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José-Ramón Aira, Sara Gallardo-Saavedra, Marcia Eugenio-Gozalbo, Vı́ctor Alonso-Gómez,
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Preface to ”Photovoltaics and Electrification in
Agriculture”

Dear Colleagues,

According to the United Nations sustainable objectives, agriculture is the single largest employer

in the world, sustaining the livelihoods of 40 percent of the world’s population, many of whom

continue to live in poverty. Agriculture uses a large amount of water, which in turn requires a

lot of energy to be transformed to the point where it can actually be used. Such energy is usually

electric, which implies a great economic cost and also greenhouse gas emissions, since it is usually of

non-renewable origin.

However, photovoltaic energy is a great opportunity to reduce both costs and emissions, even

more so with the drop in prices that has occurred in recent years, reaching prices per watt of less

than €0.5. In this new situation, numerous opportunities for the use of photovoltaic energy appear in

agricultural applications.

This Special Issue is focused on applications, uses, and research related to photovoltaic solar

energy and agriculture, both in energy generation in rural areas for agricultural uses, and in its

use, problems, and opportunities. Novel works related to new discoveries to known problems will

be accepted, as well as analyses of opportunities and improvements in photovoltaic systems and

elements used for agriculture.

Miguel-Ángel Muñoz-Garcı́a, Luis Hernández-Callejo

Editors
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1. Introduction: The Importance of Electricity for Agriculture

The editorial introduces a Special Issue entitled “Photovoltaics and Electrification in
Agriculture”. Agriculture requires not only tillage and fertilization but also water supply
and, in some cases, heating and cooling. These needs go hand in hand with the use of
energy, which, increasingly, is electrical energy. An option that has dropped a lot in price
in recent years is photovoltaic energy. This type of energy has experienced an explosion
in terms of its expansion worldwide and has been revealed as a viable solution to rapidly
increase the electrical power of non-fossil origin. However, the use of panels must compete
with the use of the soil for cultivation, and in many cases, it could displace the use of the
soil for cultivation, something that would not be desirable either from a production point
of view or from an ecological point of view. For this, a new concept of soil sharing for
crops and energy production is being developed in what is called “agrovoltaics”. This
shared production model is analyzed in this document. In addition, the electrification of
agriculture allows the introduction of elements, such as sensors, the IoT, and intelligent
control. The internet connection opens the doors to technologies such as those based
on data, digital control, and what is called precision agriculture, both for cultivation in
greenhouses and for regular cultivation. This would not be possible without an electrical
energy source that allows powering the inter-connected elements, photovoltaics being the
best candidate again. However, above all, we must not forget the issue of CO2 emissions
due to the use of energy in agriculture. In this sense, photovoltaic energy can reduce
the carbon footprint and provide one of the cheapest energy sources available. All these
topics are analyzed in this Special Issue, focusing on photovoltaics and its uses and impact
on agriculture.

Energy is inherent in ancient and modern agriculture, in one form or another. It is
necessary for tillage, for pumping, and for the transport and transformation of the products.
Modern agriculture manages to produce enough food for the growing world population
(even though it is not correctly distributed, and this generates famines in many areas of the
planet). This is possible thanks not only to the use of new agriculture techniques but also to
the help of the energy necessary to carry out these techniques. In most cases, the origin
of this energy could be electrical, even more and more in transport, with electric vehicles,
and without any doubt, for pumping, heating, cooling and in the powering of the control
systems associated to the new agriculture based on expert systems.

The origin of the energy must be renewable to guarantee the achievement of neutrality
of greenhouse gas emissions and therefore, probably the most important source will be
photovoltaic energy. According to Eurostat [1] areas such as EU, agriculture poses around
3.3% of the final energy consumption. From it, 55% comes from fossil fuel sources, despite
the global consumption decreased by 8.1% in the past two decades. Besides this, it must be
pointed out that globally, electricity is only around 20% of the energy consumed, but it has
been increasing in the past decades, when it was less than 10% fifty years ago, according
to IEA [2].
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Electricity also makes it possible to technify crops in so-called precision agriculture. In
this way, agriculture optimizes the resources used, reduces the carbon footprint and the
environmental impact, and manages to produce more, better, and more efficiently. Precision
agriculture is the evolution of agriculture towards sustainability. All of this requires efficient
technology and energy with the least possible impact, such as photovoltaic energy.

2. Special Issue Overview: General Topics
2.1. The Use of Photovoltaics in Greenhouses

The new context of climate change, in turn, generates new forms of production where
the environmental parameters in which it takes place must be controlled more and better.
The paradigm of this type of system is greenhouse cultivation. In this type of cultivation,
not only the interior temperature is controlled, or parameters such as relative humidity, the
amount of CO2 and the nutrients applied in the case of hydroponic cultivation but also
the amount of radiation that reaches the plants. In countries with high insolation, shading
is used either by means of meshes or by “liming” the roof. Photovoltaic solar energy as
an energy source in greenhouses can also be used as a shading element for certain crops.
However, the analysis of the impact of the solar panels on the crop is a topic being studied
nowadays and a topic of great interest for the future development of solar energy applied
to greenhouses.

The use of alternative systems, such as semi-transparent photovoltaic panels, can add
value to greenhouse cultivation. This type of panel lets a part of the radiation pass through,
as it does not include a reflective layer on the back. Consequently, the panel may lose a
small percentage of efficiency, which is offset by the benefits to the crop. In the work of
Aira et al. [3], the influence of radiation loss on production and crop quality is analyzed. In
their conclusions, the shaded crop adapted to the new conditions, partially compensating
for the decrease of radiation.

The application of agrovoltaic technology in arid areas, such as the southwestern
United States, using organic solar panels, was carried out by Waller et al. [4] in a study
exploring the influence of certain photovoltaic materials that do not completely block so-
called photo active radiation (PAR), applied to hydroponic cultivation under greenhouse,
something that makes it a very interesting case and with a great future for its high efficiency
not only in terms of energy but also in the application of water and nutrients. Their
conclusions show that, as in other cases of similar studies, the crop adapts to the decrease
in radiation so that finally, the amount of harvest by weight is similar.

In greenhouse cultivation, fixed-plane surfaces are available with a certain orientation.
The estimation of radiation on such plane, depending on the location, must be carefully
analyzed to determine the impact and viability on the crop and on the photovoltaic pro-
duction itself, something that has been considered in the work of Díez et al. [5], applying
new methodology, including anisotropic models of the sky. The model is able to calculate
the incidence angle of the radiation at any time besides the irradiation of a considered
placement, with increased accuracy. As one of the conclusions, it allows predicting the
hourly radiation reaching the crop and then the expected production.

2.2. Viability of Photovoltaics Coexisting with Traditional Agriculture

An agrovoltaic system has certain benefits in terms of the temperature of both the
panels and the crop itself. In the study by Othman et al. [6], it is analyzed how the crop
itself, with its evapotranspiration, reduces the temperature of the solar panels, which, as is
known, is the main responsible for their loss of efficiency. Likewise, the placement of panels
reduces the evapotranspiration itself and therefore, the hydric stress of the crop, especially
in areas with high solar radiation. All these topics are currently the object of analysis and
research, and each new study contributes to the improvement of the knowledge in this area.

The areas in countries with desert climates in Africa and the Middle East present pecu-
liarities that make the analysis of the viability of photovoltaic systems on crops interesting.
The case of Africa is especially interesting since, on the one hand, climate change can affect

2
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this continent much more intensely and, on the other, population growth is significantly
higher than on the rest of the planet. Therefore, optimizing the use of resources is extremely
necessary in order to achieve the necessary social and political stability for a region where
the only option many young people find is to emigrate. The Srijana et al. study [7] shows
how traditional farming systems based on the use of diesel for irrigation and those that
only use rainwater are at a clear disadvantage compared to agrovoltaic systems that use
solar energy for irrigation. Moreover, the concept of land equivalent ratio (LER) is calcu-
lated with positive results that demonstrate how the combination of photovoltaics and
agriculture results in better use of land.

In the Moreda et al. study [8], an exhaustive theoretical study was carried out, in-
cluding nine types of rotating crops on a surface of 24 ha on the hypothesis of crops in the
southern area of Spain, one of the most representative areas of Mediterranean agriculture.
Two systems for obtaining irrigation water were compared: Surface water and extracted
from wells. The conservative analysis of the profitability of the shared use of the land for
solar panels and rotary cutters was carried out in periods of four years. The conclusion is
moderately optimistic, however, the rise in fossil electricity prices, as well as the emission
reduction targets, make the results more than reasonable.

Not only the regions that until now were classified as arid, but also those semi-arid or
even those that were less warm, are affected by the increase in temperatures due to climate
change as well as the decrease in average rainfall. This forces other regions like the rest of
the Mediterranean areas to adapt their crops to this new situation.

The economic feasibility of agrovoltaic systems is an issue depending not only on
the type of crop and photovoltaic system but also on the area of the analysis. Pascaris
et al. [9] analyzed the agrovolvaic systems from a human point of view, interviewing north-
American farmers and detecting in their conclusions how farmers are concerned not only
with the present situation but also the long-term issues like productivity, market potential,
just compensation, and system flexibility, in order to decide to implement or not the new
energy systems over their crops. Although the lifetime of the systems has been extended
to 25 or 30 years, and the reliability has been increased, there are other considerations
related to the market that can affect the profitability and therefore, the viability of these
systems. However, this is an issue that affects not only agrovoltaic systems but everything
that concerns the agricultural market in general, generating increasing uncertainties that
do not have to do with technology itself but also with the geopolitical situation and global
market tensions.

We can also find studies in areas with high humidity, such as central Europe. In
the study by Wexelex et al. [10], trials were carried out for two different years with the
cultivation of celery under solar panels in irrigated cultivation. Although the years were
not conducive to the analysis, it can be observed that in any case, the agrovoltaic system
does not pose a significant problem for the crop, which would allow concluding that the
use of the soil can be shared with the consequent improvement in efficiency of land use.

2.3. Precision Agriculture and Photovoltaics

The electrification of the tasks associated with agriculture encompasses not only the
more traditional methods, such as tillage or pumping, but also those related to the so-called
precision agriculture.

There are many activities that benefit from the application of intelligent systems, such
as selective spraying and fertilization, which can be applied with robots that include an
internet connection (internet of things IoT), and which benefit from autonomy that provides
them with a photovoltaic power system like the one proposed by Chand et al. in their
study [11]. The document concludes that this field still has a long way to go and that
there are still few experiences, which is why it is an area of great interest for research and
the application of results to the automation of cultivation tasks and the improvement of
precision in agriculture.

3
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In agricultural applications, an important aspect is the remoteness from the connec-
tion points when implementing the Internet of Things (IoT), which influences the energy
consumption of transmission systems and forces to study strategies to optimize the use
of data and power. This aspect is addressed by Swain et al. in their work [12], where
they study a long-range system applying Matlab algorithms. In their conclusions, they
determine the improvement that occurs by including hybrid systems in terms of range
and then addressing real-time systems. All this is applicable to the new generation of
agriculture 4.0.

2.4. Research in Electrification Applied to Rural Areas

Not only photovoltaics is covered in this Special Issue, but also cases of research in
electricity production and transport applied to rural areas. This is the case of Pindado et al.
in the work about the importance of a precise selection of the protections as fuses [13] in
the context of a rapid growth of renewable connected plants with a distributed scheme.
In this kind of topology, the fault of one of the plants can affect the others and, with the
increasing number of plants, the adequate selection of the fuses to operate when necessary
is of vital importance.

Rural electrification is not yet complete in many areas, such as areas in Palestine, limit-
ing local development that is fundamentally agronomic. The contribution of photovoltaic
energy to solve the problem of rural electrification is crucial due to lower prices, modularity,
and increased reliability, something that is reflected in the Ibrik study [14], something
also reinforced by the low impact on greenhouse gas emissions of this solution (which we
remember is not null, since it exists in the manufacture, installation, and dismantling of
the plant). In addition, electrical micro-grids are a boost both to local development in rural
areas and to the elimination of the need for new power lines.

3. Conclusions

The electrification of the tasks associated with agriculture is an unstoppable and
necessary process. The use of photovoltaic energy will be one of the energy sources with
the greatest impact on this process. In the context of the decarbonization of all sectors,
including agricultural and livestock production and the rural world, photovoltaic energy is
undoubtedly one of the mechanisms with the easiest implementation.

In summary, the abovementioned works demonstrate in their analysis and conclu-
sions that:

- Photovoltaic energy is the most competitive electrical energy option for the agricultural
sector at the present time due to the drastic drop in component prices.

- The cultivation can be developed under photovoltaic panels coexisting in the so-called
“agrovoltaics” with an increase in profitability or land use.

- Precision agriculture or agriculture 4.0, based on the Internet of Things (IoT), benefits
from the use of photovoltaic solar energy for its purposes.

- Greenhouses are an ideal agricultural production system for the integration of photo-
voltaic panels of different technologies, such as organic, semi-transparent, or amor-
phous silicon panels.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Recognizing the growing interest in the application of organic photovoltaics (OPVs)
with greenhouse crop production systems, in this study we used flexible, roll-to-roll printed, semi-
transparent OPV arrays as a roof shade for a greenhouse hydroponic tomato production system dur-
ing a spring and summer production season in the arid southwestern U.S. The wavelength-selective
OPV arrays were installed in a contiguous area on a section of the greenhouse roof, decreasing
the transmittance of all solar radiation wavelengths and photosynthetically active radiation (PAR)
wavelengths (400–700 nm) to the OPV-shaded area by approximately 40% and 37%, respectively.
Microclimate conditions and tomato crop growth and yield parameters were measured in both
the OPV-shaded (‘OPV’) and non-OPV-shaded (‘Control’) sections of the greenhouse. The OPV
shade stabilized the canopy temperature during midday periods with the highest solar radiation
intensities, performing the function of a conventional shading method. Although delayed fruit
development and ripening in the OPV section resulted in lower total yields compared to the Control
section (24.6 kg m−2 and 27.7 kg m−2, respectively), after the fourth (of 10 total) harvests, the average
weekly yield, fruit number, and fruit mass were not significantly different between the treatment
(OPV-shaded) and control group. Light use efficiency (LUE), defined as the ratio of total fruit yield to
accumulated PAR received by the plant canopy, was nearly twice as high as the Control section, with
21.4 g of fruit per mole of PAR for plants in the OPV-covered section compared to 10.1 g in the Control
section. Overall, this study demonstrated that the use of semi-transparent OPVs as a seasonal shade
element for greenhouse production in a high-light region is feasible. However, a higher transmission
of PAR and greater OPV device efficiency and durability could make OPV shades more economically
viable, providing a desirable solution for co-located greenhouse crop production and renewable
energy generation in hot and high-light intensity regions.

Keywords: organic photovoltaics; greenhouses; tomato; shading; arid region

1. Introduction

Greenhouse-integrated photovoltaic (PV) technologies are increasingly seen as a
promising solution for sustainable greenhouse agriculture. Higher annual yields and lower
water consumption compared to conventional farming make greenhouse production partic-
ularly attractive for space-limited and water-limited regions. However, the climate control
systems and other electrical components involved in greenhouse operations consume large
amounts of energy [1,2]. PV systems that are structurally integrated with the greenhouse
enable the co-production of renewable energy and crops on the same land footprint, which
is advantageous from a resource-use efficiency perspective [3].
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Different types of PV technologies have been tested for integration with greenhouse
systems. One design strategy for PV integration with greenhouses involves the positioning
of conventional opaque PVs (conv-PVs) along the greenhouse structure with gaps between
them, thereby allowing a fraction of sunlight to enter the greenhouse. The challenge in this
is ascertaining the correct percentage of roof coverage, balancing PV electricity generation
with adequate lighting conditions inside the greenhouse [4,5]. In order to provide more
control of the lighting conditions in the greenhouse with integrated conv-PVs, some have
proposed designs with dynamically-controlled PV blind systems that can respond to
outdoor conditions and sunlight variations [6–8].

Thin-film semi-transparent or transparent PV technologies (STPV), despite showing
relatively lower efficiencies compared to conv-PV, are gaining attention for their appli-
cation to greenhouse structures. In contrast to conv-PV, STPV absorbs only a portion of
incident light for electricity generation, leaving unabsorbed photons available for plant
photosynthesis [9,10]. Recent advances in fabrication methods have enabled significant
progress in thin-film STPV development [11]. There are many types of technologies within
this emerging class of PV (e.g., copper indium gallium selenide, cadmium telluride, amor-
phous silicon, perovskite, dye-sensitized solar cells (DSSCs), organic (OPV), and hybrid
cells), but all share the advantages of relatively low manufacturing, transportation, and
installation costs, and overall preferable life cycle characteristics compared to conv-PVs
that are deposited on thick rigid substrates [12–14]. For greenhouse applications, STPVs
could potentially be deployed in larger coverage areas than would otherwise be acceptable
with conv-PVs in terms of shading due to their transparency. From an electricity generation
standpoint, this design advantage could compensate for relatively lower efficiency of
STPVs compared to conv-PVs.

Of the STPV technologies, OPV has a number of material properties that make it
uniquely promising technology for integration with greenhouses, including solution pro-
cessability, spectral tuneability, and mechanical flexibility. Additionally, with regard to
production, the solution processability of OPVs means that OPV device fabrication can be
implemented with roll-to-roll printing technologies, thus enabling large-scale, continuous
production at a fraction of the capital cost and energy input of conv-PV systems, and
still lower than other STPV alternatives [15,16]. Environmentally, OPVs are considered
preferable even to other STPV technologies, given the fact that OPVs’ material components
are largely sourced from abundant earth materials and are recyclable/recoverable [13].

The spectral properties of OPVs are important to consider for integration into any
transparent or translucent surfaces (e.g., windows, screens, greenhouse covers) in order to
determine the effect on transmitted light. A key figure of merit for any STPV technologies is
the light utilization efficiency (LUE), equal to the product of the power conversion efficiency
(PCE) and the average visible transmission (AVT), which is the weighted transmission
spectrum of the STPVs against the photopic response of the human eye [17]. For greenhouse
applications, the plant response to light transmitted through the OPV material is of greater
consequence than the human eye response. This issue was addressed by Emmott et al. [18]
in a modeling study of the techno-economic potential for OPV-integrated greenhouses, in
which a crop growth factor (G) was used instead of AVT in an optical model that quantified
the effect of various spectrally-selective OPV materials on greenhouse crops. This metric
G considered the relative photosynthetic efficiency of the average crop plant at different
light wavelengths, based on the work of McCree [19]. Based on this analysis, the authors
demonstrated that attaining higher efficiencies and high transparency contact materials
were the most important factors in determining OPV suitability for a greenhouse, rather
than the absorbance or lack thereof of the OPV material in the photosynthetically active
radiation (PAR) range, which includes light wavelengths between 400 to 700 nm.

In hot regions, excessive solar radiation during the summer season requires the ap-
plication of shading methods (e.g., whitewashing, external shade netting, internal shade
screens, transparent spray agents reflecting NIR light, etc.) in combination with the green-
house ventilation/cooling systems to lower cooling loads and maintain desired growth
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conditions for the crop. Depending on the method, solar radiation transmittance can
be decreased by 30–50% compared to non-shaded greenhouses [20]. For these locations,
greenhouse-integrated OPVs could serve the dual purpose of electricity generation and
shading. This potential role for greenhouse-integrated OPVs in high solar insolation
regions was addressed by Okada et al. [5], in which lettuce yield and electricity pro-
duction in an OPV-integrated greenhouse system were simulated in a hot, arid climate
(Arizona). It was determined that OPV roof coverage ratios of 50% and 100% during the
summer could extend the growing season due to the shading provided, and 49% OPV
coverage was sufficient to meet the energy demands of the off-grid greenhouse modeled
in the study, with the achievement of the desired lettuce crop yields. Likewise, in an
energy-balance modeling analysis of an OPV-integrated greenhouse design conducted by
Ravishankar et al. [21], assuming an OPV cell efficiency of approximately 10%, with 85%
roof coverage of a glass greenhouse (219 m2) covered by photoactive OPV area, it was
shown that the OPV system was able to produce more than enough electricity to cover
the energy requirements of a greenhouse tomato production system in an arid climate
such as Arizona. Building on this work, Hollingsworth et al. [22] examined the life-cycle
environmental and economic impacts of OPV-integrated greenhouses compared to non-PV-
powered and conventional-PV-powered greenhouses and concluded that OPV-integrated
greenhouses could outperform the alternatives if there were not significant reductions in
crop yields due to OPV-related shading effects.

