy production, economic feasibility, crop
production, social acceptance and technological design. Moreover, in cooperation with their Chilean subsidiary Fraunhofer
Center for Solar Energy Technologies (Fraunhofer CSET), three further pilot plants have been realized near Santiago de Chile
to investigate the implementation of APV systems and its impact on field crops in regions with arid areas and high solar

radiation (Figure 2c).

(a) Heggeslbach (Germany) (b) Heggeslbach (Germany) {€) Curacavi (Chile)

Figure 2. Experimental agrivoltaic systems installed by Fraunhofer ISE in Germany (a,b) and Chile (c). © Fraunhofer ISE.

The performance of the agrivoltaic systems in drylands is also under investigation by the Barron-Gafford research group in the
USA. A small-scale research plant was installed in Arizona at the Biosphere 2 Lab in August 2016. The research group
focuses on common agricultural species for drylands such as peppers, jalapefios and cherry tomatoes 29, The APV system is

3.3 m off the ground with a tilt of 32° and 1 m of spacing between each row of PV modules.

Research in the field continues to progress at a furious pace. Aside from these pilot projects, agrivoltaics have triggered much
interest in the research community that explores the potential from different disciplinary perspectives and practical issues,
such as the solar power potential by land cover type (croplands, grasslands and wetlands) ! (PV—water nexus), the
economic value of energy production coupled with shade tolerant crop production 2 the implementation in peri-urban

agriculture areas 131 or the viability over shade-intolerant crops in specific geographical locations 14251,

Although research in the field continues to progress, excitement around agrivoltaics remains high enough that
commercialization is well underway. Globally, the installed capacity of the APV continues to climb. It is
estimated that 2200 systems have been installed worldwide since 2014 (Japan is probably the country where
the most agrivoltaic farms were installed, with over 1992 APV farms which produced about 0.8% of total PV
energy in 2019), leading to a capacity of about 2.8 GW, as of January 2020 18. From the results of the
experimental farm in Montpellier, Sun’Agri (FR) was founded in cooperation with Sun’R group. In 2018, the
first agrivoltaic field was built in the east Pyrenean region (France). This field has a capacity of 2.2 MW,
installed on 4.5 ha of vineyards (Figure 3a). Today, the company focuses on the development of large-scale
demonstrator systems of dynamic agrivoltaic technology in orchards, grapes and market gardening. In Italy,
together with the University of Piacenza, REM Tec patented an agrivoltaic solar tracking system named
Agrovoltaico®. It was examined for maize crop production by Amaducci et al. 2 while Agostini et al. 18
assessed economic and environmental performance . The first two Agrovoltaico systems were installed in
2012 in Castelvetro Piacentino (1.3 MW, Figure 3b) and Monticelli d’Ongina (3.2 MW, in the North of Italy
covering an area of 7 ha and 20 ha, respectively. In the Dutch town of Babberich, BayWa r.e. company has
installed a 2.7 MW, raspberry agri-PV farm, being the largest agrivoltaic system for fruit production in Europe
(Figure 3c). Semi-transparent PV modules without frames are mounted above the crop with a semi-enclosed
single-row system, protecting from weather phenomena, whilst providing better ventilation and reducing the
use of pesticides, thereby improving biodiversity in the fields.
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(a) Pionlec (France) {b) Castelvetro (ltaly) () Babberich (Netherlands)

Figure 3. First demonstrator projects developed by the following companies: Sun’agri in France (a), REM Tec in Italy (b) and
BayWa r.e. in the Netherlands (c). © Sun’agri (a), REM Tec (b), BayWa r.e. (c).

However, concepts that combine farming and energy production on the same site are not limited to stilted solar arrays
(stripes) above crops. There are more design criteria with PV modules mounted on the ground (less than 2 m of clearance
height). Low height mounting structures are then preferred because of their lower structure-related cost than stilted
agrivoltaics and the microclimate, which is generated underneath the solar modules so that crops grow in between the rows of
PV arrays or underneath the modules depending on the height of the plants and light requirements. Some studies in this
regard have already been carried out in India 1229 and Malaysia [21221123124] for testing species such as java tea, aloe vera
or spinach, achieving higher crop yields for herbal plants while at the same time reducing the module temperature by 0.85%,
which may increase the annual energy production up to 2.8% (23, although with a potential risk of pest due the high moisture
231, Some projects have also reached the market. Agrinergie® is the name of the systems created by Akou Energy group to
combine energy generation from PV and crop production, while considering landscape preservation issues. The first project
which incorporates this concept was installed in the French tropical island of La Reunion. Two modules’
stripes are deliberately spaced to allow cultivation of lemongrass between them. The ground has not been
graded with the natural topography, as this helps to blend harmoniously into the landscape (Figure 4a). More
ground-based projects are being developed with innovative design concepts. Thus, vertical installations with
bifacial PV modules facing east and west and leaving the areas between the rows (about 10 m) for agriculture is the idea
behind the Next2Sun company (GE). Projects with an installed capacity from 22 kW, (Figure 4b) to 4.1 MW, (Figure 4c)
have already been developed in Austria and Germany for the cultivation of potatoes and hay and silage, respectively.