Evidently, the potential scope of the use of OPVs for greenhouse applications is in
large part dependent on understanding the effects of the OPV light modification on the
greenhouse microclimate and crop. The response of greenhouse crops to the lighting condi-
tions resulting from the integration of STPV technologies with the greenhouse structure is
an increasingly researched topic [23]. A number of these studies have experimented with
tomato plants, a major greenhouse vegetable crop worldwide, which is often shaded in
high-light regions to mitigate heat stress and fruit quality issues caused by high radiation
intensities and air temperatures [24].

Li et al. [25] evaluated resource use efficiency, greenhouse microclimate, and crop
yields in a greenhouse covered with glass laminated with luminescent solar concentrator-
based PV cells. The PV system evaluated exceeded the energy demands of the 103 m2

research greenhouse facility located in Tucson, Arizona, equipped with wet-pad and fan
cooling system and a natural-gas-based heating system, growing cherry tomatoes with
25.3% more light use efficiency (LUE) in the PV-covered greenhouse compared to the
control greenhouse that was covered with double-layer acrylic.

Hassanien et al. [10] investigated the effect of shading by mono-crystalline silicon semi-
transparent panels mounted on top of a polycarbonate-covered greenhouse, occupying
20% of the roof area, on the growth of container tomatoes. It was determined that there
were no significant differences in the growth of the tomato plants in the PV-integrated
greenhouse compared to the unshaded greenhouse.

Ntinas et al. [26] tested a hydroponic tomato cultivation system for medium-sized
and cherry varieties in two glass greenhouses, with one greenhouse outfitted with a DSSC
cover and the other greenhouse serving as a control. A variety of plant physiological and
productivity parameters were measured to determine the effects of the filtered lighting
resulting from the integrated DSSC cover. Illuminance was reduced by 20% in the DSSC
greenhouse compared to the control. Although the results showed that plants grown in
the DSSC greenhouse were found to have relatively lower yields overall, it was found
that the shading in the DSSC greenhouse during the summer season was beneficial for the
qualitative characteristics of the tomato fruits.

Friman-Peretz et al. [27] compared the microclimate and tomato crop response be-
tween a polytunnel with OPVs installed on the roof, contributing 23% shading to the
growing space, and a control greenhouse over two seasons in 2018 and 2019 in a Mediter-
ranean climate. Air temperature and humidity levels inside the OPV greenhouse were
found not to be significantly different compared to the control. Radiation distribution
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inside the OPV greenhouse was less homogenous than the control due to the gaps between
the OPV strips deployed on the greenhouse roof. The cumulative yield and average fruit
mass were higher in the OPV greenhouse in 2018 and not significantly different in 2019
when a 25% shade cloth was installed on the control greenhouse.

Until now, greenhouse studies evaluating the effects of integrated STPVs, includ-
ing OPVs, on the tomato crop response and microclimate have experimented with lim-
ited/partial shading treatments (less than 25%). As mentioned previously, for greenhouses
located in hot and sunny regions, higher shading may be required/desired during the
spring and summer production seasons. In order to determine the feasibility of using semi-
transparent OPVs as a realistic alternative for conventional greenhouse shading methods,
it is critical to test higher shading treatments, which are more representative of typical
cultural practices in such regions. Higher shading treatment also involves larger areal
coverage by the OPV materials on/in greenhouses—the relatively low efficiency of OPVs
compared to silicon PVs necessitates a larger coverage areas, which for this design applica-
tion would also be desired in order to achieve high shading treatments. The present study
addresses the lack of large-scale experimental research into the application of OPVs as a
seasonal greenhouse shading method for hot and arid regions. Flexible, semi-transparent,
roll-to-roll printed OPV arrays were installed as a roof shade cover on a greenhouse hydro-
ponic tomato production system in a dry, desert region (southern Arizona) characterized
by high air temperatures and radiation intensities in the spring and summer. Analyzing
the effects of a relatively high OPV shading treatment on the greenhouse microclimate and
tomato crop growth and yield, this study provides insights and recommendations for the
design and application of greenhouse-integrated OPV shading elements.

2. Materials and Methods
2.1. Study Greenhouse

The study greenhouse was located at the University of Arizona Controlled Environ-
ment Agriculture Center in Tucson, Arizona (latitude: 32◦16′ N, longitude: 110◦56′ W,
altitude: 728 m). Figure 1 shows a 3-D schematic of the greenhouse structure, which was
developed in a Rhinoceros CAD environment (Robert McNeel & Associates, Seattle, WA,
USA) [28]. The greenhouse had a 9.1 m × 14.6 m footprint with 1.8 m sidewalls and a
height of 4.9 m at the roof apex, a gothic-arch roof profile, and a true north-south orien-
tation (Golden Pacific Structures, Cincinnati, OH, USA). The greenhouse cover material
was double-layer, air-inflated 8-mm low-density polyethylene (LDPE) plastic with a light
transmittance of approximately 75% for all solar radiation wavelengths and 65% in the
PAR range. The greenhouse climate control system (EnviroStep, Wadsworth, Arvada,
CO, USA) controlled air temperature via evaporative cooling with a wet-pad and two
exhaust fans positioned on the northern and southern walls, respectively. Two horizontal
airflow (HAF) fans located close to the roof in the northwest and southwest quadrants were
continuously operating (day and night) to facilitate air distribution throughout the growing
space. External environmental conditions were monitored at a climate station positioned at
the northern apex of the greenhouse roof, measuring ambient relative humidity and air
temperature (HMP60, Vaisala, Helsinki, FI, USA) and horizontal shortwave irradiance with
a pyranometer (SP-510, Apogee Instruments, Logan, UT, USA).

2.2. OPV Device Characterization and Installation on Greenhouse Roof

The OPV devices used in this study were PBTZT-stat-BDTT-8 based full solution
coated, flexible, semi-transparent organic photovoltaic cells (manufactured by ARMOR
Solar Films GmbH, formerly known as OPVIUS GmbH, Kitzingen, Germany). Each
800 mm × 1000 mm OPV panel was comprised of 4 serially-connected OPV modules,
with each module containing of ten 12.5-mm-by-660-mm serially-connected cells, with
2.5-mm gaps (‘dead area’) between the cells; the active area (i.e., areas covered by the cells)
constituted 75.8% of each panel. Eight OPV panels were laminated together and wired in
parallel to form an OPV array that measured 6400 mm ×1000 mm × 0.6 mm and weighed
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approximately 6 kg, with a total active area of 3.4 m2 per array. The OPV arrays had been
deployed in a different design configuration on the greenhouse roof since October 2019 for
a previous study characterizing the OPV array electrical performance; 6 OPV arrays were
producing power at the time of measurement for the present study.

Figure 1. 3-D schematic of the study greenhouse from the southwest view (left) with the organic photovoltaics (OPV) shade
element installed on the northern section of the greenhouse roof; the view from the west side of the greenhouse (right)
shows the position of the OPV shade element; two additional OPV arrays (shown in pink) were installed on 11 June 2020.
Dimensions are in meters.

The OPV arrays were positioned on the northern section of the greenhouse in a
contiguous pattern to fully cover both the east and west greenhouse roof pitches and
partially cover the sidewalls (Figure 1). Nylon cord was used to connect the corners of
the opposite-facing OPV arrays at the greenhouse roof apex. The opposite end of each
array was tied to the greenhouse base near the ground. Additionally, heavy-duty LDPE
adhesive tape (GGR Supplies, Miami, FL, USA) was used to adhere the OPV arrays to
the polyethylene cover. The OPV shade cover initially comprised eight OPV rolls. Two
additional OPV arrays were installed on 11 June 2020 on the northern edge of the OPV
shade cover to increase the shaded area, as the solar elevation angle had increased over the
course of the study period (see Section 2.2). The total OPV area installed on the greenhouse
roof was 51.2 m2 initially, and then 64 m2 with the two additional OPV rolls. Thus, the
percentage of the OPV shade cover active area was 38.8% initially and then 48.5% with the
additional two OPV arrays installed.

Electrical monitoring of the OPV arrays was conducted using an automated current-
voltage (I-V) curve measurement system, which was programmed in the Python language.
The system operated via serial communication protocol between a laptop (HP, Palo Alto,
CA, USA) and a DC programmable electronic load device (8542B, B&K Precision Corpora-
tion, Yorba Linda, CA, USA). The OPV arrays were connected to the electronic load, and
I-V curves of the OPV arrays were then taken in 10-min intervals during daylight hours
(5:00–20:00 h), with the OPV array held at open-circuit between I-V curve measurements.
The electronic load device used was capable of monitoring one OPV array at a time, and
thus each OPV array was connected to the I-V curve measurement system for a one day of
data collection and then subsequently disconnected.

2.3. Shading Effect of the OPV Arrays

Due to the changing solar zenith over the course of the study period, the position of
the shading on the greenhouse floor resulting from the OPV shade cover shifted. Figure 2
illustrates the shifting position of the shadows caused by the overhead OPV shade cover
on the greenhouse floor during the measurement period; the shadow positions were
simulated using the Sun analysis feature in the Rhinoceros CAD program [28], which takes
location, date, and time as inputs to calculate the solar angle, and then represents the sun
at the calculated angle as a strong directional light cast on the 3-D geometry. The OPV
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planting area was positioned such that the central sampling region (see Figure 3) would
be continuously shadowed by the OPV coverage for the duration of the measurement
period. The northern section of the growing area that was shaded by the OPV is hereafter
referred to as the ‘OPV section’. The non-OPV shaded section is hereafter referred to as the
‘Control section’. The Control section was initially unshaded for 98 days of the study, from
11 March 2020 to 10 June 2020, and then a 30% shade net was installed on the greenhouse
roof where the control plants were located on 11 June 2020, enabling a comparison between
the OPV shade cover and conventional shading method. The shade net resulted in a
relatively proportional decrease in the transmittance of all solar radiation wavelengths in
the Control section; its spectral properties are explained further in Section 3.3. The period
in which the Control section was unshaded and the period in which the shade net was
deployed are distinguished in the reported results.

Figure 2. Simulated shadows cast by OPV shade element installed on greenhouse roof on the OPV
planting area floor (highlighted in blue), showing the highest amount of southern exposure at the
beginning of the measurement period (11 March 2020) and the highest amount of northern exposure
(11 June 2020), when two additional OPV arrays were installed to increase coverage.

12



Agronomy 2021, 11, 1152

Figure 3. Top view of greenhouse growing area layout, with the OPV and Control planting sections
highlighted in blue and orange rectangles (each 17.3 m2), respectively. The pink rectangles represent
the sampling region in each section. The positions of solar radiation sensors (red ‘X’), relative
humidity/air temperature sensors (blue circle), and infrared radiometers (yellow triangle) are shown.
Dimensions are in meters.

2.4. Growing System and Microclimate Monitoring

Figure 3 shows a schematic view of the greenhouse growing area layout and positions
of the environmental sensors. One hundred and eight grafted tomato seedlings (‘Rebelsky’
variety) were transplanted into the growing system on 5 March 2020, and crop data
collection began on 11 March 2020. The tomato plants were planted in stonewool cubes
fixed to stonewool slabs (GRODAN, Roermond, The Netherlands) in double rows along
three gutters with a length of 9.7 m and a gradient of approximately 1%. The distance
between the middle of the gutters was 1.8 m. An approximate 1.8-m gap separated the
southernmost OPV-shaded plants and the northernmost control plants, with a planting
area of 3.7 m × 5.4 m (17.3 m2) for both the OPV and Control sections (see Figure 2). Each
section contained 54 tomato plants, with 9 plants in each of the six rows, resulting in a
planting density of 2.70 plants m−2 in each section. The growing system was designed
and operated as a fully automated recirculating hydroponic system. The OPV and Control
sections received the same irrigation schedule and nutrient solution (Hoagland’s solution),
with EC and pH levels controlled with an automated dosing unit (Intellidose, Autogrow,
Auckland, NZ, New Zealand). For the measurement of plant transpiration, lysimeters were
positioned to capture irrigation input and drainage from six plants located in the center of
each section. The volume, electrical conductivity (EC), and pH of both irrigation input and
drainage were measured each morning at around the same time with a handheld EC/pH
meter (HI-9814, Hanna Instruments, Smithfield, RI, USA).
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All sensor positions in the growing area are shown in Figure 3. Global shortwave
irradiance was measured at the canopy-level using 6 shortwave pyranometers (SP-510,
Apogee Instruments, Logan, UT, USA) positioned in the east, center, and west planting
areas in both the OPV and Control sections. All solar radiation measurements reported
for the OPV and Control sections are averaged values from the east, center, and west
pyranometers in the two sections. One air temperature/humidity sensor (HMP60, Vaisala,
Helsinki, FI, USA) was located centrally at the canopy-level in each section. Canopy
temperature was continuously monitored from 14 May 2020 onward using two infrared
radiometer sensors (SI-111-SS, Apogee Instruments, Logan, UT, USA) positioned in the
center of the OPV and Control sections (Figure 3).

The measurement period for the crop spanned 126 days (18 weeks), concluding on
11 July 2020. Crop data were collected weekly for 12 randomly tagged sample plants—
6 plants per section, located in the inner four rows close to the center of each section
(Figure 3). The growth parameters measured both vegetative and reproductive behavior
in the crop, specifically head growth (i.e., terminal growth), stem diameter, leaf length,
distance of flower growth to the bottom of the apical meristem (i.e., ‘tip’), number of
fruiting trusses, and the number of open and closed flowers. Yield data were also collected
weekly beginning 62 days after transplant (DAT) once fruit had begun to ripen. Yield
parameters included total fruit mass, the number of fruits, and average fruit mass. The
independent two-sample Student t-test with a p-value of 0.05 was used to determine
statistical significance in the growth and yield parameters measured between the OPV and
Control sections.

Lighting quality was measured using a portable spectroradiometer (PS-300, Apogee
Instruments, Logan, UT, USA) both outside the greenhouse and in the same positions as
the pyranometers on two clear-sky days (20 and 22 May 2020) in the morning, midday, and
afternoon, with additional measurements taken of the Control section once the shade net
was installed. The spectroradiometer measurements indicate the intensity of shortwave
radiation wavelengths between 300–1000 nm incident on the plant canopy in both the
OPV and Control sections. Estimates of PAR, typically represented in µmol m−2 s−1,
incident on the crop canopy in the OPV and Control sections were calculated. These
estimates were based on simultaneous measurements taken with a handheld full-spectrum
quantum meter (MQ-501, Apogee Instruments, Logan, UT, USA) and a handheld shortwave
pyranometer (MP-200, Apogee Instruments, Logan, UT, USA) taken in multiple locations
under the OPV shade and under the polyethylene in the Control section. A generalized
ratio for PAR to shortwave radiation was determined: in the OPV section, the ratio was
1.81 µmol m−2 s−1 of PAR for every 1 W m−2 of shortwave radiation; in the Control section,
the ratio was 2.11 µmol m−2 s−1 of PAR for every 1 W m−2 of shortwave radiation. These
ratios were applied to the continuous canopy-level shortwave radiation measurements to
estimate canopy-level PAR, which is presented in the analysis as weekly average values.
All continuously monitored conditions inside and outside the greenhouse were sampled
every 15 s and averaged every 10 min, with average values recorded on two dataloggers
(CR-3000 and CR-1000, Campbell Scientific, Logan, UT, USA).

3. Results and Discussion
3.1. Comparison of Microclimate in OPV and Control Sections

Figure 4 shows the average hourly fluctuations in air temperature, relative humidity,
and canopy-level shortwave solar radiation in the OPV and Control sections of the study
greenhouse for each month of the growing period. The average values for daytime and
nighttime periods, along with outdoor conditions, are summarized in Table 1. The average
daytime temperature was quite similar in the OPV and Control sections, differing by less
than 0.5 ◦C on average for the duration of the growing period. Given the relatively short
distance between the two planting sections and air circulation provided by the ventilation
system and HAF fans, this result was expected. With the air temperature being relatively
consistent across the OPV and Control sections, the relative differences in crop performance
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can be attributed mainly to the deployment of OPV on the greenhouse roof, and other
environmental factors related to the OPV shade treatment.

Figure 4. Average hourly values by month for (a) air temperature, (b) relative humidity, and (c) global radiation at the
canopy level in the OPV (left) and Control (right) sections of the greenhouse during the growing period. Global radiation
values are averaged from sensors on east, center, and west pyranometers in both OPV and Control sections. A 30% shade
net was deployed on the Control section, beginning on 11 June 2020.

The difference in relative humidity (RH) levels between the OPV and Control sections
was more pronounced: the OPV section had lower average RH compared to the Control
section in both day and night periods for all months, with the magnitude of difference
increasing in May and June, corresponding with the highest light-intensity period, until
the shade net was installed on the Control section. The daily solar radiation in the OPV
section was approximately 35–40% lower than the Control section until the shade net was
deployed, at which point the OPV section had 10–15% lower light levels compared to the
Control section. It has been established that there is a strong, linearly increasing relationship
between greenhouse tomato plant transpiration and solar radiation incident above the
crop canopy [29]. The microclimatic differences in relative humidity observed in the OPV
and Control sections, which were larger when the Control section was unshaded, can be
attributed to the relatively higher transpiration in the Control section canopy, which was
also indicated by the direct measurement of transpiration conducted in this study (Table 2),
as a result of the relatively higher solar radiation intensities to which it was exposed.
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Table 1. Average daytime and nighttime measurements for air temperature, relative humidity, and
canopy-level daily solar radiation sum in the OPV-shaded (‘OPV’) and non-OPV-shaded (‘Control’)
sections of the greenhouse, and outside above the greenhouse. See Materials and Methods section for
description of sensor locations.

Month

March April May June June July

Control Section Shade Net (Y/N) N N N N Y Y

Day air temperature
(◦C)

OPV 22.8 24.0 25.3 25.7 26.2 26.8
Control 23.2 23.6 25.2 25.3 26.0 27.0
Outside 19.2 24.6 30.8 32.2 34.9 35.2

Night air temperature
(◦C)

OPV 15.7 16.7 18.1 19.7 19.5 21.0
Control 16.0 16.6 18.0 19.3 19.4 21.3
Outside 12.3 15.0 21.1 24.3 25.1 28.3

Day relative humidity
(%)

OPV 52.0 52.0 59.4 64.4 57.6 62.8
Control 54.1 57.8 65.8 69.4 63.6 71.7
Outside 38.1 22.4 15.7 17.7 13.4 25.2

Night relative humidity
(%)

OPV 62.5 59.4 64.4 65.4 63.2 72.0
Control 64.8 65.8 69.4 72.1 67.7 73.1
Outside 64.2 42.1 30.2 28.2 22.5 35.8

Daily solar radiation
(MJ/m2/day)

OPV 6.48 9.32 10.7 9.76 9.86 9.14
Control 13.6 20.4 22.7 21.4 12.5 11.1
Outside 18.5 26.7 28.7 28.0 30.3 24.6

Table 2. Average monthly values for daily plant transpiration (mL plant−1 day−1) in OPV and
Control sections.

Months

April May June June July

Control Section Shade Cloth (Y/N) N N N Y Y

Daily Transpiration
(mL plant−1 day−1)

OPV 1587 2264 3316 3101 2381
Control 1680 2491 4105 3195 2382

Table 2 shows the average monthly values of daily plant transpiration (mL plant−1 day−1)
during the growing period. For the plants shaded by the OPV cover, the transpiration
values were generally lower than the plants in the Control section. The differences in
transpiration were higher in May (227 mL plant−1 day−1 higher in the Control section)
and highest in June (789 mL plant−1 day−1 higher in the Control section); after installation
of the shade cover on the Control section, the daily average transpiration of the Control
section decreased by 910 mL plant−1 day−1, which made the difference between the OPV
and Control sections only 94 mL plant−1 day−1. In July, the daily average difference in
transpiration between the OPV and Control sections was virtually the same. One of the
primary functions of shading devices on greenhouses in hot regions is to conserve water,
which is spent in crop transpiration as a plant cooling mechanism, as well as in evaporative
cooling systems (if used). The unshaded Control plants had 10.2% higher transpiration
than the OPV-shaded plants between April and June; once the shade net was installed, the
shaded Control plants had 6.9% higher transpiration than the OPV plants in June and July,
indicating that water can be saved through greenhouse shading, and in this case, using
OPV shade elements.

3.2. Effects of OPV Shading on Canopy Temperature

Figure 5 compares the average hourly canopy temperature of the OPV-shaded plants
to that of the Control plants, revealing relatively larger diurnal fluctuations in canopy
temperature in the Control section. The OPV shade cover appears to stabilize canopy
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temperature during the midday period, with the highest solar radiation intensities, whereas
the temperature of the unshaded Control canopy increased during this period.

Figure 5. Average hourly values by month for canopy temperature (◦C) in the OPV (left) and Control (right) sections of the
greenhouse. A 30% shade net was deployed on the Control section, beginning on 11 June 2020.

Figure 6 presents these results in more detail, showing the canopy temperature,
air temperature, and canopy-level solar radiation in the OPV and Control sections of
the greenhouse for different environmental conditions in the month of June. For the
clear sky day in which no shade net was installed on the Control section (3 June 2020),
the canopy temperature in the Control section was 2–3 ◦C higher than the OPV section
during the midday period. Although the air temperature was controlled to relatively
consistent levels between the two sections throughout the day, higher solar radiation
intensities in the Control section between 10:00–16:00 h increased the canopy temperature
over the air temperature level, whereas the OPV-shaded canopy maintained relatively
stable temperatures throughout the daylight hours and below the air temperature level.
Two days later, when the sky was mostly cloudy, it can be seen that the canopy temperature
differences were smaller between the two sections, with sudden increases in canopy
temperature coinciding with increased solar radiation levels when the cloud-cover broke.
During a clear-sky day later in June when the shade net was deployed over the Control
section (23 June 2020), canopy temperatures in that section were more stable throughout
the day, although still 1–2 ◦C higher than the OPV section during the midday period,
coinciding with the largest difference in solar irradiance levels between the two sections
(approximately 100 W m−2) between 10:00–16:00 h.

Overall, these results, shown in Figure 6, illustrate the effect of solar radiation intensity
on plant leaf temperature. Up to a certain point, given sufficient carbon dioxide (CO2)
levels, higher light levels can boost the photosynthetic rate. However, excessive radiation,
and especially direct radiation, can also result in overheating of and subsequent tissue
damage in the plant, and especially in fruit tissues (which are not as efficient in cooling via
transpiration as leaves) [30]. One of the challenges of greenhouse climate control in a desert
environment such as southern Arizona is managing the large diurnal outdoor climate
fluctuations (e.g., low humidity, high solar radiation intensity, and cooler nights) in order
to provide desirable and consistent microclimate conditions for the crop. Shading methods
are an integral component of climate control strategies in desert greenhouses during
the summer season, assisting ventilation/cooling systems in minimizing microclimate
fluctuations [31]. It can be seen in Figure 6 that the OPV coverage served this function as a
shade element for greenhouse tomato production during the high-light-intensity period
and in the summer season.

3.3. OPV Effects on Lighting Conditions

Figure 7a shows the lighting conditions measured at the canopy-level in both the OPV
and Control sections, with and without the shade net deployed on the Control section. The
lighting conditions in the Control section had linearly increasing transmittance from the
300–1000 nm range, with relatively lower UV transmittance; the polyethylene film was
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coated with anti-UV blocking agents for better stability. The shade net in the Control section
caused a relatively constant reduction in the transmittance of all wavelengths measured.
For the OPV section, there was a sharp increase in transmittance between 380–440 nm.
Between 450–650 nm, there was relatively constant transmittance of around 28%, and then
another peak between 660–750 nm.

Figure 6. Canopy temperature, air temperature, and canopy-level solar radiation in the OPV and Control sections, comparing
conditions in clear (left) and cloudy (right) sky conditions, and the Control section when it was unshaded (top) and when it
was shaded by the 30% shade net (bottom).

Figure 7. Canopy-level lighting quality in OPV and Control sections: (a) comparing OPV and Control sections with and
without a shade net installed, measured at midday with a clear sky; (b) comparing the light transmittance in the PAR region
in the OPV section to the relative photosynthetic action (efficiency), shown in the dashed gray line, which was adapted from
McCree [19]. 18
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Figure 7b shows the lighting conditions incident on the canopy in the OPV section
alongside the averaged relative photosynthetic action of 22 herbaceous crops (i.e., the
CO2 assimilation rate of plants at different ambient light wavelength ranges) [19]. The
transmittance of a wavelength-selective semi-transparent OPV shade cover would ide-
ally complement the relative photosynthetic efficiency of the crop in specific wavelength
ranges. It can be seen in Figure 7b that the OPV shade cover used in this study was not
spectrally optimized for this purpose, although it is worth mentioning that blue photons
(between 400–500 nm) are used less efficiently in photosynthesis compared to orange and
red photons (600–700 nm) [32]. OPV films that primarily absorb in the near-infrared range
(beyond 780 nm) have been developed for greenhouse (and other) applications [33–35],
although such technology has not yet been commercialized. However, the goal of spectral
optimization should be weighed against other design factors involved in greenhouse-
integrated OPV shading strategies. These design factors pertain to the technical features
and performance of the OPV (e.g., PCE, transparency, device lifetime), the deployment
strategy that is used (e.g., partial vs. full roof coverage), the available solar resources of the
target location and in different seasons, and economic considerations (e.g., cost of electricity,
cost of OPVs).

For a clear sky, the percentage of solar radiation in the PAR range is approximately
45%; for a fully clouded sky, this percentage increases to approximately 60%, due to the
clouds blocking a relatively greater portion of UV and NIR radiation [36]. Although they
are mostly transparent, greenhouse cladding materials do not transmit all solar radiation
wavelengths equally—although the double-layer polyethylene cover on the greenhouse for
this study transmitted ~75% of all solar radiation wavelengths, it can be seen in Figure 7a
that the transmittance of PAR radiation was only ~65%; the OPV shade cover decreased
transmittance of PAR radiation to the OPV-shaded area to ~28%.

The accumulated daily PAR radiation incident on the crop canopy is known as the
daily light integral (DLI) and is measured in molPAR m−2 day−1. Figure 8 presents the
estimated weekly averages for the DLI in the OPV and Control sections for the measure-
ment period (see the Materials and Methods section for the calculation procedure). For
greenhouse tomato cultivation, the minimum recommended DLI is 15 [37]; a DLI of 30 or
above has been suggested as optimal [38], assuming that other environmental conditions
(e.g., air temperature, CO2 availability, root zone conditions) are also maintained at optimal
levels. It can be seen in Figure 8 that the DLI values in the OPV section were below the
recommended minimum of 15 for 3 weeks, from transplanting until the beginning of April,
and then remained above 15 for the duration of the study period. When the Control section
was not shaded, the DLI was reduced in the OPV section between 57–65%; the installation
of the shade net on the Control section in June narrowed this difference to 31–35%. In terms
of targeted DLI levels for tomato cultivation, the OPV shade treatment was excessive when
considering the optimal recommended DLI levels.

3.4. Crop Growth and Yield Performance

Figure 9 shows weekly measurements of the vegetative and reproductive growth
parameters of the tomato plants located in the OPV and Control sections during the mea-
surement period. The tomato plants grown under the shade of the OPV generally displayed
more vegetative growth, specifically, accelerated head growth (i.e., stem elongation) and
leaf length on average, and showing a fuller canopy compared to the Control section; this
result is attributed to shade avoidance behaviors in the OPV plants, particularly in the
initial month after transplant. The differences in head growth and leaf length between
the two sections became less pronounced later in the growing season, once the plants had
begun the reproductive stage (63 DAT onward). Once the shade net was deployed on the
Control section (97 DAT), all growth trends were not found to be significantly different.
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Figure 8. Estimated weekly averages for the daily light integral (DLI, in molPAR m−2 day−1) in OPV
and Control sections with corresponding dates and days after transplant (DAT).

Figure 9. Weekly plant growth in the OPV and Control sections; parameters measured include head growth, head diameter,
leaf length, distance of first open flower to plant tip, number of fruiting trusses, and the total number of flowers; days
after transplant (DAT); each data point represents the averaged values of 6 sample plants, with bars representing the
standard deviation; the indicates a significant difference based on a two-sample t-test statistic, calculated for the OPV and
Control sections.
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Figure 10 presents the yield productivity in the OPV and Control sections for 10 weekly
harvests. The delayed fruit development and ripening in the OPV section is evident in the
lower average yields, number of fruits, and average fruit mass compared to the Control
section in the first three harvests. Interestingly, the initial three-week period after transplant,
in which the DLI levels were estimated to be under the recommended minimum level
of 15 (Figure 8), corresponds with the period of lag in the yield productivity of the OPV
plants relative to the Control plants. Constrained solar radiation, specifically with reduced
DLI, under shade treatments has been shown to limit the growth and development of
greenhouse tomatoes [39]. Although the total cumulative yield was somewhat lower in
the OPV compared to the Control section (24.6 kg m−2 and 27.7 kg m−2, respectively),
beginning with the fourth harvest on 83 DAT (28 May 2020), the average yield productivity
values in the OPV and Control sections were similar. Between DAT 76–97, reduced yields
can be seen in the Control section, whereas the OPV plants showed increased yields,
indicating that the OPV plants benefitted from the microclimate conditions created by the
OPV cover, mitigating heat stress, which led to yields similar in the control group and even
further increases after DAT 80. The deployment of the shade net on the Control section
appeared to have a beneficial effect on yield performance in that section.

Figure 10. Weekly yield data in OPV and Control Sections for 10 harvests, with the first harvest 62 DAT (7 May 2020) and
last harvest 125 DAT (7 July 2020). Each data point represents the averaged value of 6 sample plants located in the inner
rows of each section, with bars representing the standard deviation. The indicates a significant difference between the
samples for that week of measurement.

Figure 11 compares the cumulative yield (in kg) in the OPV and Control sections to
the cumulative PAR radiation received by the canopy in each section. The linear equations
indicate the yield per mole of PAR energy (calculated as g molPAR

−1) received by the
canopy—essentially, the light use efficiency (LUE) of the tomato plants in producing
fruit. The LUE in the OPV section was approximately twice as high as that in the Control
section, with 21.4 g molPAR

−1 in the OPV section compared to 10.1 g molPAR
−1 in the

Control section. Once the shade cover was deployed on the Control section, the LUE of
the Control section increased to 18.2 g molPAR

−1, slightly lower than the OPV section.
From these results, it can be seen that the plants grown under the OPV shade were able to
adapt to the lower light levels reasonably well, with less stress observed under high light
intensities, achieving higher weekly yields during the hot and high-light periods, and with
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comparable yields to those of the plants grown under a conventional shade net when it
was deployed on the Control section. These results clearly indicate the potential of using
OPV as a shade element, while also being able to generate electrical energy within the same
greenhouse footprint.

Figure 11. Cumulative yield (in kg m−2) versus cumulative photosynthetically active radiation (PAR,
in molPAR m−2) incident on the canopy in OPV and Control sections. Points represent the averaged
values of 6 plants in each section, with bars representing the standard deviation.

3.5. OPV Power Production

Table 3 presents data on the daily power output of six OPV arrays deployed on
the east and west pitches of the greenhouse roof. Measurements were taken during a
six-day period (23–28 May 2020) with clear skies and an average total daily solar radi-
ation of 8.62 kWh m−2 day−1. The electrical performance varied between individual
OPV arrays: despite similar solar radiation conditions, the daily power output ranged
between 0.056–0.088 kWh m−2 day−1. At the time of this measurement, the OPV devices
had already experienced a degradation in performance, having been deployed on the
greenhouse roof since October 2019 for a previous study that focused on the power gen-
eration performance of the OPV arrays. In that study, the average efficiency of the OPV
arrays was found to be 1.82%. For the greenhouse (133 m2 footprint), with the hardware
used in this study, the daily energy requirement in the summer season can range between
10–20 kWh day−1 (0.075–0.150 kWh m−2 day−1) depending primarily on the extent of op-
eration of the wet-pad and fan ventilation/cooling system. Thus, for the daily greenhouse
energy requirement to be met during the summer season, an OPV system deployed to
fully cover the greenhouse roof would need to achieve 1.1–2.1% efficiencies, which is in the
performance range of the OPV devices used in this study. As the OPV industry continues
to advance and scale up commercial production, improvement in the quality and stability
of large-area OPV products is anticipated. For integrated OPV greenhouse power system
design, it should be noted that unless grid-connection is available, batteries or alternative
energy storage technologies would need to be included.
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Table 3. Power generation performance of six identical OPV arrays deployed on the greenhouse roof,
measured on clear-sky days from 23–28 May 2020.

OPV
Location on

Greenhouse Roof
(East vs. West Pitch)

Date of
Measurement

Daily Outdoor
Solar Radiation

(kWh m−2 day−1)

OPV Daily
Energy Output

(kWh m−2 day−1)

OPV1 East 23 May 2021 8.56 0.056
OPV2 West 25 May 2021 8.56 0.069
OPV4 East 28 May 2021 8.72 0.064
OPV5 West 24 May 2021 8.72 0.080
OPV6 East 27 May 2021 8.64 0.088
OPV7 West 26 May 2021 8.50 0.058

Beyond considerations of OPV performance, however, the design configuration of the
OPV arrays used in the present study (i.e., the extensive and symmetrical OPV coverage
over the greenhouse roof on both east-facing and west-facing surfaces) resulted in a
relatively distributed output of power over the course of the day. This can be seen in
Figure 12, which presents the diurnal power generation patterns of the OPV arrays. This
installation strategy is advantageous in terms of meeting greenhouse energy requirements
throughout the day.

Figure 12. Diurnal power generation patterns (W m−2) of the OPV arrays deployed on the greenhouse roof. The area
beneath each curve represents the total daily energy output of each OPV array (in Wh m−2).

4. Conclusions

This study demonstrated the application of commercially manufactured, semi-transparent,
flexible, roll-to-roll printed organic photovoltaic (OPV) arrays (3.4 m2 active area) as a shade
element for greenhouse tomato production in a hot, arid climate. The OPV arrays decreased
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the transmittance of all solar radiation wavelengths in the shaded area by approximately
40% and photosynthetically active radiation (PAR, 400–700 nm) by approximately 37%.

During the hottest months of the measurement period (May–July), the OPV shade
provided a suitable climate for tomato crop production, stabilizing canopy temperature
during the times of day with the highest solar radiation intensities, performing the function
of a conventional shading method. Constrained solar radiation levels in the OPV section for
three weeks following transplant in early March, in which the daily light integral (DLI) val-
ues were estimated to be lower than the recommended minimum of 15 molPAR m−2 day−1,
resulted in more vegetative growth and delayed fruit development and ripening compared
to the Control section, indicating shade avoidance behavior, and leading to lower average
yields in the first three (of 10 total) weekly harvests. Beginning with the fourth harvest,
however, yield, fruit number, and fruit mass in the OPV and Control sections were similar.
Trends in yield productivity for the OPV plants showed increased performance during
high-light-intensity periods in May and June. The light utilization efficiency (LUE), which
is the relationship between cumulative yield and cumulative PAR radiation, measured
in g molPAR

−1, was approximately twice as high in the OPV section (21.4 g molPAR
−1)

compared to the Control section when it was unshaded (10.1 g molPAR
−1); during the

period in which the Control section was shaded, the LUE increased to 18.2 g molPAR
−1.

Although the electrical performance of the OPV arrays used for this study varied, the
east-west orientation and extensive coverage of the OPVs over the curved greenhouse roof
meant that power production could be relatively evenly distributed throughout the day.
It can be concluded that the daily electrical energy requirements for the greenhouse in
this study with its installed hardware during the summer production season in this region
could be met with full roof coverage by OPVs and with efficiencies between 1.1–2.1%,
which is in the performance range of the devices used in this study.

Future investigations of OPV applications to greenhouses should test crop types with
different light requirements, seasonal effects, effects of OPVs on plant water and nutrient
efficiencies, OPVs with different spectral characteristics (higher light transmittance in the
PAR spectrum), the effects of degradation on OPVs’ spectral characteristics over time, and
different OPV installation strategies. The dynamics of energy production/consumption in
integrated OPV greenhouse systems should also be explored in future work.

Ultimately, this study demonstrated a readily available design strategy for OPV
applications to greenhouses in high-light regions, where shading methods are required for
spring and summer greenhouse crop production.
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Abstract: For decades, society has been changing towards an energy mix that enhances the use of
renewable sources and a more distributed generation of energy. The agricultural sector is included in
this trend, which is why several studies are currently being carried out focused on the use of solar
energy in greenhouses. This article aims to demonstrate the viability of a greenhouse that integrates,
as a novelty, semi-transparent amorphous silicon photovoltaic (PV) glass (a-Si), covering the entire
roof surface and the main sides of the greenhouse. The designed prototype is formed by a simple
rectangular structure 12 m long and 2.5 m wide, with a monopitch roof, oriented to the southwest,
and with a 35◦ inclination. The greenhouse is divided into two contiguous equal sections, each with
an area of 15 m2, and physically separated by an interior partition transparent wall. The surface
enclosure of one of the sections is made of conventional glass, and the one of the other, of PV glass.
How the presence of semitransparent PV glass influences the growth of horticultural crops has been
studied, finding that it slightly reduces the production of vegetal mass and accelerates the apical
growth mechanism of heliophilic plants. However, from a statistical point of view, this influence
is negligible, so it is concluded that the studied technology is viable for horticultural production.
The energy balance carried out indicates that the energy produced by the PV system is greater than
the energy consumed by the greenhouse, which shows that the greenhouse is completely viable and
self-sufficient for sites with the adequate solar resource.

Keywords: sustainable greenhouse; semi-transparent photovoltaic panels; amorphous silicon;
building-integrated photovoltaics; distributed generation; microgrid

1. Introduction

Currently, most of the energy used in the world comes from fossil fuels [1]. The build-
ing sector is responsible for 40% of emissions of greenhouse gases and 38% of the global
energy demand [2], mainly consumed for maintaining thermal comfort conditions [3].

The application of renewable energy technologies in buildings can effectively help
reduce the consumption of fossil fuels and thus contribute to a more sustainable global
energy model [4]. The goal of independence from fossil fuels makes most countries
encourage renewable energy generation, thus, having a more diversified energy mix.

Among renewable energy generation technologies, solar photovoltaic (PV) is pre-
sented as one of the most interesting, since solar energy is available anywhere in the
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world [5]. Furthermore, it should be noted that in the last decade the cost of PV modules
has fallen by more than 80%, while the cost of fossil fuels, such as gasoline or diesel, which
compete with renewable energies in electricity generation, have increased more 250% [6].
This technology has been implemented progressively in materials and constructing struc-
tures, giving way to what today is known as integration of PV solar energy in buildings or
building-integrated PV technology (BIPV) [7]. Combined with distributed generation (DG),
breaking the paradigm of centralized generation (in which energy is generated away from
consumption points), a very interesting BIPV concept is achieved, being the one proposed
in this article.

The farming community is also aware of this change in the energy mix production,
so many researchers are carrying out studies focused on the use of solar energy in agro-
industrial buildings, and specifically in greenhouses. Thus, there are several studies
focused specifically on the state of the art of solar energy applied in greenhouses [8–10].
Other research analyzes the influence of solar panel orientation and shading on electricity
or horticultural production [11–14], or the way solar radiation is distributed indoors and
its influence on horticultural production [15].