(a) Agrinergic system, Pierrefonds,  (b) Next2Sun vertical system, Gun- (¢} Next25un vertical system, Baden-
Reunion Island {France) tramsdor! {Austria) Wurltemberg (Germany)

Figure 4. Commercial plants with ground-based PV mounting system. © Akuo Energy (a), Next2Sun GmbH (b,c).

Depending on the location, weather conditions and land availability, crops need to grow under climate control.
In this case, the implementation of PV into agricultural settings is through integrating PV modules into the
greenhouse’s envelope, mainly the roof [281271[281129]  However, conventional opaque PV modules produce
shade, thereby significantly affecting the microclimate inside the structure (air temperature, relative humidity,
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level of light and CO, concentration) BABLB2IS3] To minimize this effect, one approach is to use completely
opaque PV modules that cover part of the greenhouse roof or PV modules with partial opaque sections that
produce electricity (Figure 5a). In this way, the percentage of the greenhouse area covered by opaque PV
modules is reduced in such a way that the light reaching the plants is sufficient for
photosynthesis. Nevertheless, the solar irradiance is still distributed non-uniformly and varies seasonally.
Therefore, it is necessary to find optimum arrangements of PV modules on the greenhouse roof in order to
define the optimal conditions for plant cultivation. Checkerboard arrangement, for instance, has revealed
better uniformity and consequently diminished the PV shading effects [B2I35I36I37I[38I[39] A recently published
study—in which the yield estimations and the crop planning of 14 horticultural and floricultural crops inside
four PV greenhouse (PVG) types, with coverage ratio ranging from 25% to 100%, is discussed—shows that all
the considered species (including high light demanding crops) can be cultivated inside PVGs with 25%
coverage ratio showing limited yield reductions (below 25%), but restrictions on growth and yield occurred
when the coverage ratio raised from 50% to 100% 9. More studies in literature, with diverse PV layouts in
different roof geometries and covering ratios, seem to confirm that the relative density ratio of opaque PV
modules should not exceed 50%.

To further control the light delivered to the crops according to their needs, shading levels can be regulated dynamically. PV
modules can rotate around fixed axes to adjust the degree of shading inside the greenhouse (Figure 5b). Sun-tracking
mechanisms are then installed in the roof with PV rows used as slats of venetian blinds. The PV blind, oriented
parallel to the roof, partially blocks intense sunlight penetration into the greenhouse and generates electricity, and
perpendicular to the roof, the sunlight passes through the roof to crops below the PV modules. Already, some researchers

have investigated the feasibility of using dynamic systems in greenhouses under different configurations:

« Opaque PV modules mounted above the greenhouse roof at different PV densities and layouts [£1142][43]:

« Opaque PV modules integrated into the roof coupling with high reflective mirrors in order to allow for a better collection of
reflective light (Figure 5b) [441[45]146][47][48].

« PV blinds installed underneath the greenhouse glass roof using semi-transparent PV technology 421591511,

Researchers also propose additional strategies for the application of dynamic mechanisms which allow control of the shading

in an active way. Colantoni et al. 52 set up a rail system inside a PV greenhouse prototype, where two rows of semi-

transparent glass-glass PV modules are installed. The modules translate over the fixed ones, and in combination with the

others, enable a variation from 33% to 66% of light transmission by overlapping the transparent part of PV modules located

above with PV cells from the PV module placed below (and therefore configuration a dense or porous layout). In all these

cases, the shading level is regulated by a threshold parameter, commonly the irradiance level, for the blind rotation or rail

movement to adjust the ratio for electricity production and for plant cultivation.