The overall cumulative radiation inside the greenhouse decreases depending on the
coverage rate (PVR, or ratio of the horizontal surface of the greenhouse that is covered by
solar panels placed on the roof) so that the reduction is equal to 0.8% for each 1% increase
in PVR [16]. In a recent study, the most suitable PVR coverage ratio was analyzed according
to the type of crop in 14 greenhouses in southern Europe [17]. The structures with a PVR of
25% were compatible with the cultivation of all the considered species, including those with
a high light demand (tomato, cucumber, sweet pepper), with an estimated insignificant
or limited yield reduction (less than 25%). Low light species (such as asparagus) and
low light crops can be grown with a maximum PVR of up to 60%. Limiting the roof
coverage with opaque solar panels has promoted numerous investigations in recent years
on semitransparent PV cells in BIPV applications, particularly in greenhouses, forming a
research line with increasing scientific interest [18–21], even with the implementation of
organic PV cells [22–24].

Moreover, some crops require different light intensities depending on their vegetative
cycle (during germination, flowering, the fruiting, etc.). Some research in recent years has
focused on the use of PV panels that are capable of modifying their inclination to allow
more or less light to enter the greenhouse [25–27].

This article aims to demonstrate the technical, economic and environmental feasibility
of a greenhouse in which semi-transparent amorphous silicon (a-Si) PV glass panels are
integrated on the entire surface of the roof, and of the main sides of the greenhouse (south
west and northeast). How the greenhouse performs its horticultural production functions,
while it recovers the electrical energy necessary to be able to supply the needs of the
microgrid that makes it up, will be analyzed. These needs should be adjusted, at all times,
to the climatic conditions of the site, trying to make sure that the demanded energy can be
covered with the available PV DG, while trying to maintain horticultural production at
optimal levels. As stated, this paper presents two novel points in relation to other related
research. On the one hand, amorphous silicon semi-transparent glasses technology is used
for power generation, which to our knowledge has never been used in greenhouses and on
the other hand, photovoltaic glass is placed on the entire surface of the greenhouse, i.e.,
PVR of 100%.

2. Materials and Methods
2.1. Prototype Description

The greenhouse prototype is formed by a simple rectangular structure with a length
of 12 m and a width of 2.5 m, with a monopitch roof, oriented to the southwest, and
with an inclination of 35◦, with the objective of receiving the greatest solar radiation.
The site is located at the European Center for the Training, Research and Development
of Alternative Energies of the Campus Duques de Soria of the University of Valladolid
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(UVa). The elements of the structure are made of pine lumber Soria (Pinus sylvestris L.) with
protective treatment for outdoor use without ground contact, Figure 1. Wood is a material
in high demand today in sustainable construction because it acts as a sink for CO2, keeping
it captured in its plant structures throughout the lifetime of the infrastructure [28].
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Figure 1. PV greenhouse located on the Duques de Soria University Campus of the UVa.

The greenhouse is divided into two equal and contiguous sections, each with an area
of 15 m2, physically separated by a transparent interior partition wall. The enclosure
surface of the sections are made of conventional glass (not PV active) in one section, and
PV amorphous silicon (a-Si) glass in the other. The dimensions, mechanical properties
(strength and rigidity), and thermal (thermal transmittance) of conventional and PV glasses
are similar, so that they do not interfere with the study. This partition has the purpose
of being able to compare the horticultural production obtained in both sections in order
to evaluate the viability of PV glasses. The PV glass chosen for the design was 034-BN-
12450635-30-1, whose main characteristics are described in Table 1.

Table 1. Properties of PV glass.

Model 034-BN-12450635-30-1

Setting: Glass-glass (without inert chamber)

Dimensions: 1245 mm × 635 mm × 7.96 mm (3.2 glass +
0.76 PVB encapsulation + 4 glass)

Transparency: Colorless glass with 30% transparency
PV technology type: Amorphous silicon

Rated power: 22 W per module//1320 W in total over the
entire active area (60 modules)

Special treatments: No special treatments

Initially the control parameters (temperature, relative humidity of the air and CO2
concentration) were determined. Sensors were installed for their monitoring, both inside
and outside the greenhouse. A triple sensor (which measures these three parameters simul-
taneously) was placed outside the greenhouse, another triple sensor inside the greenhouse
in the conventional glass section, and another triple sensor inside the PV glass section.

Depending on the desired type of cultivation, it is necessary that the control parameters
remain within specific value ranges for optimal horticultural production. To modify and
thus correct control parameters, the following actuators or control systems were installed:
bidirectional fans to cause ventilation or extraction as required, heating to warm up, and
nebulizers to produce water steam.

In addition, two more sensors were installed to measure PAR radiation inside the
greenhouse, one in the conventional glass section and the other in the PV glass section;
as well as a drip irrigation system in each section controlled by a clock which is totally
independent of the installed sensors.

The electricity consumption is measured by three network analyzers, a general one
to record the total consumption, including the consumption of the Programmable Logic
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Controller (PLC) and the data concentrator; and one for each of the greenhouse sections.
Thus, each section contains the equipment shown in Figure 2:

• Temperature, relative humidity and CO2 sensor.
• PAR radiation sensor.
• Fan to ventilate/extract.
• Heater for warming up with a power of 1800 W.
• 2-nozzle telescopic nebulizer.
• Drip irrigation system.
• Network analyzer for energy consumption analysis.
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Figure 2. Sensors and actuators.

The modular monitoring system of the prototype consists of the following elements:

• Power: power module made up of power supplies and transformers, responsible for
feeding all the components of the system.

• Sensors: room sensorization module.
• Data concentrator: information storage module.
• Wireless gateway: wireless communication module for receiving data from wireless

sensors.
• PLC: control module.
• Actuators: module made up of the actuators or control elements of the system.

Figure 3 shows a summary block diagram of the monitoring system. The sensors
communicate with the data concentrator through a wireless platform, while the actuators
and the irrigation system do it directly by buried cable.
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Figure 3. Block diagram of the general operation of the prototype.

The main element of the control system is the PLC. This device is in charge of estab-
lishing the rules and sending orders to the actuators so that the control parameters are
kept within the optimal value ranges for horticultural production. The control is based
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on threshold values of the parameters of control which should not be exceeded inside of
the greenhouse: maximum temperature (Tmax), minimum temperature (Tmin) maximum
relative humidity (Hmax), minimum relative humidity (Hmin) and minimum concentration
of CO2 (CO2 min). In this way, the PLC receives information from the sensors, with a
frequency of 1 min, and acts by sending commands to the actuators so that the control
parameters do not exceed the previously programmed thresholds. These thresholds can be
modified based on the real needs of each crop. Figures 4–8 show the control loops that the
PLC uses to determine the actions that must be performed.
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Both the data concentrator and the PLC are housed in the same electrical control panel
that also includes:

• Protection against electrical overloads.
• The system’s power supplies.
• The power supply transformers of the solenoid valves.
• Network analyzers.
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• The communication gateway with the wireless sensors.
• Contactors to control the loads of the control system of both greenhouses.
• Connectors for sensors.
• Connectors for the actuators.

As previously detailed, three of the four sides of the PV greenhouse section are covered
with PV glass: the southwest side of the greenhouse, the northeast side of the greenhouse
and the roof. By having three PV production zones, the PV devices were grouped into
three different arrays. The southwest façade (12◦ to the West from South) is made up of 15
vertical PV modules in an array of five columns and three rows with an installed power
of 330 Wp. The northeast façade (12◦ to the East from North) is made up of 25 vertical
modules in an array of five columns and five rows with an installed power of 550 Wp.
The roof has a southwest orientation (12◦ to the West from South), it is composed of 20
modules inclined 35◦ (with respect to the terrain) in an array of five columns and four
rows with an installed power of 440 Wp. In this way, the total power of the installation is
1320 Wp.

Figure 9 shows the configuration and interconnection of the three zones. For design
reasons of the PV regulator, each glass is connected to its own fuse, to later make the
appropriate groups according to the array. The diagram also shows the interconnection
with the PV regulator, and from this device to the available electrical storage set (batteries).
Two batteries are installed in series and two branches, of this association, in parallel. In this
way, one has a 24 VDC bus, since each battery is 12 V, and C 100 is 250 Ah. Finally, an
inverter is placed to feed the alternating loads, constituted by the consumption of the
greenhouse itself.
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The devices selected for this project have different technologies and therefore they
generate different outputs. The MPC-374 data concentrator is capable of simultaneously
acquiring signals from sensors that produce analog outputs, as well as from sensors that
work under communication protocols. In the following Table 2, the inputs and outputs of
the system devices are shown.
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Table 2. Inputs and outputs of system devices.

Sensor Departure

Outside temperature, humidity and CO 2 Modbus RTU
Indoor temperature, humidity and CO 2 Modbus RTU
PAR radiation 0–10 VDC
Network analyzer Modbus RTU

Actuators Entry

Extractor fan 0–230 VAC
Heater 0–230 VAC
Nebulizer 0–230 VAC

Others Entry

Drip irrigation 0–230 VAC

Digital sensors and network analyzers are connected to an RTU Modbus communica-
tion port, specifically to the UART2. The data is acquired by a physical RS485 interface. A
client RTU Modbus is configured on this interface. The sensors are interrogated according
to the standard set by this protocol. Actuators are connected to the analog outputs port of
the MPC-374. It is a port formed by potential-free control outputs. These outputs reach
the coil of each of the contactors that turn on/off the actuators as ordered by the PLC. The
coils are attacked with 24 VDC. This turning on/off process is carried out according to the
control rules programmed in the PLC. The nebulizers are managed directly by the digital
output port included in the ILC-131 PLC.

As previously mentioned, drip irrigation is not part of the actuators. It is controlled
directly by the discrete output port of the MPC-374, with an hourly programming time
configured in the MPC-374.

Once the measurements of the sensors are stored in the MPC-374, they are already
available to be interrogated by the PLC, SCADA or any software that makes the function of
master of the Modbus network. The MP C-374, in addition to being able to be interrogated,
has been configured to periodically send the information stored by FTP.

The relationship between the energy demanded from all devices of the greenhouse
and the PV glass generation was studied at the end of the period of horticultural production
by analyzing net balance, comparing energy consumption and actual production.

2.2. Type of Crop

The planting framework depends on the type of crop, and this, in turn, on whether
the cycle is spring-summer or autumn-winter. In this project, the study period began on 18
October 2019, looking for an autumn-winter cycle in which lettuce (Lactuca sativa L.) and
broad beans (Vicia faba L.) were planted. The study was concluded on 29 November 2019,
coinciding with the collection of lettuces. The complete vegetative cycle of the broad beans
had not ended by the time the study concluded, but the recorded growth measurements
were sufficient to obtain the first results. Broad beans are common in the Mediterranean
diet and are usually grown in greenhouses during the autumn-winter cycle. In addition,
broad beans are very compatible with lettuces, so they are often grown together. However,
as already stated the main aim of this research was to verify the feasibility of amorphous
silicon semitransparent glass technology, rather than a study of the optimum type of crop.

Beans are considered crops improvers because their cultivation has the additional
advantage of fixing atmospheric nitrogen in the soil when their roots are symbiotic with
Rhizobium bacteria. Beans are best cultivated in mild climates. Temperatures above 30 ◦C,
between flowering and fruit setting, can cause flowers and immature pods to fall off,
increasing their hardness with the consequent loss of quality. They tolerate moderate frosts,
and even strong ones of short duration, as long as they do not occur while in flower. Beans
have no tendrils, or terminals or leaf, so they are not a branch plant, i.e., their angular and
strong stems keep the plants upright without support. The cultivation is simple, without
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tutors or support, as long as one takes care that the long pods are not in contact with
the ground.

Lettuces prefer uniform warm-temperate temperatures. The seeds do not germinate
above 20 ◦C. Temperatures above 30 ◦C, during the period between flowering and fruit
setting of the pods, can cause abortions of both flowers and immature pods, increasing
their fibrosity. They are very sensitive to a lack of water, especially from flowering to pod
filling. It is common to associate lettuce with other horticultural species, given its tolerance
to shading and its rapid growth, which allows it to be cultivated among larger plants
without significant competition for nutrients or causing other harmful effects.

As for the planting frame, a central corridor was set to allow passage and the ma-
nipulation of the plants. Beans seeds were spaced about 40 cm apart, as well as lettuce
seedlings. To exploit to the maximum the available space, the quincunx schema shown in
Figure 10 was created.
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Considering the characteristics of both types of crops and to ensure optimal horticul-
tural production, the following thresholds were programmed: Tmin = 10 ◦C, Tmax = 30 ◦C,
Hmin = 50%, Hmax = 90%, CO2 min = 300 ppm.

After harvesting lettuces, about 1.5 months after planting, they were weighed to
characterize the growth of both sections and to discern if there were any statistically
significant differences between them.

The entire vegetative cycle of beans is much longer than that of lettuces, so it made
more sense to monitor their growth rather than their plant production during the study
period. Thus, the heights of the seedlings were periodically measured, making the first
measurement on 25 October, and the subsequent ones on 6, 22 and 29 November 2019.

3. Results

In order to subsequently be able to study the behavior of the prototype during the
growth of the crops, it was necessary to know the behavior and the relationship between
the variables that were measured (T, H, CO2 and PAR) without the corrective action of
the actuators (ventilation/extraction, heating and fogging), and without the presence of
horticultural crops, that is, before planting. On the other hand, with a minute recording
frequency, the amount of data that would be needed to be handle since the greenhouse
implementation was immense. Therefore, two representative intervals were selected for
data treatment, one before and one after planting. The interval before planting started
on 27 August and finished 2 September 2019. The interval after planting started on
25 November and ended 29 November 2019.

3.1. Monitoring Before Planting

The chosen interval corresponds to the course of warm days characterized, at this
location, by reaching high temperatures and high radiation. Figure 11 shows the evolution
of the control parameters and the PAR radiation, in both sections of the greenhouse. In the
figure, 1 refers to the section with PV glass, and 2 to the conventional glass section.
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Figure 11. Evolution before planting of temperature, relative humidity, concentration of CO2 and
PAR radiation (1: PV glasses, 2: conventional glasses).

It is observed how the section with PV glass slightly delays the increase in temperature
and reaches slightly lower maximum values than the section with conventional glass. Other
authors report similar results [29]. This fact is reasonable and desired since PV glass filters a
large part of the solar radiation received, allowing less energy to pass into the greenhouse.

Considering that at higher temperature, absolute humidity in the air per unit volume
is higher too, the relative humidity follows a reverse curve to that of the temperature,
i.e., when the temperature is high, the relative humidity is minimum, and vice versa.
The minima of relative humidity occur in the conventional glass section, a logical result
because they coincide with the moments of maximum temperatures. Sudden changes in
relative humidity are also observed, decreasing a lot during the day and increasing a lot
overnight. This is due to the fact that inside the greenhouse there is almost no contribution
or extraction of humidity, and the temperature also varies a lot, by up to 30 ◦C, between
day and night.

Regarding the concentration of CO2, the evolution has displays a reasonable behavior.
During the day, it is reduced due to the photosynthesis of some herbs that had grown
spontaneously inside the greenhouse, and at night, it increases with their respiration
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process. It is curious that in the section with PV glass there were, in general, lower levels
of CO2 during the day. This is due to the fact that a greater amount of spontaneous plant
mass was developed due to the damping effect of PAR radiation and temperature, which
are clearly excessive on those dates and in the chosen location.

PAR radiation is a more complex parameter to evaluate since the sensors are fixed and
the Sun moves on the horizon throughout the day, varying the angle of incidence on the
sensor. It can be seen that the PAR radiation that the PV glass let through is never greater
than 50% of the PAR radiation present in the other section of the greenhouse. This data is
consistent with the data provided by the manufacturer (30% transparency).

Figure 12 shows the evolution of the control parameters and PAR radiation on 30
August 2019, in both sections of the greenhouse. Of course, all the variables are related to
each other and to the amount of radiation that penetrates the interior.
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Figure 12. Relationship between temperature, relative humidity, CO2 concentration and PAR radia-
tion before planting (1: PV glasses, 2: conventional glasses).

In both sections, logical behaviors of all variables are obtained. At night, with the
abrupt cessation of radiation, the temperature decreases and the relative humidity and
concentration of CO2 increase. At the beginning of the day, with the onset of radiation, the
temperature rises while the relative humidity and CO2 decrease. However, it is observed
how the CO2 concentration in the conventional glass section rises more slowly at night.
This is because, as discussed above, in this section less herbs grew spontaneously due to
the high values of radiation and temperature.

3.2. Monitoring after Planting

The chosen interval corresponds to the course of cold days characterized, in this location,
by reaching low temperatures and moderate radiation. Figure 13 shows the evolution of the
control parameters and PAR radiation in both sections of the greenhouse. The section with
PV glass has been labelled as 1, and the section with conventional glass as 2.
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Figure 13. Evolution after planting of temperature, relative humidity, CO2 concentration and PAR
radiation (1: PV glass, 2: conventional glass).

It is seen that practically all the time the action of actuators maintains the temperature
at values between 10 ◦C and 30 ◦C, the relative humidity between 50% and 90%, and the
CO2 concentration above 300 ppm. This means that the programming of the PLC and its
communication with the sensors and actuators is adequate.

The evolution of the temperature curves is practically the same in both sections of
the greenhouse due to the temperature correction of the actuators, however, the relative
humidity is constantly lower in the part with conventional glass, as in the CO2 concen-
tration. The explanation, in both cases, must be found in the PAR radiation. It should be
noted that the maximum radiation in this period of cold days is around half of that in the
warm days period analyzed. This reduction in radiation, in intensity and duration, implies
a significant reduction in the photosynthetic capacity of plants, which is why it is a limiting
factor that should influence the behavior of the rest of the variables.

Obviously, PAR radiation is higher in the conventional glass section, especially during
the central hours of the day. After receiving radiation, plants start the photosynthesis
process using water absorbed by the roots and capturing the CO2, which they incorporate
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into their plant structures. Consequently, the higher the PAR radiation, the lower the CO2
concentration in the air.

However, the fact that the humidity is always lower in the conventional glass section
does not have such an obvious immediate explanation. It is due to the effect of plant
perspiration or loss of water in the form of water vapor. A large amount of water absorbed
by the roots reaches the leaves, but only a small part is used in photosynthesis, the rest
is lost through transpiration. The plants are being drip watered for their growth, in the
same proportion in both sections of the greenhouse, so that the section with the least
photosynthetic activity will also be the one that loses the most water through transpiration
and, therefore, has the highest relative humidity in the air. As the section with PV glasses
receives less PAR radiation, it will have lower photosynthetic activity and higher relative
humidity.

Similarly, Figure 14 shows the evolution of the control parameters and PAR radiation
on 26 November 2019, in both sections of the greenhouse. The same behavior pattern can
be seen in both sections. CO2 and relative humidity increase at night, when radiation
ceases. With the beginning of the day, they decrease again, while the temperature rises
with the increase of radiation.
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Figure 14. Relationship between temperature, relative humidity, CO2 concentration and PAR radia-
tion after planting (1: PV glass, 2: conventional glass).

3.3. Horticultural Production

The average mass of the lettuce in the section with conventional glass (mean weight:
510.6 g, CoV: 0.24) was slightly higher than the average mass in the section with PV glass
(weight mean: 423.6 g, CoV: 0.37). The mass of lettuces in both sections after harvesting
are shown in Figure 15. This is a reasonable result because in the autumn-winter cycle
dates there is not much Sun available and the reduced radiation can result in a lower
photosynthetic capacity and, therefore, production of plant tissues. Although the difference
in means seems significant, statistically it does not reach a value that allows us to affirm
with a 95% probability that it is not due to mere chance.
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Figure 15. Mass of lettuces after harvesting (1: PV glasses, 2: conventional glasses).

Regarding the production of beans, in Table 3 the heights of the plants is measured
vertically from the ground to the upper end thereof. In all measurements made it is
observed that the plants are higher in the section with PV glass. It is also seen that the
difference in height between both sections is increasing, due to an increase in the growth
speed in the section with PV glass. This result is logical and it is a consequence of the lower
amount of incident radiation. If not enough radiation is received, the natural survival
mechanisms of the plant react as if there were a competition for light in the environment,
giving priority to growth in height.

Table 3. Height of broad bean plants.

25 October 2019 06 November 2019 22 November 2019 29 November 2019

Average
Height

(cm)
CoV

Average
Height

(cm)
CoV

Average
Height

(cm)
CoV

Average
Height

(cm)
CoV

PV glass
section 30 0.23 49 0.2 52 0.2 57 0.19

Conventional
glass

section
26 0.23 44 0.25 46 0.22 50 0.2

In research carried out by other authors on the growth of lettuces with semitrans-
parent monocrystalline silicon PV panels that occupied 20% of the roof surface and
that reduced radiation by 35–40%, similar results were obtained with the same level
of significance (α = 0.05) [30]. In other studies carried out in southern China on the cultiva-
tion of tomatoes with integrated semi-transparent solar panels, it was determined that the
reduction of radiation surface reduces the diameter and weight of the tomatoes produced,
but not significantly. Furthermore, the tomato plants that were in the shaded area had a
greater height and a greater number of leaves to compensate the loss of solar radiation, as
well as a higher chlorophyll content [31].

Therefore, it is interesting to note that the crops, both lettuce and broad beans, have
been able to develop correctly despite the fact part of the incident PAR radiation was
subtracted, with part of the light being used for electricity generation.

3.4. Net Energy Balance

In addition to the environmental variables, the monitoring system also recorded the
electrical variables related to the consumption of each of the sections separately, and of the
sum of both plus the necessary consumption of the control panel electronics (PLC and data
concentrator).

During the study period (18 October 2019–29 November 2019), the installed PV system
produced 90.15 kWh. In the same period, the energy demanded by the PV section was
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56.21 kWh, while the energy demanded by the complete installation was 133.07 kWh.
Comparing the produced and the consumed energies, exclusively in the PV section, a
positive net balance is obtained which means that PV panels are able to provide 100% of
the energy demand. It shows, therefore, that the greenhouse is completely self-sufficient for
the studied site. The energy balance also indicates that there is a surplus of excess energy
(33.94 kWh), which means that it would not be necessary for the entire greenhouse surface
to be covered by PV glasses.

This result is very interesting because in different systems analyzed by other re-
searchers, where radiation was reduced by 35–40%, the PV installation was able to provide
only 20% of the energy demanded by the greenhouse [30].

4. Discussion

The use of shading techniques is a very economical solution when trying to protect
crops from excessive sunlight and reduce the temperature inside the greenhouse [30]. In
research carried out in the south of Spain, with flexible integrated solar panels that covered
9.8% of the surface, the payback of the investment was calculated at 18 years [32]. In other
research carried out in southern China, with integrated semi-transparent panels covering
20% of the surface, the payback was 9 years [31]. Based on the indicated references, the
payback of investment for the semitransparent amorphous silicon (a-Si) panels, covering
100% of the surface of the roof and major sides of the greenhouse is attractive, which would
make the implementation of this technology in those sites with sufficient resources feasible.

The semitransparent PV cell devices provide good light conditions for photosynthesis
and plant growth [33]. However, depending on the type of crop, the vegetative period in
which it is found, the location or the time of year, the shading caused by semi-transparent
glasses can be beneficial or detrimental to horticultural development. The shade used in
this article may be a more suitable solution to crops that do not have high solar radiation
requirements (leaf crops: lettuce, chard, endive or spinach; root crops: beet, carrot, celery,
leek or radish; crop fruits: broad bean, pea or strawberry; aromatic crops: mint, spearmint
or parsley). However, it must be taken into account that when working with living beings
the data has a lot of variability even within the same section of the greenhouse. For this
reason, it is important to continue the investigation, collecting more data from different
crops and in different cycles, in order to draw more relevant conclusions. The authors
expect to analyze different crop types and cycles with this technology in subsequent studies.

On the other hand, the analysis of the transmittance of PV glass as a function of
the wavelength constitutes a key field of research for the plants’ growth, depending on
whether or not the maximum absorption coincides with the wavelengths at which the
photosynthetic molecules absorb the most. Thus, depending on the plant species, there
are different photosynthetic molecules, which have different absorption spectra for the
conversion of sunlight photons into the generation of organic matter.

5. Conclusions

BIPV applied to horticultural production constitutes a research and development
completely in line with the latest trends in sustainable building, which advocate the incor-
poration of urban gardens in the building for the consumption of unprocessed ecological
products.

The PV glass semitransparent amorphous silicon (a-Si) placement, covering the whole
surface of the roof (PVR of 100%) and of the main sides of the greenhouse, influences
the growth of horticultural crops, slightly reducing the biomass production of the plants
and accelerating the apical growth mechanism of heliophilic plants. However, from a
statistical point of view, this influence is negligible so the studied technology is viable for
horticultural production. Nevertheless, to obtain results with a greater scope and practical
application, it is necessary to extend the study to other crops and growing seasons.
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The energy balance carried out indicates that the energy produced by the PV section
is greater than the energy demand, which shows that the greenhouse is completely viable
and self-sufficient when installed at a site with the adequate solar resource.
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Abbreviations

a-Si amorphous silicon.
BIPV building-integrated photovoltaic technology.
CO2 ext outdoor CO2 concentration.
CO2 int indoor CO2 concentration.
CO2 min. minimum CO2 concentration.
DC direct current.
DG distributed generation.
FTP file transfer protocol.
Hext outdoor air humidity.
Hint indoor air humidity.
Hmax maximum air humidity.
Hmin minimum air humidity.
MPPT maximum power point tracker.
PAR photosynthetically active radiation.
PLC programmable logic controller.
PV photovoltaic.
PVR ratio of horizontal surface covered by solar panels placed on the roof.
SCADA supervisory control and data acquisition.
Text outdoor temperature.
Tint indoor temperature.
Tmax maximum temperature.
Tmin minimum temperature.
UVa University of Valladolid.
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Abstract: Solar photovoltaic (PV) energy is positioned to play a major role in the electricity generation
mix of Mediterranean countries. Nonetheless, substantial increase in ground-mounted PV installed
capacity could lead to competition with the agricultural use of land. A way to avert the peril
is the electricity-food dual use of land or agro-photovoltaics (APV). Here, the profitability of a
hypothetical APV system deployed on irrigated arable lands of southwestern Spain is analyzed. The
basic generator design, comprised of fixed-tilt opaque monofacial PV modules on a 5 m ground-
clearance substructure, featured 555.5 kWp/ha. Two APV shed orientations, due south and due
southwest, were compared. Two 4-year annual-crop rotations, cultivated beneath the heightened
PV modules and with each rotation spanning 24 ha, were studied. One crop rotation was headed by
early potato, while the other was headed by processing tomato. All 9 crops involved fulfilled the
two-fold condition of being usually cultivated in the area and compatible with APV shed intermitent
shading. Crop revenues under the partial shading of PV modules were derived from official average
yields in the area, through the use of two alternative sets of coefficients generated for low and high
crop-yield shade-induced penalty. Likewise, two irrigation water sources, surface and underground,
were compared. Crop total production costs, PV system investment and operating costs and revenues
from the sale of electricity, were calculated. The internal rates of return (IRRs) obtained ranged from
a minimum of 3.8% for the combination of southwest orientation, early-potato rotation, groundwater
and high shade-induced crop-yield penalty, to a maximum of 5.6% for the combination of south
orientation, processing-tomato rotation, surface water and low shade-induced crop-yield penalty.

Keywords: agrophotovoltaic; agrivoltaic; dual-land use; solar sharing; solar photovoltaic energy;
water–food–energy nexus

1. Introduction and Objectives

Nowadays, most countries worldwide are aware of the importance of preserving
nature. Environment protection includes, amongst others, measures to limit the use of
non-recyclable materials and to reduce the emission of greenhouse-effect gases (GHGs).
Reduction in GHGs emission entails burning less fossil fuels and increasing the share
of renewable energies in the electricity generation mix. The major renewable sources of
electricity, wind and solar, intrinsically non-dispatchable due to the intermittency of their
resource, could be backed-up by hydrogen fuel cells in the future. European Union (EU)
member states are promoting increases in wind and solar installed capacity. Hereof, Spain
and Italy planned national levels of 42% and 30%, respectively, of energy from renewable
sources in their gross final energy consumption in 2030 [1,2].
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Solar power plants produce electricity based on the photovoltaic (PV) effect or by
concentrating solar energy onto a heat-transfer-fluid which produces the steam that drives
a turbine-generator set. In many countries, ground-mounted solar PV power plants have
become familiar in the rural landscape, being popularly known as solar farms. By the end
of 2019, installed solar PV power capacity in Spain stood at 8913 MW, representing about
8% of the total installed power capacity in Spain [3].

Substantial further increase in ground-mounted PV power capacity could eventually
lead to conflict of interest with the agricultural use of land. This could jeopardize the
stability of agricultural produce prices, which should be carefully considered. In 1982,
Goetzberger and Zastrow [4] analyzed the possibility of combining agricultural and electric-
energy production in the same plot. This dual use of land was later coined in the literature
as agrivoltaic or agrophotovoltaic. Here, we use the latter portmanteau, abbreviated as
APV. The main differences between a conventional ground-mounted PV power plant and
an APV system are:

i. the spacing between PV module rows in APV systems is greater, to let more irradiation
pass through and hit the crop; in conventional ground-mounted PV power plants,
row spacing is kept to the minimum compatible with tolerable row self-shading.

1. the PV modules in APV systems are substantially heightened above the ground, to
decrease shade intensity and also to allow agricultural machinery operate beneath;
thus, while in conventional ground-mounted PV power plants the vertical distance of
the modules bottom edge to the ground is 0.5–1 m, in APV it is 5–6 m.

In 2010, a first APV prototype was erected by Dupraz et al. in Montpellier, France [5],
using fixed-tilt PV modules. In their experiments, the main crop cultivated was lettuce [6].
Valle et al. [7] reported on the extension of the Montpellier 2010 prototype with sun-tracking
PV modules. In 2016, a fixed-tilt 194.4 kWp APV array with bifacial PV modules and a
ground clearance of 5 m was erected in Herdwangen, Germany [8]. The reason for using
bifacial PV modules was two-fold: First, to harness snow reflectivity to produce more
electricity; and second, to decrease crop shading, thanks to higher transparency of bifacial
modules compared to monofacial counterpart. Schindele et al. [8] concluded that their
system was profitable for potato but not for wheat. Dinesh and Pearce [9] concluded that
PV installed capacity could be increased between 40 and 70 GW if lettuce cultivation alone
were converted to APV systems in the United States of America. They recommended
exploring the outputs for different crops and geographic areas, to determine the potential
of APV farming worldwide. Recently, the consortium SolarPower Europe proposed to
integrate a “European Agri-PV strategy” within the future Common Agricultural Policy
(CAP) [10]. Hitherto, APV projects in Europe have been of limited acreage. To our knowl-
edge, the largest APV complex, with 2.67 MW, spans 3.2 ha of raspberry near Arnhem, The
Netherlands [11].

In APV systems, both the PV array and the understorey crop benefit mutually. For
instance, in a watermelon field in the EU-Med region, the shade casted by the heightened
PV modules could circumvent the need for anti-fruit-cracking solar protector spraying
of the fruits. Apart from the economic saving for the farmer, this is beneficial for the
environment. Another example of synergy is the soil moisture condition favored by APV
sheds [12] that can save irrigation water. The latter is important for several reasons:
First, environmental benefit; second, reduced cultivation cost; third, limited crop yield
decrease in case of irrigation water allocation restricted due to drought; fourth, possibility
of irrigating an acreage only slightly smaller than that of a non-drought year.

Albeit in Spain average yield per unit area of irrigated crops is 6.5 times greater
than that of rainfed agriculture [13], drought episodes make granted water allocations not
always deliverable. Irrigation blue water shortage is partly responsible for the difference
between irrigable and irrigated area in many countries. Thus, in 2016 the share of irrigable
and irrigated areas in the total Utilized Agricultural Area of Spain were of 15.7% and 13.2%
respectively [14]. In the same year 2016, the corresponding shares were 32.6% and 20.2%
for Italy and of 29.7% and 23.6% for Greece.
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The objectives of this work were:

1. to design two irrigated annual crop rotations whereof crops are usually cultivated in
the area of study and compatible with partial shading imposed by APV sheds.

2. to thoroughly determine the stream of expenditure and revenues for both agricultural
and electricity production, with the final aim of analyzing the profitability of APV
system for each combination of APV shed orientation (due south/ southwest), source
of irrigation water (surface/underground), shade-induced crop yield penalty (low/
high) and crop rotation (early potato/processing tomato).

2. Materials and Methods

A hypothetical case-study was arranged with annual irrigated crops cultivated under
APV sheds in the municipality of Brenes, close to the city of Seville, in southwestern Spain.
The centroid of the site sits at 37◦33′22′′ N and 5◦50′8′′ W (Datum ETRS89), standing on
average altitude of 40 m a.s.l. Some major woody and arable crops cultivated in the area
are: Olive, citrus, almond, peach, alfalfa, early potato, maize, processing tomato, cotton
and sunflower. Amongst the annual arable crops, we selected potato to be rotation-head,
since under-shading yield data were found in the literature [15] for this crop. Based on
agronomical considerations detailed in the next sub-section, a four-year rotation headed by
early-potato was designed. Taking into account the 6 ha average size of the agricultural
unit plot in Brenes, a total acreage of 24 ha was analyzed. Lettuce, a shade-tolerant crop
with documented under-shade yield data, was disregarded in view of its limited cultivation
in the area [16]. Conversely, cotton, a traditional local annual crop, was discarded because
according to Weselek et al. [17] it does not thrive in shade. For the sake of universality, we
considered as if land consolidation had not been implemented in the area of study. Thereby,
the spatial distribution considered is fragmented, i.e., the four 6 ha plots are not adjacent to
each other (Figure 1).
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2.1. PV System

The basic APV shed considered consisted of 22 non-tracking and heightened support-
ing structures aligned in two parallel swaths of 11 supporting structures each Figure 2.
The PV modules are arranged in groups of 24 modules on each supporting structure. The
fixed-tilt angle is of 27◦ (the local latitude minus 10◦). The PV module considered was
the opaque-monofacial-polycrystalline CSP290-60, of 290 Wp [18]. The dimensions of this
module are 1640 mm × 992 mm and it weighs 18.2 kg. The supporting structures are
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equispaced 9.5 m. The mechanical configuration of the basic APV shed, including lateral
(Northeast-Southwest direction for the due SW shed orientation depicted) lattice bracing
that leave a ground-clearance of 5 m, is similar to the one reported by Schindele et al. [8].
This substructure is of known cost and would be valid for the location of Seville, where
snow and wind loads are less or equal than in Herdwangen. The pillars of the substructure
are fixed to the ground by means of a so-called spider-shaped anchor made of an anchoring
bush plate with long threaded rods assembled in a circular fashion [19].
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153.1 kWp and connected to a 150 kW inverter.

With regard to the PV modules azimuthal angle, two orientations were compared:
due southwest and due south. Although the latter is the one that maximizes electric
production in the northern hemisphere, Beck et al. [20] concluded that either southeast
or southwest is preferable for the crop cultivated beneath the APV shed, since ground
radiation distribution is more uniform. The increased radiation uniformity favors crop
plants isochronous ripening, which is particularly important for arable crops, usually
harvested in mechanized or semi-mechanized one-single pass. Here, we used SAM 3D
scene shade calculator [21] to compare due South (Figure A1, Appendix A) and due
Southwest (Figure A2) orientations.

The number of PV modules in the basic APV shed is

24
PV modules

Supporting structure
·22

Supporting structures
Basic APV shed

= 528 PV modules/Basic APV shed
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The corresponding peak power is

528
PV modules

Basic APV shed
· 290

Wp
PV module

= 153120 Wp ∼= 153.1 kWp/Basic APV shed

To calculate the ground area covered by the basic APV shed, we have to multiply
its overall width (26 m (Figure 2)) by its overall length. The latter, in turn, is the sum of
95 m (10 × 9.5 m, Figure 2) plus 1.5 m (the horizontal projection of the last module row
cantilever 1.64 m to an angle of 27◦) plus 9.5 m, i.e., 106 m. Hence,

26 m × 106 m = 2756 m2 = 0.2756 ha

To calculate the ground coverage ratio (GCR), the overall module surface area has to
be first computed as:

528 PV modules· 1.68 m · 0.992 m
PV module

= 880 m2

Then, the GCR is
880 m2

2756 m2 = 32%

Power density is
153.1 kWp
0.2756 ha

∼= 555.5 kWp/ha

Considering an effective land area of 5.7 ha, obtained by reducing by 5% the size of
the agricultural unit plot to account for mismatch between plot legal boundaries and APV
shed orientation, the PV capacity installed in each of the four 6 ha plots is

555.5
kWp

ha
·5.7

ha
plot

= 3166 kWp/plot

The inverter considered is the SMA SHP Peak 3, which features a nominal AC power
of 150 kW [22]. The number of inverters in the agricultural unit plot would be

3166 kWp /agricutural unit plot
153.1 kWp/inverter

∼= 21 inverters /agricultural unit plot

The lifespan considered for the APV system is 25 years, the conventional lifespan
of the PV modules. The service life assigned to the inverters is 13 years, which entails
inverters replacement in the year 14. Module degradation was computed by means of a
degradation coefficient, assigned a value of 1 until year 11 and annually decreased by 0.5%
from the year 12 onwards. A simulation was run to estimate annual income from the sale
of the energy generated by the PV system. Simulation was done using SISIFO [23], an
online free simulation tool for the quality and bankability of PV systems. Table 1 presents a
compilation of the main data fed to the SISIFO PV simulator.

2.2. Irrigated Crops

In the EU-Med countries, irrigation water use represents an average 70% of total
water withdrawals [24]. On the other hand, more than 80% of the irrigated land-acreage in
Spain, involving 7·105 irrigators and 2·106-hectare, is serviced by an irrigation district [25].
According to Masia et al. [26], surface water from reservoirs represents most of the water
stewardshipped and distributed by irrigation districts in the EU-Med region. Concurrently,
underground water abstractions in Spain irrigate over one-third of the country irrigable
area [27]. Our study is on the arable lands of the Guadalquivir river valley near Seville,
where the climate is Mediterranean-oceanic [28]. According to the site coordinates, water
would be served by the Comunidad de Regantes del Valle Inferior del Guadalquivir
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irrigation district, hereinafter abbreviated as Valle Inferior Irrigation District (VIID). Their
irrigation scheme provides surface water with a pressure head (ph) of 441 kPa of water
measured at the pumping station [29].

Table 1. Input data for PV simulation of a 5.7 ha agro-photovoltaic plant oriented due Southwest, in
Brenes (Seville, Spain).

SISIFO Simulator Input Data

Site Geographical Latitude 37.557351◦ N
Site geographical longitude 5.834142◦ W

Local altitude (m) 40
Meteorological data type TMY (a)

PV system peak power (kWp) 3166
PV system peak power per inverter (kWp) 153.1

Inverter nominal power (kW) 150
Real power/peak power (dimensionless) 0.98

PV system peak power per transformer (kWp) 3166
Generator inclination or PV modules tilt angle (◦) 27

Generator orient. or azimuth angle (◦) –45
Generator height at supporting structure center (m) 7

Separation among structures (dimensionless) 3 (b)

PV generator width (dimensionless) 8 (c)

Deviation of back structure (dimensionless) 0 (d)

LV/MV transformer power (kVA) 3150
LV/MV transformer iron losses (kW) 32

LV/MV transformer copper losses (kW) 32
DC wiring losses (% of peak power) 2.0

AC wiring losses between inverter and LV/MV transformer (% of peak power) 2.0
Soiling impact (%) 1.0

(a) Typical meteorological year. (b) 9.5 m/3.28 m ≈ 3. (c) 26 m/3.28 m ≈ 8. (d) 0 m/26 m = 0.