Progress in PV technology has also provided additional possibilities for application in greenhouses. PV modules are not then
conceived as partial shading systems where the spacing or coverage must be optimized since the annual solar radiation
available inside a greenhouse may decrease with a ratio of 0.8% for each 1% of additional PV cover ratio 7. The sunlight
quality (direct vs. diffuse; availability of PAR) management inside the greenhouse is addressed by different
innovative approaches: from using semi-transparent films B3I54] the use of new materials or techniques to
transmit to the plant the diffuse component of the light 3 and devices based on spherical silicon micro-cells
(1.2 mm of diameter) where the overlapping of the PV cells over the sun barely eclipses the plants B8IEZ to
sharing the solar spectrum through PV devices which generate electricity outside the PAR regions [581(521[60],
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(a) Fixed with different layouts (b) Dynamic (€} Innowative PV solution

Figure 5. Approaches to integrate PV into greenhouse’s envelope. © A. Yano 4 (a), A. Marucci 43 (b), M. E. Loik B8l (c).

Recently, studies of combining concentrated photovoltaic (CPV) technology with special bended glass modules (an optimized
dichroitic polymer film which allows the transmission of the blue light and red light for photosynthesis) has been reported with
an efficiency of 6.8% [B162I63] cpV technology also allows the possibility to separate direct and diffuse light. Thus, systems
that focus direct radiation through Fresnel lenses, transmitting the diffuse sunlight to the crops, have been analyzed to
optimize their performance in recent years (84 In fact, commercial production under this concept is already under way. Swiss
startup Insolight patented a system where optical lenses concentrate the direct sunlight onto tiny cells, which cover only 0.5%

of the module surface [©2!.

Along the development of CPV technology, wavelength-selective PV systems which combine luminescent solar
concentrator technology (LSC) with PV have also attracted great interest from the scientific community. Luminescent dyes
are embedded into a transparent matrix, trapping and guiding some of the incoming solar radiation at certain wavelengths and
delivering to PV cells that are integrated into the module (Figure 5¢). Designs to optimize this technology for
APV applications have been developed by Corrado et al. [68] to field-test studies to explore its performance and
reliability 87, Additional research shows the potential of this technology over species such basil B8 tomato 58 and

microalgae 62,

Customized PV modules to harness specific portions of the solar spectrum are also possible by using thin film semi-
transparent devices. Emmott et al. [79 yemonstrated the potential of OPV devices in greenhouses modeling the impact on
crop growth for a wide range of commercially available organic semiconductor materials. Intensive research on OPV
greenhouses currently focuses on developing new optimized devices that minimize the impact on crop yield ZAZ23I7AI75] g
evaluate performance in real operational conditions 88T gnd to study of the environmental impacts through the life
cycle assessment (LCA) methodology [BUBLIE2] Variation in color and transparency are characteristics that can be
also achieved by DSSC technology being a potential candidate to be considered as a photo-selective
covering for a greenhouse (83][84][85][86](87](88]  pegpite the specific features of third-generation PV devices (flexibility,
light weight, diverse colors and transparency degree, lower fabrication costs and environmental impact in comparison to
silicon-based PV) and the new developments in the field, stability and efficiency are still critical factors which must be

improved to promote them as an alternative to PV technologies consolidated at market levels.

2.1. Relevant Design Parameters and Performance Metrics

2.1.1. Height of the Modules from the Ground

The height of the systems from the ground (space in between the modules and the ground surface) is an important design
parameter since the use of higher structures, commonly associated with APV, can determine the homogeneity of the radiation

availability under the PV modules, improve the connectivity and allow the use of high plants. The closer to the ground the
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modules are, the higher the heterogeneity of radiation over the crops in the same land unit is (without considering the effects

on the surrounding areas).

However, there are also other implications when the modules are installed high on the ground. For instance, taller
configurations may result in several public concerns or even rejection due to the negative impact (visibility is acknowledged as
one of the complex objective factors that contribute to the visual impact of PV [2]) on areas such as recreation and tourism 2%
(911192 The use of higher mounting structures not only have influence on social acceptance but would also significantly affect
the cost of installation and the environmental impact. Higher emissions are related to larger size of the structure for elevating
the modules. Serrano et al. [23] shows, an integrated PV parking lot (222 kW,) needs 72 t of steel, accounting for 82 t of CO,
emissions, that, in comparison to the galvanized steel structure of a conventional PV mounted system, generates eight times
more CO, emissions. In the case of PVG, the gutter height also is an important design parameter since it positively affects the
cumulated global radiation inside the greenhouse; each additional 1 m of gutter height may increase by 3.8% the yearly global

radiation on the PV greenhouse compared to the conventional one B,

Thus, high APV systems can be beneficial for the plants, as they allow for better solar energy collection; nevertheless,

literature also presents some concerns related to possible detrimental effects on the ecological performance of the system.