Instead of continuous mono-cropping, a crop rotation was designed to submit to the
principles of sustainable farming. The crop selected as rotation head was early-potato. To
do the study more comprehensive, we extended it to an alternative four-year crop rotation.
The head-of-rotation in this case was processing-tomato, which in the last years competes
with early-potato in local farmers preferences. It is worthy of note that processing-tomato
is also mainstream in other EU-Med countries such Italy. The main difference between the
two crop rotations is that the early-potato rotation is symmetrical, unlike the processing-
tomato counterpart. The latter is asymmetrical because tomato withstands well—or indeed
“‘prefers’”—to be cultivated up to thrice on the same plot, whereas potato is required to be
cultivated in a different plot each year.

The crops included in the early-potato rotation, apart from the potato (Solanum
tuberosum L.) itself, were: Canola (Brassica napus), onion (Allium cepa L.), faba bean (Vicia
faba L.) and forage maize (Zea mays L.). The latter two are cultivated on the same plot one
after the other in the same year, practice known as sequential cropping or double cropping
(Table 2). This scheduling was designed following the sustainable agriculture principles of:
(i) avoid cultivating two demanding crops one after the other in the same plot; and (ii) for
every plot, avoid repeating the botanic family of the previous year.

Table 2. The early-potato rotation designed, wherein potato returns to each plot every four years.

Year Plot 1 Plot 2 Plot 3 Plot 4

1 FB-FM (a) Canola Potato Onion
2 Canola Potato Onion FB-FM
3 Potato Onion FB-FM Canola
4 Onion FB-FM Canola Potato

(a) Sequential cropping of faba bean (FB) in first harvest and forage maize (FM) in second harvest.
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The crops comprising the processing-tomato rotation (Table 3), apart from tomato
(Lycopersicum esculentum or Solanum lycopersicum) itself, were: Melon (Cucumis melo L.),
carrot (Daucus carota L.), onion and dry peas (Pisum sativum L.). Due to the asymmetry of
this rotation, its full 25-year scheduling derivation is tedious and is relegated to Table A1
(Appendix B).

Table 3. Tomato rotation designed, wherein processing-tomato is cultivated in the same plot for three
consecutive years.

Year Plot 1 Plot 2 Plot 3 Plot 4

1 Melon Onion Carrot Tomato
2 Onion Carrot Melon Tomato
3 Carrot Melon Onion Tomato
4 Tomato Onion Pea Melon

2.3. Profitability Analysis

From an entrepreneurship point of view, an APV farm is a business comprised of
two activities, namely crop production and electric power generation. To determine the
profitability of an APV system, the stream of annual income and expenditure during the
project lifetime has to be computed. Expenditure comprise initial investment cost (ascribed
to the PV activity, since all the crops considered are annual), plus annual operation and
maintenance costs (due to both agricultural and electric energy generation activities).
Revenues originate from both activities and go from the second year onwards, since the
first year is unproductive and carries only investment costs.

With regard to the APV system investment cost or capital expenditure (CapEx), the
main items are the acquisition and installation of the substructure and mounting structures,
PV modules, inverters, transformer and the so-called balance-of-system (cables, switch-
boards, etc.). Table A2 (Appendix C) includes a breakdown of the cost items involved. With
regard to the operating expenditures (OpEx), they can be split in two: First, the annual PV
OpEx. Second, the annual costs incurred for crop cultivation beneath APV sheds. Table 4
includes estimated crop production costs under the partial shading of an APV shed.

Table 4. Crop production cost under full sunlight and under APV partial shading (in both cases assuming irrigation with
surface water).

Crop Production
Cost (a) under
Full Sunlight

(€/ha)

Savings Due to Synergetic
APV Partial Shading Crop Production

Cost under APV
Partial Shading

(€/ha)
Irrigation

Water Saving
(%)

Fertilization
Saving

(%)

Hail in Surance
Saving

(%)

Fruit Solar Protector
Saving

(%)

Canola 934 11.5 (b) – – – 931
Carrot 8978 11.5 (b) – – – 8964

Forage maize 1826 11.5 (b) – – – 1813
Dry faba bean 544 11.5 (b) – – – 541

Melon 7725 14.0 (c) – 2.5 1.5 7697
Onion 7899 11.5 (b) – – – 7885

Dry pea 631 11.5 (b) – – – 628
Early potato 4701 9.0 (d) – – – 4694

Processing tomato 4430 9.0 (d) 2.0 (e) 2.5 – 4403
(a) See Table A4 (Appendix D) for details. (b) Due to scarcity of bibliographic data on water saving for some crops under shade, they are
assigned the mean between 14% (c) and 9% (d). (c) Assimilated to cucumber as both melon and cucumber belong to the botanical family of
Cucurbitaceae; data for cucumber available at [30]. (d) Data for cherry tomato available at [31]. In addition, processing-tomato, the same
value is assigned to early-potato, since the latter belongs to the same botanical family as tomato, namely, Solanaceae. (e) [32].

The irrigation district is liable for pressurizing the pipeline network. Therefore, the
electricity generated by the APV system would not be partially self-consumed by a pump
station, but entirely sold in the electricity wholesale market. Hence, the management
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of electricity binomial tariff cost items (contracted power, energy consumption, capacity
charge, meter-gauge leasing, irrigators partially exempted electric tax, etc.) is on the
irrigation district behalf.

Following the recommendations/prescriptions of the EU Water Framework Directive,
many irrigation districts have abandoned the traditional per-hectare flat-rate pricing. The
installation of volumetric metering valves has enabled irrigation districts to change to
binomial tariffs. These consist of a fixed per-hectare component that is proportional to the
area with irrigation rights and a variable or volumetric component that is proportional to
the volume of water used [33,34].

The irrigation district determines the volumetric component, based on energy cost.
This cost depends on the ph of the irrigation network, the acreage irrigated and the type of
crop, since the required hydraulic power is equal to the ph multiplied by the flow rate (in
turn, ph depends on whether the water source is underground or surface, the irrigated area
topography (plot elevations, size and shape) and the irrigation system service pressure,
e.g., sprinklers demand more pressure than drippers) For the VIID, current energy cost
is of 0.012 EUR/m3 [35]. Rodríguez-Díaz et al. [36] measured energy consumption and
power required per unit of irrigated area for several surface-water irrigation districts in
southern Spain. One of them, the Bembézar Margen Derecha (BMDID), featured a ph of
461 kPa, almost identical to the VIID ph of 441 kPa. The crops irrigated are similar in both
irrigation districts and similar to those of our study. In a sequel work, Fernández-García
et al. [37] reported an energy cost of 0.02 EUR/m3 and a total irrigation cost of 283 EUR/ha
for the BMDID. Here, we took the energy cost of 0.02 EUR/m3 [37] instead of the lower
0.012 EUR/m3 [35]. Total irrigation cost in sites where underground water is used is usually
two-fold (600 EUR/ha) and sometimes it can reach 900 EUR/ha [38].

Apart from the energy cost, irrigation cost includes water as a fixed-cost levied
upon the land. The fixed per-hectare component in turn splits in two: The royalty
of the River Basin Organism (Confederación Hidrográfica del Guadalquivir), a public
incumbrance for upstream public civil works that allow water disposal to irrigation
schemes (42.47 EUR/ha·annum); and the irrigation district fee, for management and
maintenance of downstream irrigation district proprietary pipeline network and facilities
(63.23 EUR/ha·annum in the case of the VIID [35]). The sum of both amounts equals
105.8 EUR/ha·annum. Further, VIID subscribers are currently, subjected to surcharge
disbursement of 84.30 EUR/ha·annum in concept of amortization of pipeline, reservoirs
and pumping stations upgrading works commissioned in 2008. Herein, this cost item is not
included, since the expected remaining surcharge payment period is shorter than our study
lifespan. In addition, regarding water use, Table 5 compiles the volumetric component and
the total irrigation cost under full sunlight for the 9 crops considered.

With regard to annual revenues, the main entries are: First, the income from the sale
of electricity generated by the PV modules; and second, the income originated from the
sale of agricultural produce. With regard to the first, the two variables that intervene
are: The annual specific energy yield (kWh/kWp) and the price perceived for the energy
generated (EUR/kWh). The annual yield will decrease from year 12 onwards, due to the
module degradation coefficient abovementioned. With regard to the wholesale electricity
market price perceived for the energy sold, we proceeded as follows: From the future solar
contracts due 2026 (FTS YR-26) published in the OMIP 2019 sessions market bulletins [42],
one day per month of the year 2019 was selected for averaging. The mean of the 12 prices
was 45.02 EUR/MWh (specifically, we took the 11th day of every month, except for May
and August, where the 13th and 12th day, respectively, were picked, to skip the eventual
Sunday effect). We deliberately dropped the 2020 sessions of the future solar market,
because concerns arose about the prices thereof being convoluted with the COVID-19
effect. Afterwards, we divided the 25-year lifespan into three periods: The first one
encompassing the first 9 years, while the second and third period spanning the following
eight-year each. Finally, we assigned the OMIP FTS mean price previously calculated,
45.02 EUR/MWh, to the first period of 9 years; a price diminished by 5% to the second

52



Agronomy 2021, 11, 593

period (0.95·45.02 = 42.77 EUR/MWh); and a price diminished by 10% to the last 8-year
period (0.90·45.02 = 40.52 EUR/MWh). The reason to assign the foregoing reduced prices to
the second and third period is that foreseeably—and unfortunately for generators—increasing
solar PV capacity installed in the forthcoming years will lead to decline of wholesale
electricity prices [43].

Table 5. Irrigation costs under full sunlight.

Surface Water Groundwater

Water Use
(m3/ha)

Energy Cost (b)

(EUR/ha)

Total Irrigation
Cost (c)

(EUR/ha)

Energy Cost (e)

(EUR/ha)

Total Irrigation
Cost (f)

(EUR/ha)

Canola 1200 24 130 48 291
Carrot 6000 120 226 240 483
Maize 5600 112 165 (d) 224 346

Faba bean 1300 26 79 (d) 52 174
Melon 4300 86 192 172 415
Onion 5900 118 224 236 479

Pea 1300 (a) 26 132 52 295
Potato 4000 80 186 160 403
Tomato 4951 99 205 198 441

(a) Following Karkanis et al. [39] and ITACYL [40]. (b) Energy cost translates into a volumetric component of 0.02 EUR/m3 [37]. (c) Fixed
component: The sum of the River Basin Organism royalty plus the irrigation district fee equals 105.8 EUR/ha [35]. (d) The fixed cost is
halved because faba bean and forage maize share the same field in one year. (e) Assuming a well depth of 100 m, energy cost translates into
a volumetric component of 0.04 EUR/m3 [41]. (f) The fixed component is related to the capacity factor charged to the irrigation district (ID)
by the electric utility; in turn, the ID apportions this charge to irrigators. It is estimated as 2.3 × 105.8 ∼= 243 EUR/ha; with 105.8 EUR/ha
taken from this same table footnote (c) as representative of a surface water ID. The rationale behind the 2.3 coefficient is that, as a rule of
thumb, more powerful pumps are required in groundwater IDs compared to surface water IDs; this has a direct effect on the capacity
factor charge.

Table 6 is a compilation of estimated decreases in crop yield due to APV shed shading
compared to full-sunlight cultivation. In Table 7, values are five-year (2014–2018) averages
calculated from official data of Spain Department of Agriculture [16] compiles crop yields
(kg/ha) and prices (EUR/t) under full sunlight.

Table 6. Crop yield variation under APV partial shading with respect to full sunlight.

Crop Yield Variation under Shading (a), High
Crop-Yield Penalty

(%)
Source (b)

Crop Yield Variation under Shading (c), Low
Crop-Yield Penalty

(%)

Canola –20 [44] –5
Carrot –10 [45] +5
Maize –7 [46] +8

Faba bean 0 [47] +15
Melon –17 [48] –2
Onion –6 [49] +9

Pea –15 [50] 0
Potato –23 [15] –8
Tomato –5 [32] +10

(a) Rounded to the closest integer. (b) See Appendix E for details on the uncertainty factors applied. (c) Assumption: ∆+15% over the values
in the second column.
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Table 7. Crop revenues under full sunlight conditions.

Crop Yield
under Full
Sunlight
(t/ha) (a)

Produce Price
Paid to the

Farmer
(EUR/t)

Farmer Income
from Produce Sale

under Full Sunlight
(EUR/ha)

EU-CAP Direct
Payment to
the Farmer

(EUR/ha) (b)

Total Income
under Full
Sunlight
(EUR/ha)

Canola 3.10 326.9 1013 35 1048
Carrot 49.22 303.4 14,933 NA 14,933

Forage maize 59.37 41.3 2452 NA 2452
Dry faba bean 1.79 223.6 400 45 445

Melon 34.60 337.7 11,684 NA 11,684
Onion 44.74 211.4 9458 NA 9458

Dry pea 1.79 220.6 395 45 440
Potato 30.98 246.2 7627 NA 7627

Processing tomato 85.00 72.5 6162 200 6362
(a) Values calculated as 5-year (2014–2018) averages from [16]. (b) NA: Not applicable.

3. Results

A well-established metric to assess the performance of dual-land use systems like
agroforestry [51] and also APV, is the land equivalent ratio (LER). However, the LER
exclusively accounts system revenues and not the expenditure. On the other hand, the
benchmark yardstick for energy generation systems, the levelized cost of electricity (LCoE),
computes cost relative to electricity yield, but does not incorporate the crop production
activity. Here, the indicator wherethrough profitability was evaluated was the internal rate
of return (IRR). Once income and expenditure from both agricultural and energy generation
activity were accounted, their aggregation to obtain the IRR was straightforward.

Figure 3 shows the annual specific yield of 1628 kWh/kWp predicted by the PV
simulator for the southwest-oriented APV shed. This value was introduced in Table 8 to
compute annual PV income throughout the foreseen lifespan. Likewise, the annual specific
yield was introduced in Table A3 to compute the annual PV OpEx. After the entire flow of
APV income and expenditure was computed, the IRR was calculated for both early-potato
and processing-tomato rotation. The same procedure was followed with the annual specific
yield of 1786 kWh/kWp predicted by the SISIFO PV simulator for the south-oriented
APV shed.

Unlike Beck et al. [20], we did not find substantial differences between the two orien-
tations. A mean shade factor of 30.6% was calculated for due south orientation (Figure A3),
while the counterpart for due SW was of 29.2% (Figure A4). The small difference between
both values prevented from matching orientation and shade-induced crop yield penalty.
Therefore, we determined that in our case-study APV shed orientation only affects elec-
tricity production. With the dichotomist sources of variation considered, namely, crop
rotation (potato/tomato), source of irrigation water (surface/underground), level of shade-
induced crop yield penalty (low/high) and APV shed orientation (SW/S), the number of
combinations analyzed was of 24.

The formula for the IRR is given by (Equation (1)):

0 =
26

∑
t=1

Ct

(1 + IRR)t− CapEx (1)

where Ct = net cash flow during the year t (calculated as the sum of annual income from
electricity sale—Table 8 plus annual income from the sale of agricultural produce harvested,
with subtraction of annual PV-OpEx—Table A3 and annual crop production cost; for the
early-potato rotation, annual agricultural flow is constant throughout the 25-year lifespan,
due to rotation symmetry, whereas in the case of the processing-tomato rotation, the annual
agricultural flows vary according to the pattern shown in Table A1); CapEx = total initial
investment cost (calculated as 562770 EUR/ha in Table A2 multiplied by 22.8 ha, giving
12,831,156 EUR).
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Table 8. Annual PV income for 24 ha and due SW orientation, assuming a 5% loss as to PV productive land, due to plot
dead corners (PV productive land of 22.8 ha).

Year
PV Module

Degrad.
Coeff.

Specific

(kWh/ha) (a)
Total
Yield

(kWh) (b)
(cEUR/kWh)

Energy Sale
Income
(EUR)

Total PV
Income (c)

(EUR)
Yield

(kWh/kWp)

1 0 0 0 0 0
2 1 1628 904,354 20,619,271 4.502 928,280 928,280
3 1 1628 904,354 20,619,271 4.502 928,280 928,280
4 1 1628 904,354 20,619,271 4.502 928,280 928,280
5 1 1628 904,354 20,619,271 4.502 928,280 928,280
6 1 1628 904,354 20,619,271 4.502 928,280 928,280
7 1 1628 904,354 20,619,271 4.502 928,280 928,280
8 1 1628 904,354 20,619,271 4.502 928,280 928,280
9 1 1628 904,354 20,619,271 4.502 928,280 928,280
10 1 1628 904,354 20,619,271 4.502 928,280 928,280
11 1 1628 904,354 20,619,271 4.277 881,886 881,886
12 0.995 1620 899,832 20,516,175 4.277 877,477 877,477
13 0.990 1612 895,310 20,413,078 4.277 873,067 873,067
14 0.985 1604 890,789 20,309,982 4.277 868,658 910,861
15 0.980 1595 886,267 20,206,886 4.277 864,249 864,249
16 0.975 1587 881,745 20,103,789 4.277 859,839 859,839
17 0.970 1579 877,223 20,000,693 4.277 855,430 855,430
18 0.965 1571 872,702 19,897,597 4.277 851,020 851,020
19 0.960 1563 868,180 19,794,500 4.052 802,073 802,073
20 0.955 1555 863,658 19,691,404 4.052 797,896 797,896
21 0.950 1547 859,136 19,588,308 4.052 793,718 793,718
22 0.945 1538 854,615 19,485,211 4.052 789,541 789,541
23 0.940 1530 850,093 19,382,115 4.052 785,363 785,363
24 0.935 1522 845,571 19,279,019 4.052 781,186 781,186
25 0.930 1514 841,049 19,175,922 4.052 777,008 777,008
26 0.925 1506 836,527 19,072,826 4.052 772,831 772,831

(a) (x kWh/kWp)·(555.5 kWp/ha) = y kWh/ha. (b) 0.95·24 ha = 22.8 ha; (y kWh/ha)·(22.8 ha) = z kWh. (c) Values in this column are
equal to values in the adjacent-left column except for the due year of inverters replacement (year 14), where an income of 10% of inverter
purchase price (18,505 EUR/ha, Table A2) is added in concept of old inverters residual value. Hence, the income added in the year 14 is of:
0.1·18,505·22.8 = 42,191 EUR.

Since the IRR is not explicit in Equation (1), it has to be solved by an iterative method,
like the ad hoc function of Microsoft Excel®. Table 9 is a compilation of the IRR for each of
the 24 combinations, wherein the minimum and maximum IRR are highlighted.
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Table 9. Internal rate of return for the 16 combinations generated.

IRR (%)

Due-Southwest Orientation Due-South Orientation

Low Shade-InduceD
Crop Yield Penalty

High Shade-InduceD
Crop Yield Penalty

Low Shade-InduceD
Crop Yield Penalty

High Shade-InduceD
Crop Yield Penalty

Potato rotation Surface Water 4.1 3.9 5.1 4.8
Ground Water 4.0 3.8 5.0 4.8

Tomato rotation Surface Water 4.7 4.3 5.6 5.2
Ground Water 4.6 4.2 5.6 5.2

To elucidate the profitability associated to the foregoing IRRs, they were confronted
with the private investor expected remuneration or annual cost of equity (re). According to
Guaita-Pradas and Blasco-Ruiz [52], the cost of equity can be estimated through the capital
asset pricing model, (Equation (2)):

re= rf + (rm − rf )· (2)

where re = annual cost of equity, i.e.,demanded rate of return on equity; rf = annual risk-free
rate of return; rm = annual stock-exchange market rate of return; β = coefficient that reflects
the sensitivity of the sector to market fluctuations.