2.1.2. Spatial Configuration of PV and Type of Crops

A module’s height and spacing may be adjusted to grow different types of crops depending on plant light, humidity,
temperature and space requirements. Thus, for ground-mounted PV installations combined with low-height crops, three
different areas are detected (Figure 6): zone 1 with a low irradiance and high humidity level, zone 2 with regular light
exposure and enough soil moisture and zone 3, which shows the highest irradiation and lowest humidity 941 | the same way,
APV for orchards or grapevines will need designs with tilt-mounted structures and PV modules placed at higher heights to
allow tree growth and farm machinery to pass underneath.

Zone 3 Zone 2 Zone 1
Max Irradiance I\gin
° Min Humidity level Max

Figure 6. Ground-mounted PV and crop zones (adapted from 24])

Quality aspects (size, fruit coloration, sugar content, etc.) can be affected by the passive influence of the PV
modules even though there are no significant yield losses. Urefia et al. 23! shows that tomato cultivated under
a PVG with 9.8% of PV covering area is affected negatively in terms of fruit size and color although there is
not a significant impact on its yield and price. Bulgari et al. 28 also found a lower content of quality
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parameters for tomatoes with a configuration of 50% PV coverage besides lower yield by the high PV
percentage coverage. Cho et al. 24 detected lower weight and sugar content in grapes cultivated in Korea
than those of the control group, delaying the harvest time about 10 days, and the sugar-content level present
almost the same level as that of the control site. Conversely, some species including strawberry show good
response in terms of quality (with higher chlorophyll content) and yield in comparison to unshaded treatment
98] Despite the studies mentioned above, there is a little information on the effects on quality parameters of
the APV systems since they strongly depend on the season, crop type (with its own adapted strategy in terms
of morphology, yield or quality parameters) and microclimatic conditions given by the technical implementation
of PV.

PV greenhouses are closed systems and should not be compared to open-field APV, where the effect of shading has no
significant effect on air temperature or relative humidity. As covering ratio increases, the microclimate can play a negative role
in the PV greenhouse vyield production or quality of the plant, reducing the amount of solar radiation and thereby decreasing
the air temperature and increasing the humidity. On the contrary, for open-field crops and open-field PV, soil temperature can
significantly decrease, affecting the early phase of the plant growth 2.,

Currently, the effectiveness of agrivoltaic systems, in terms of crop suitability, is analyzed based on the priority of the biomass

yield, which is directly related to the potential benefit in terms of market value.

2.1.3. Performance Metrics

Since the APV system is composed of PV modules and farmland, the impact of land use intensity on the
energy performance of the system will determine an important part of the feasibility of the whole system’s
solution. In this sense, the land use energy intensity can be quantified by metrics which express the land area
use per unit of energy generation (ha/kWh) and/or land area use per unit of capacity (ha/kwW,), whereas the
performance can be expressed as unit of energy per unit of capacity over the course of a typical or actual year
(kWh/kW,ly), as commonly used for solar systems.In order to assess the performance of the APV system,
authors suggest using the indicator land equivalent ratio (LER) that leads to comparing the conventional
approach (PV and farm set up separately) with the integrated solution on the same land area 2!,

The impact of the PV design on agricultural production also can be quantified through the water usage
efficiency (WUE) as proposed by B2 and &, WUE is then calculated as unit of biomass per unit of water used
(commonly kg/m3) against the biomass produced in a control zone without the influence of PV.

The technical feasibility is strongly influenced by the design parameters of the PV system. Design criteria that
consider a variation in azimuth and tilt angles of the modules to meet the light requirements for an optimal
crop growth affect other parameters such as the land area occupation ratio (LAOR, the ratio between the area
of the modules and the area of land that they occupy, expressed in percentage) 199,

High LAOR values provide a high energy yield due to the amount of solar radiation that reaches solar
modules, whereas the crop yield will be low. LER is a combination of PV and agriculture efficiency and
comprises energy yield (unit of energy per unit of area on a yearly basis, or by time parameters that farmers
can set according to the growing season) and agricultural yields, so the value also depends on local factors
such as climate and crop under test. LER should only be used as reference for similar climatic conditions, PV
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system configuration and technology and crop. WUE is a useful parameter to assess the benefits of the food—
energy—water nexus in drylands.
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