A good representative for rf in Spain is the interest rate of the 30-year maturity Public
Treasury bonds, 1.31% [53]. Current market profitability, rm, is of 4.5% [54]. In strict sense,
in our case β would be somehow compounded, since the project economic activity sector
is not only electric generation but also agricultural production. For the sake of simplicity,
we took a PV β of 1.10 [55]. Substituting in (Equation (2)):

re= 0.0131 + (0 .045 − 0 .0131) · 1.10 = 0.04819

Therefore, the threshold of profitability is 4.8%. The IRRs compiled in Table 9 indicate
that some combinations would be profitable from the perspective of a private investor,
whereas others would be not.

4. Discussion

Following the mainstream APV philosophy of prioritizing agricultural over power
production and based on Beck et al. [20] conclusion, we initially performed calculations for a
SW-oriented APV shed. Finally, a comparative shaded-fraction analysis between southwest
and south orientation was undertaken. The small difference found (abovementioned values
of 29.2% and 30.6%), together with the shape of histograms Figures A3 and A4 suggest little
difference between both orientations. Perhaps the subtle difference in ground radiation
uniformity in our case was due to the TMY data used. Edge effects could also play a role.
This issue deserves more attention and should be further analyzed in a future work.

The result obtained for the early-potato rotation when the APV shed is oriented due
Southwest is in line with Trommsdorff [56], who, for organic potatoes cultivated beneath
the APV shed described by Schindele et al. [8], obtained an IRR 1.6% lower than WACC. In
a broader sense, López Prol et al. [43] wondered if renewable energy generators like PV
would ever be competitive considering the faster decline of the wholesale market price
compared to the LCoE. From the inception of our study, it was envisaged that a negative
factor for APV system profitability would be the high CapEx compared to conventional
ground-mounted PV power plants. To restrain APV system CapEx, fixed-tilt PV modules
were selected instead of single-axis trackers, which are 7% more expensive in average [57].
Here, the reason to select fixed-tilt PV generator was three-fold: First, to restrain system cost;
second, to utilize the substructure described by Schindele et al. [8], which is of known cost;
and third, to cast less shading on the understorey crop canopy. With regard to the latter, in
an early stage a set of simulations was performed with the dual-use shading analysis tool,
an on-line simulator promoted by the Massachusetts government to analyze the technical
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viability of APV layouts. Results indicated that single-axis tracking casted more shading,
in w% per square meter than fixed-tilt. On the other hand, Amaducci et al. [58] concluded
that reduction of global radiation beneath their APV shed was more affected by PV module
array GCR than by tilt angle management (fixed tilt/sun-tracking).

In the case that in one of the 6 ha APV plots there existed an authorized underground
water well equipped with a submersible pump, a reservoir to store the water abstracted
by the well pump and a horizontal-axis pump to pressurize the whole 24 ha farmer
irrigation network, the following management strategy could be analyzed: During PV
productive hours, a small fraction of the energy produced would be self-consumed by the
well pump to replenish the reservoir. To irrigate, i.e., to pressurize the irrigation network
preferably during nocturnal hours, energy would be consumed from the grid, through
the same HV power transmission line wherethrough PV production is injected. The
energy consumed would be registered, for billing purposes, by a bi-directional metering
gauge. This management strategy would remove the cost of water delivery charged by
the irrigation district. Concurrently, the income from the sale of electricity would be
diminished in the amount of the energy self-consumed—and therefore, not sold—by the
well pump. Likewise, the farmer would incur in the cost of the nocturnal energy consumed
from the grid by the irrigation pump. According to IDAE [59], average installed power
pump for pressurized irrigation in Spain is of 2 kW/ha. For a flat topography like the
area of study, assuming low pressure drip irrigation and for moderate water depth in the
well, the share of installed power could be e.g., 70% for the submersible well pump and
30% for the irrigation pump (the well pump share would increase with increasing depth).
Therefore, this results in 0.3 2 kW/ha = 0.6 kW/ha and 0.6 kW/ha 24 ha = 14.4 kW. This
is significantly smaller than 450 kW, the minimum contracted power to benefit from the
cheapest nocturnal electricity period of the Spanish tariff 6.1.

With regard to the possibility of reducing the 5 m clearance height of APV shed
substructure and accordingly save in system CapEx, the following has to be considered: In
our study, one head of rotation was first-early potato, planted in late December–January
and harvested in late May–early June. In Spain, this type of potato is not harvested with
the bulky and tall potato harvester, but with much smaller and shorter machines, namely,
potato lifters and windrowers. These machines just dig-up and expose the tubers so that
they can be afterwards hand-picked by manual workers. The reason to discard the potato
harvester is to preserve tuber quality, since hand-picking is less aggressive. In other parts
of Spain, where half-season potatoes are grown, the tubers spend more time within the
ground, resulting in a thicker skin that withstands better the abrasions and impacts that
occur inside potato harvester. Attending to the potato harvesting machinery used in the
area, one could think of saving in substructure height, at least in the case of the early-
potato rotation. However, a two-fold reason dissuade from this: First, canola and faba
bean, two of the potato “partners” in the eponymous rotation, are harvested with the
bulky combine harvester. Second, the main interest of a high substructure is not only to
allow agricultural machinery work beneath, but to provide homogenous light distribution
for the crop, casting shade of lower intensity. Analogous considerations apply for the
processing-tomato rotation, whereinto processing tomato is harvested with a bulky-tall
machine, similar in dimensions to both the potato and combine harvesters.

Among the circumstances that would yield lower IRR are: (i) APV plots remoteness
from the grid-connection switchyard (distance higher than the 1 km assumed in Figure 1;
(ii) re-activation of Spanish Law 15/2012, under which electricity generators must satisfy a
tax of 7% on the value of the energy injected to the grid -this law was challenged before the
Constitutional Court of Spain and the final judgment is pending [60].

Among the circumstances that could render higher IRR are: (i) Higher electricity yield
due to favorable microclimate condition. Thus, the SISIFO PV simulator used here is not
APV-specific but computes yield from site TMY climate data. Cooler temperatures on the
back side of the modules, induced by the irrigated understory crop, would improve PV
performance, especially in the summer months. (ii) Modification of the PV system electrical
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design: considering that while the peak power (153.1 kWp) to nominal power (150 kWp)
ratio is of approximately 1.02 Wp/Wn; stronger oversizing of the PV array with respect to
inverter is recommended [61].

Here, only the quantitative effect of shading on produce yield (t/ha) was considered.
More research is needed to investigate the effect of APV shading on produce quality
that ultimately affects revenues or even could be a limiting factor for the spread of APV.
Nishizawa et al. [62] concluded that severe levels of shading negatively affected melon
fruit firmness. Hernández et al. [32] measured not only higher concentration of lycopene,
but also lower concentration of vitamin C and phenolic compounds, in tomatoes grown
under partial shade compared to the full-sunlight counterpart.

In the authors’ opinion, the lack of profitability in some of the combinations of the
case-study analyzed herein does not tarnish the potential profitability of APV systems.
Higher IRR is envisaged for specialty crops, thanks to extended synergies between the
food generator—agricultural crop—and energy generator—PV modules. Savings in fruit
orchard hail and bird netting allowed by APV sheds paddle in this direction [63]. Like-
wise, the utilization of semi-transparent PV modules could increase crop intercepted light
without the need for the expensive 5 m ground-clearance substructure that supports con-
ventional opaque PV modules. The fragility of specialties such as raspberry, blackberry
and blueberry advises against their mechanized harvesting, contributing to the technical
viability of cost-effective limited-height sheds and the subsequent increased profitability of
APV systems.

5. Conclusions

In correspondence with objectives (1) and (2) indicated in Section 1, the following
conclusions can be drawn:

1. two crop rotations, one of them headed by early-potato partnered with canola, faba
bean, forage-maize and onion, and the other one headed by processing-tomato part-
nered with onion, dry-pea, carrot and melon were designed;

2. the stream of expenditure and revenues for both agricultural and electric energy
production was determined for a lifespan of 25 years. The internal rates of return
obtained ranged from a minimum of 3.8% for the combination of southwest orienta-
tion, early-potato rotation, groundwater and high shade-induced crop-yield penalty
to a maximum of 5.6% for the combination of South orientation, processing-tomato
rotation, surface water and low shade-induced crop-yield penalty.
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Abbreviations

a.s.l. Above sea level
CapEx Capital expenditures (investment cost)
Med Mediterranean
OpEx Operating expenditures
AC Alternating current
APV Agrophotovoltaic
BMDID Bembézar Margen Derecha Irrigation District
CAP European Union Common Agricultural Policy
DC Direct current
EU European Union
FB Faba bean
FM Forage maize
FTS Future solar contract
GCR Ground coverage ratio
GHG Greenhouse-effect gas
HV High voltage
ID Irrigation district
IRR Internal rate of return
LCoE Levelized cost of –electric- energy
LER Land equivalent ratio
LV Low voltage
MV Medium voltage
PE Polyethylene
PV Photovoltaic
SW Southwest
TMY Typical meteorological year
VIID Valle Inferior Irrigation District
Symbols
ph Pressure head
re Cost of equity (demanded rate of return on equity)
rf Risk-free rate of return
rm Stock market rate of return
Ct Cash flow in the year t
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Appendix B

Table A1. Processing-tomato rotation scheduling for 25-year lifespan.

Year Plot 1 Plot 2 Plot 3 Plot 4

2 Melon Onion Carrot Tomato
3 Onion Carrot Melon Tomato
4 Carrot Melon Onion Tomato
5 Tomato Onion Pea Melon
6 Tomato Onion Onion Onion
7 Tomato Carrot Carrot Carrot
8 Melon Tomato Melon Melon
9 Carrot Tomato Onion Onion
10 Melon Tomato Carrot Carrot
11 Onion Melon Tomato Melon
12 Pea Onion Tomato Onion
13 Onion Carrot Tomato Pea
14 Carrot Melon Melon Tomato
15 Melon Onion Onion Tomato
16 Onion Carrot Carrot Tomato
17 Tomato Melon Melon Melon
18 Tomato Onion Onion Onion
19 Tomato Pea Carrot Carrot
20 Melon Tomato Melon Melon
21 Onion Tomato Onion Onion
22 Carrot Tomato Pea Carrot
23 Melon Melon Tomato Melon
24 Onion Onion Tomato Onion
25 Carrot Carrot Tomato Pea
26 Melon Melon Melon Tomato

Appendix C

Table A2. APV system initial investment cost or capital expenditure, CapEx (the delayed CapEx item of inverters replace-
ment incurred in year 14 is included in Table A3).

EUR/unit EUR/kWp EUR/ha (a)
No. Units Per ag.

Plot of 6(5.7) ha

(1) PV modules 60.9 210.0 (b) 116,655 10,919 (c)

(2) Galvanized steel mounting structure 378.6 (d) 210,312
(3) Earthing 0.6 (e) 333

(4) Lightning protection system 9000 (f)

(5) DC switchboards (combiner boxes) 584.0 (g) 3.8 2111 21
(6) DC cables 35.0 (h) 19,443
(7) Inverters 5100.0 (i) 33.3 (j) 18,505 21

(8) AC low voltage cables 18.4 (e) 10,221
(9) LV/MV Transformer 80,500.0 (e) 25.4 (k) 14,124 1

(10) MV overhead power transmission line 1.9 (l) 1055
(11) Monitoring and communications 0.9 (e) 500

(12) Security 2.1 (e) 1167
(13) Installation works 132,490 (m)

(14) Subtotal 1 {=Σ(1) . . . (13)} 535,916
(15) Administration costs (1%) 5359

(16) Designer and construction manager fees (4%) 21,437
(17) Subtotal 2 {= (14) + (15) + (16)} 562,712

(18) Subsoiling 58 (n)

(19) TOTAL {=(17) + (18)} 562,770
(a) (x EUR/kWp)·(555.5 kWp/ha) = y EUR/ha. (b) [64]. (c) (528 modules/153.1 kWp)·3166 kWp = 10,919 modules. (d) Calclated from
[8]. (e) Calculated from [65]. (f) Adapted from [66]. (g) From [67], (531 £)·(1.10 EUR/£) ∼= 584 EUR. (h) From [68] with consideration of
1000 VDC inverter wire section saving. (i) From [69], (0.034 EUR/WAC)·(150 kWAC) = 5100 EUR. (j) 5100 EUR/153.1 kWp ∼= 33.3 EUR/kWp.
(k) 80500 EUR/3166 kWp ∼= 25.4 EUR/kWp. (l) Calculated from [70]. (m) Calculated by introducing 155,241 EUR/ha [8] in the following
breakdown model: Construction work, 65% of the installation works cost; electrical installation work, 35% of the installation works cost;
labor share within construction work, 40%; labor share within electrical installation work, 70%; ancillary equipment (cranes, welding
machines, tools, etc.) share within construction work, 60%; ancillary equipment share within electrical installation work, 30%. Price of
construction labor in Spain relative to Germany: 54%; price of electrician labor in Spain relative to Germany: 89% [71]. (n) [72].
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Table A3. Twenty-four hectare (22.8 ha effective) due SW-oriented PV system annual operating expenditure, OpEx, plus the
delayed CapEx of inverters replacement in the year 14.

Year
Total

Annual Yield (a)

(MWh)

Grid Access
Toll (b)

(EUR)

Brokerage P.W.M.
Agent (c)

(EUR)

Maintenance and
Repair (d)

(EUR)

Insurance and
Video-Surv. (e)

(EUR)

Internet
Fee (f)

(EUR)

TOTAL
(EUR)

1 0 0 0 0 0 0 0
2 20,619 10,310 4124 26,597 22,798 10,132 73,961
3 20,619 10,310 4124 26,597 22,798 10,132 73,961
4 20,619 10,310 4124 26,597 22,798 10,132 73,961
5 20,619 10,310 4124 26,597 22,798 10,132 73,961
6 20,619 10,310 4124 26,597 22,798 10,132 73,961
7 20,619 10,310 4124 26,597 22,798 10,132 73,961
8 20,619 10,310 4124 26,597 22,798 10,132 73,961
9 20,619 10,310 4124 26,597 22,798 10,132 73,961
10 20,619 10,310 4124 26,597 22,798 10,132 73,961
11 20,619 10,310 4124 26,597 22,798 10,132 73,961
12 20,516 10,258 4103 26,597 22,798 10,132 73,889
13 20,413 10,207 4083 26,597 22,798 10,132 73,817
14 20,310 10,155 4062 26,597 22,798 10,132 474,562 (g)

15 20,207 10,103 4041 26,597 22,798 10,132 73,672
16 20,104 10,052 4021 26,597 22,798 10,132 73,600
17 20,001 10,000 4000 26,597 22,798 10,132 73,528
18 19,898 9949 3980 26,597 22,798 10,132 73,456
19 19,795 9897 3959 26,597 22,798 10,132 73,384
20 19,691 9846 2954 19,948 17,099 7599 57,445
21 19,588 9794 2938 19,948 17,099 7599 57,378
22 19,485 9743 2923 19,948 17,099 7599 57,311
23 19,382 9691 2907 19,948 17,099 7599 57,244
24 19,279 9640 2892 19,948 17,099 7599 57,177
25 19,176 9588 2876 19,948 17,099 7599 57,110
26 19,073 9536 2861 19,948 17,099 7599 57,043

(a) From Table 8. (b) 0.5 EUR/MWh [73]. (c) p.w.m., power whosale market. Brokerage fee applied: 0.2 EUR/MWh [74], years 2
through 19; years 20 through 26: assumption of 25% price decrease applied [69], resulting in 0.15 EUR/MWh. (d) Years 2 through
19, (2.1 EUR/kWp)·(555.5 kWp/ha)·(22.8 ha) = 26,597 EUR; years 20 through 26: assumption of 25% price decrease applied [32],
0.75 × 26,597 = 19,948 EUR. (e) Years 2 through 19, (1.8 EUR/kWp)·(555.5 kWp/ha)·(22.8 ha) = 22,798 EUR; years 20 through 26: assumption
of 25% price decrease applied [32], 0.75× 22,798 = 17,099 EUR. (f) Years 2 through 19, (0.8 EUR/kWp)·(555.5 kWp/ha)·(22.8 ha) = 10,132 EUR;
years 20 through 26: assumption of 25% price decrease applied [32], 0.75 × 10,132 = 7599 EUR. (g) Inverter’s replacement cost included
(0.95 × 18,505 EUR/ha × 22.8 ha = 400,818 EUR; a 5% price decrease is assumed with respect to the year zero; 18505 EUR/ha taken from
Table A2).
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Appendix E

Uncertainty factors applied on literature references to obtain percentage yield variation
under shading for each crop (high crop yield penalty).

Appendix E.1. Canola

We took -20% yield value straightforwardly from Figure 1 [44], as the average of their
experiments shading at flowering (2011) and shading at pod filling (2011). We disregarded
yield value of shading at flowering (2010) because that year was extremely dry and we are
analyzing irrigation farming.

Appendix E.2. Carrot

We pay attention to the marketable yield column of Table 2 [45]. From the different
shading nets listed there, we select white polyethylene (PE) as the closer to our APV-shed
configuration (at first glance, one could think that due to monofaciality of our PV modules,
black PE would be more similar, but the shading intensity decrease due to modules height
plays a role). With respect to no-shade, the variation is of 9.6%, which we rounded to 10%.

Appendix E.3. Maize

We paid attention to Table 2 [46], biomass of corn stover and Table 3, grain yield. To
be conservative, for both tables we focused on the higher PV GCR. We took data from both
tables because forage maize crop harvest is a mix of chopped stover, ears and grains. From
Table 2 [46], we obtained −3% under shading, whereas from Table 3 [46], we obtained
−3.6%. The average of both values is 3.3%. To be conservative, we applied an uncertainty
factor of 2, which multiplied by 3.3 equals 6.6%, and finally, rounded to 7%. The reason
underlying the uncertainty factor of 2 is that Sekiyama and Nagashima [46] experiments
were conducted at latitude 35 ◦N, while our latitude is higher (37 ◦N).

Appendix E.4. Faba Bean

Table 2 [47] shows higher yield under shading than under full sunlight. To be conser-
vative, we assume zero variation with respect to full sunlight.

Appendix E.5. Melon

In Figure A3 [48], we took marketable yields corresponding to control (full sunlight)
and aluminet shading net, which to our understanding is more similar to our APV shading
than the other two types of shading net categorized in Figure 3 [48]. The difference between
them is approximately 8.4 t/ha, which divided by the control equals 16.5%, which we
rounded to 17%.

Appendix E.6. Onion

From Table 7 [49], we calculated an average yield variation of 2.3% between full
sunlight and shading conditions. Then, we applied an uncertainty factor of 2.5, for a
three-fold reason: First, the latitude of Khan et al. [49] experiment was tropical, unlike
ours; second, their shade was not generated by an inert artificial screen, but by a plant
canopy which entails a competition not only for sunlight, but also for soil nutrients. In third
place, the onion yield (t/ha) reported [49] are much lower than the common in our area,
most probably because spacing between plants was rather large. Finally, we calculated
2.3% · 2.5 = 5.8%, which we rounded to 6%.

Appendix E.7. Pea

In Table 2 [50], we took the yield values of lighter shading—one layer of screen—which,
to our understanding, reflects better the light conditions under our APV shed and compare
them to the no-shade conditions. For the year 1973, we obtained 19.4%, whereas for 1974
we obtained 10.5%. The average of both is approximately 14.9%, which we rounded to 15%.
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Appendix E.8. Potato

We took years 2015 and 2017 from Figure 3 [15]. To be conservative, we assumed an
average shading level of 38%, the mean of 26% and 50%, two of the shading intensities
shown in Figure 3 [15]. Reading in the graph the pertinent values and calculating, a shading
level of 38% delivered an average tuber yield variation of 23.4%, which we rounded to 23%.
We decided to apply no further uncertainty factor due to the following: although, with
respect to the availability of the solar resource, our latitude of Seville is more advantageous
than the latitude of Germany [15], this is cancelled-out by the fact that our early potato
crop season is shifted towards winter.

Appendix E.9. Tomato

The data compiled in Table 1 [32] indicate no tomato yield variation between full-
sunlight and shade (60% light). To be conservative, we considered a -5% in yield, to account
for the fact that Hernández et al.’s experiment [32], although at the same latitude than ours,
was conducted inside a greenhouse.
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Abstract: Agrometeorological stations have horizontal solar irradiation data available, but the design
and simulation of photovoltaic (PV) systems require data about the solar panel (inclined and/or
oriented). Greenhouses for agricultural production, outside the large protected production areas,
are usually off-grid; thus, the solar irradiation variable on the panel plane is critical for an optimal
PV design. Modeling of solar radiation components (beam, diffuse, and ground-reflected) is carried
out by calculating the extraterrestrial solar radiation, solar height, angle of incidence, and diffuse
solar radiation. In this study, the modeling was done using Simulink-MATLAB blocks to facilitate
its application, using the day of the year, the time of day, and the hourly horizontal global solar
irradiation as input variables. The rest of the parameters (i.e., inclination, orientation, solar constant,
albedo, latitude, and longitude) were fixed in each block. The results obtained using anisotropic
models of diffuse solar irradiation of the sky in the region of Castile and León (Spain) showed
improvements over the results obtained with isotropic models. This work enables the precise
estimation of solar irradiation on a solar panel flexibly, for particular places, and with the best models
for each of the components of solar radiation.

Keywords: extraterrestrial solar irradiation; global, beam and diffuse solar components; ground-
reflected solar radiation; horizontal, tilted and oriented solar irradiation

1. Introduction

The solar irradiation incident on the surface of a solar panel is the fundamental pa-
rameter for the design of photovoltaic systems that are best integrated into greenhouses
for agricultural production and for determining the amount of electrical energy that is
produced by such a panel, as well as for the simulation of its operation with the re-
quired precision. The value of the solar radiation that affects the solar panels is the main
variable needed to determine the performance of a photovoltaic (PV) system, together
with the ambient temperature, humidity and the speed and direction of the wind (see
Pérez-Alonso et al. [1]).

In modern agriculture, greenhouses are intended to increase the productivity, quality,
and precocity of crops that are characterized by the intensive use of land and of other
means of production and inputs (see Yano and Cossu [2]). Greenhouses, except those
located in large, protected production areas, are usually located in rural off-grid areas, and
connection to the grid can be very expensive for technical, economic, or environmental rea-
sons; therefore, an autonomous power source is required (see Chaurey and Kandpal [3] and
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Qoaider and Steinbrecht [4]). Thus, an efficient framework is needed to use solar/diesel
systems in off-grid greenhouses (see Cai et al. [5]). On the other hand, the highest electrical
consumptions in greenhouses correspond to ventilation, refrigeration, and pumping equip-
ment (water and nutrients). These agricultural structures are usually located in open spaces
where they receive large amounts of direct solar radiation. Hence, the largest demand for
electricity occurs during periods in which solar irradiation is available in large quantities,
thus matching the demand and supply, which makes the use of solar energy viable (see
Al-Ibrahim et al. [6]).

To estimate the incident solar irradiation, a pyranometer can be used [7], installed
in the same solar panel plane that is to be studied [8], and if such a sensor is not avail-
able, its value can be estimated with the measurements of pyranometers installed in
nearby meteorological stations, from which such measurements are normally taken on the
horizontal surfaces.

The solar irradiation received by a solar panel inclined at a certain angle with respect
to the horizontal surface and oriented with a deviation towards the east or west with respect
to the equator, with respect to the solar irradiation that reaches the horizontal surface,
which is usually measured and recorded in meteorological stations, depends on various
variables and parameters. Furthermore, this transformation is performed by treating the
three components of solar radiation separately, namely the direct radiation received in the
direction of the sun; the diffuse radiation, coming from all directions of the celestial vault
when the plane of the panel is inclined horizontally; and the albedo, which is the solar
radiation reflected from the surroundings of the earth’s surface.

The effect of the inclination of the solar panel on its electrical production performance
has been studied by different authors. Hafez et al. [9] detailed most of the design criteria
for a solar collector, suggesting a low optimal angle of inclination for summer and spring
and a high one for winter and autumn. In addition, photovoltaic systems show their
best performance with an optimal annual angle of inclination for which the solar tracking
system is not a necessary element. In addition, the solar irradiation incident on an inclined
surface has been studied depending on the geographical location. In the Mediterranean
Region, Darhmaoui and Lahjouji [10] found the optimal angle of inclination to achieve the
maximum annual solar energy collection, starting from the latitude of the place and the
values of the daily global solar irradiation on the horizontal surface, assuming a correct
south orientation.

In India, Pandey and Katiyar [11] studied the variation of the hourly global solar
irradiation for surfaces inclined at intervals of 15◦, where the one received with an angle
of inclination equal to the latitude of the place was the optimum throughout the year, by
using, for its simplicity, the isotropic model of Liu and Jordan [12] to estimate the monthly
mean hourly global solar irradiation on inclined surfaces. The same model developed
by Liu and Jordan [12] was used by Klein [13] to calculate the monthly mean daily solar
irradiation on inclined surfaces, regardless of the orientation of the collecting surface. In
the same period, Temps and Coulson [14] estimated the values of solar irradiation on the
inclined and oriented plane, using the solar flux model developed by Robinson [15].

From the beginning, the technological development of photovoltaic and thermal
solar energy has included scientific and technical work to estimate the solar irradiation
available on the horizontal surface from easily measurable parameters. More recently,
Gómez and Casanovas [16] proposed a model that applied to Spanish conditions of solar
irradiation on inclined surfaces arbitrarily oriented based on procedures of fuzzy logic.
This model considers overlapping classes, thus allowing a better description of the sky
situations in the transition zones between contiguous categories. Other studies have been
published analyzing the performances of different models of global solar irradiation (e.g.,
Loutzenhiser et al. [17], Evseev and Kudish [18], El Mghouchi et al. [19], and Li et al. [20]).

The direct component of the solar irradiation incident on an inclined plane can be
calculated trigonometrically, but it is also necessary to know the diffuse component of
the available solar irradiation on the horizontal surface. In some places, the global and
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diffuse solar irradiation on the horizontal surface is measured but, generally, only global
data are measured or inferred from satellite data. In South Korea, Yoon et al. [21] evaluated
20 cases (five solar radiation models for each of the four albedo models) and proposed
the photographic method with two factors (sky view and ground view) acquired from the
pyranometer; the precision was improved, mainly by increasing the angle of inclination
(i.e., considering the influence of obstacles against solar radiation); this improved the
prediction accuracy for diffuse irradiation. However, the prediction accuracy of direct
radiation was not improved.

The most widely available solar energy data are the measurements of global solar
irradiation on a horizontal surface and thus these are the main models used to estimate
diffuse solar irradiation on the horizontal surface, utilizing the horizontal global solar
irradiation. After the first studies, numerous models emerged utilizing a method that
provided a relationship for solar irradiation (diffuse vs. global) on a horizontal surface.
These models are generally expressed in terms of polynomials from the first to fourth
degrees, relating the diffuse fraction to the clearness index. Validity is discussed in these
studies in order to apply the findings at different locations from where the data have been
used for their development and for different climatic conditions or other geographical
latitudes. The original correlations were developed for daily values, but in this study
the hourly diffuse fraction vs. hourly clearness index was used, as it is the hourly solar
irradiation incident on the surface of the solar panel that is a fundamental input required
in the simulation of a more comprehensive design of a photovoltaic system.

Due to the lack of data series for solar irradiation measured on an inclined surface,
several models have been used to estimate the solar irradiation incident on the surface of
the solar panel from the measurement of global irradiation on a horizontal surface. This
estimation requires previous knowledge of the components (direct and diffuse) of the
global horizontal irradiation. Normally, they are not recorded at measurement stations, so
the search for these components is generally done through estimation models. In the case
of diffuse irradiation, the most widely used models or correlations are those that refer to
the diffuse fraction kd and the clearness index kt on an hourly, daily, or monthly average
basis. For the case of hourly fractions kd vs. kt, state-of-the-art models can be classified as
first-order models (e.g., Boland et al. [22]), second-order models (e.g., Hawlader [23]), third-
order models (e.g., Karatasou et al. [24]), and fourth-order models (e.g., Soares et al. [25], in
this case utilizing an artificial neural network technique). Muneer and Munawwar [26],
with a wide network of stations in Europe and Asia, show that the conventional model
(kd vs. kt) for solar irradiation diffusion produces a high dispersion and therefore it is
not satisfactory. For Australia, Ridley et al. [27] developed multiple predictions, using the
hourly and daily clearness indexes as predictors, along with the solar height, the apparent
solar time, and a measure of the persistence of the global solar irradiation level, suggesting
its use as a universal model. For Spain, Posadillo and López [28,29] studied the dependence
of kd and kt on solar height for their generalization to different places. Other experimental
studies concerning diffuse solar irradiation on the horizontal surface can be found, such as
those of Elminir [30], Ruíz-Arias et al. [31], and Torres et al. [32].

The method required for modeling the components of solar irradiation (beam, diffuse,
and ground-reflected) to estimate the incident on the solar panel is extensive and its
application can be complicated, so this study intended to make its use easier by providing
a methodology using Simulink-MATLAB blocks. This methodology was applied with
hourly horizontal global solar irradiation data from an agrometeorological station near to a
greenhouse, resulting in a better approximation thanks to the use of anisotropic models of
the diffuse solar irradiation.

2. Materials and Methods

This section describes the databases used, the component models applied, and the
methodology developed with Simulink-MATLAB.
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2.1. Materials

The hourly horizontal global solar irradiation data used in this study were recorded
in 2011 in an agrometeorological station that belongs to the Agroclimatic Information
System for Irrigation (SIAR), located in Mansilla Mayor (León, Castile and León region,
Spain) with the following geographical coordinates: 42◦30′43′ ′ N and 5◦26′46′ ′ W, altitude
791 mamsl and local time GMT-21.725555. SIAR is a project of the Ministry of Environment
and Rural and Maritime Areas of Spain, managed by the Agricultural Technological
Institute in Castile and León (ITACyL), which, through the InfoRiego service for irrigating
information, provides farmers with management recommendations for the use of water for
irrigation [33]. The sensor used was a silicon photocell that measures the solar irradiation
incident in the spectrum band between 350–1100 nm in the Skye SP1110 photovoltaic
pyranometer (Campbell Scientific, Inc., North Logan, UT, USA).

The hourly horizontal diffuse solar irradiation data used in this study were taken
in 2011 from the State Meteorological Agency database (AEMet is its name in Spanish)
of the Ministry for Ecological Transition of Spain [34], registered in the meteorological
station located in La Virgen del Camino (León, Castile and León region, Spain) with the
geographical coordinates: 42◦35′18′ ′ N and 5◦39′04′ ′ W, altitude 912 mamsl.

The solar irradiance data measured on the 45◦ inclined plane and oriented towards
the equator, which were used for comparison with the results obtained by the estimates of
the methodology proposed here, were recorded at the facilities of the University of León
(León, Castile and León region, Spain) with the geographical coordinates: 42◦36′50′ ′ N and
5◦33′39′ ′ W, altitude 848 mamsl. The thermoelectric sensor used generated a voltage of
10 mV/(kW·m2), with a measurement range between 0–2000 W/m2 and a spectral field
of 305–2800 nm, and was deployed as part of a 1st class LP PYRA 02 AC pyranometer
(Delta OHM Srl, Padova, Italy), manufactured under the ISO 9060 standard following the
recommendations of the World Meteorological Organization (WMO).

2.2. The Components of the Solar Irradiation Incident on an Inclined Plane

The evaluation of solar irradiation reaching an inclined plane is crucial because,
usually, only solar irradiation data recorded on the horizontal surface is available. The
methodology used for its estimation must determine the amount of received solar irradi-
ation (direct and diffuse) and, for a good simulation of the photovoltaic system, it must
be calculated with values for a minimum period of one hour. Methods mentioned in the
literature to calculate each of the components of the solar irradiation that affect the solar
panel are described below: directly from the sun; reflected from the ground; and diffused
from the sky. These are generally deployed separately before their subsequent union into a
global measurement.

2.2.1. The Beam Irradiation of the Sun Incident on an Inclined Plane

The direct solar irradiation incident on an inclined plane results from the relationship
among the components of the solar beam irradiation (extraterrestrial, horizontal, and
inclined), for which Iqbal [35] assumed that the direct irradiation on a surface (inclined vs.
horizontal) is the same on the surface of the Earth as it is at the maximum height of the
atmosphere, as shown in Equation (1) and also detailed in Equation (2), where rb is the
ratio of solar irradiation on a plane (inclined/horizontal) at the maximum height of the
Earth’s atmosphere (I0β/I0) ≈ (cos θ0/cos θz).

Ibβγ = Ib
I0βγ

I0
(1)

Ibβγ = Ib
cos θ
cos θz

= Ib rb (2)

where:

Ib: direct hourly irradiation incident on a horizontal surface;
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Ibβγ: direct hourly irradiation incident on an inclined and oriented plane;
rb: ratio of irradiation on an inclined plane and the horizontal surface at the maximum of

the earth’s atmosphere
(

I0β
I0
≈ cosθ0

cosθz

)
.

2.2.2. The Radiation Reflected by the Earth Incident on an Inclined Plane

The solar radiation that reaches the ground has direct and diffuse components. The
word “earth” here refers to the surface of the earth that the solar panel inclined plane sees.
Depending on the type of land cover, the albedo of solar irradiation (direct and diffuse) is
not the same, so the total irradiation reflected by the ground can be described, following
Iqbal [35], by Equation (3). As a result, two cases of reflection (isotropic and anisotropic)
can happen and are presented below.

Ir = (Ib ρb + Id ρd)Ag (3)

where:

Ir: diffuse hourly irradiation reflected by the earth incident on an inclined plane;
Id: diffuse hourly irradiation incident on a horizontal surface;
ρb: albedo of the soil due to direct irradiation;
ρd: albedo of the soil due to diffuse irradiation;
Ag: total area of the terrain seen by the inclined plane.

− Albedo with Isotropic Reflection

The isotropic reflection albedo refers to the perfectly diffuse reflection that occurs
when the global solar irradiation is mainly composed of diffuse irradiation (e.g., with a
cloudy sky) and/or when the ground cover is a perfectly diffuse reflector (e.g., a floor of
concrete). Then, by using the ratio of solar irradiation on an inclined plane to that on a
horizontal surface, a configuration factor relating the ground to the inclined plane can be
obtained, as developed by Iqbal [35] in Equation (4).

Ir =
1
2

I ρ(1− cosβ) (4)

where:

ρ: albedo of the ground (irradiation reflected from the ground/irradiation incident on
the ground).

− Albedo with Anisotropic Reflection

The anisotropic reflection albedo refers to the imperfect diffuse reflection that occurs
when global solar irradiation is mainly composed of direct irradiation (e.g., with a clear
sky) and/or when the ground is wet or there are shiny surfaces. Then, the isotropic model
can be corrected with the following factors, as described by Iqbal [35], in Equation (5).

Ir =
1
2

I ρ(1− cosβ)
[

1 + sen2
(
θz

2

)]
(|cos ∆|) (5)

where:

∆: azimuth of the inclined surface to that of the Sun; this angle is reduced toω for surfaces
inclined towards the equator.

2.2.3. The Diffuse Irradiation of the Sky Incident on an Inclined Plane

The empirical formulations for the diffuse solar irradiation of the sky incident on an
inclined surface are well-developed for each category of the sky (i.e., clear, cloudy, and
partly cloudy).

− Circumsolar Model
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The circumsolar model is applied with a clean and clear sky and assumes that all
solar irradiation that reaches the horizontal surface comes from the direction of the Sun,
and thus that it can be treated in the same way as direct irradiation, as in Equation (6)
from Iqbal [35].

Is = Id rb (6)

where:

Is: diffuse irradiation of the hourly sky incident on an inclined plane.

− Isotropic Model

The isotropic model is applied with a cloudy sky and assumes that the diffuse solar
irradiation of the sky is uniform throughout the celestial dome. The diffuse irradiation
of the sky incident on an inclined plane can thus be obtained with the Liu and Jordan
model [36], as in Equation (7).

Is =
1
2

Id(1 + cosβ) (7)

− Anisotropic Models

Anisotropic models are applied with a partially cloudy sky, which can vary between
clear and cloudy sky. Below are three models for this case.

(a) Temps and Coulson Model

The Temps and Coulson model of anisotropic distribution for clear skies was devel-
oped in [14] and can be calculated with Equation (8).

Is =
1
2

Id(1 + cosβ)
[

1 + sen3
(
β

2

)](
1 + cos2 θ sen3θz

)
(8)

This model includes correction factors for the isotropic diffuse irradiation model which
take into account the zones of anisotropy in diffuse irradiation. Factor [1 + sen3(β/2)] is
included to explain the increase in skylight observed near the horizon on clear days, the
factor (1 + cos2θ sen3θz) approximates the brightness of the sky near the Sun, and the third
factor represents the reflection of the earth in a better way.

(b) Klucher Model

The Klucher model of anisotropic distribution for all of sky types [37] modifies the
formulation of the Temps and Coulson model by including a factor F = 1 − (Id/I)2, as
indicated in Equation (9).

Is =
1
2

Id(1 + cosβ)
[

1 + F sen3
(
β

2

)](
1 + F cos2θ sen3θz

)
(9)

When the sky is completely cloudy, F = 0 (i.e., the equation returns to the isotropic
model), and when the sky is clear, F = 1 (i.e., the Temps and Coulson model is used), thus
improving the estimates for all types of sky.

(c) Hay Model

The Hay model utilizes a circumsolar component that comes directly from the direction
of the Sun and another component of diffuse irradiation that is distributed isotropically
from the rest of the celestial vault, as calculated by Hay [38,39] with Equation (10).

Is = Id

{
I− Id

I0
rb +

1
2
(1 + cosβ)

[
1− I− Id

I0

]}
(10)

These two components are weighted according to an isotropy index (i.e., a ratio of the
direct horizontal solar irradiation on the earth and the extraterrestrial solar irradiation).
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2.2.4. Global Solar Irradiation Incident on an Inclined Plane

The total amount of the solar radiation incident on an inclined plane is made up of
three components (direct, reflected from the ground, and diffused from the sky) which
are then combined once the individual values are known. In places where the hourly
solar irradiation (global and diffuse) on horizontal surfaces is known or the latter can be
estimated, the global irradiation on an inclined plane can be written, as in Iqbal [35], with
Equations (11) or (12).

Iβγ = (I− Id)rb + Ir + Is (11)

Iβγ = Ibβγ + Idβ (12)

where:

I: global hourly irradiation incident on a horizontal surface;
Iβγ: global hourly irradiation incident on an inclined and oriented plane;
Ibβγ: direct hourly irradiation incident on an inclined and oriented plane;
Idβ: diffuse hourly irradiation incident on an inclined and oriented plane (Ir + Is).

2.3. Simulink-MATLAB Methodology for Estimating the Solar Irradiation Incident on the
Inclined Plane

For the calculation of solar irradiation on an inclined and/or oriented surface, existing
models described in the literature need the horizontal global solar irradiation, horizontal
diffuse solar irradiation, solar height, and angle of incidence as input variables, with their
values either measured or estimated. When other models are used for the calculation
(e.g., horizontal diffuse solar irradiation), the value of extraterrestrial solar irradiation is
provided through parameters such as the solar constant, a correction factor for Earth’s
eccentricity, the day of the year, the solar declination, and the solar time angle, as well as
others pertaining to the location of the greenhouse, such as its geographical latitude and
longitude, and the inclination and orientation of the solar panels.

In this study, the methodology was developed with models from different authors that
have been accepted in the literature; however, to facilitate its use, the Simulink-MATLAB
platform for programming with visual objects was deployed. The modular nature of its
design provides the possibility of using different existing models for different case studies,
depending on which is the most suitable, or creating new models to obtain the various
variables required.

In this study, the value of the hourly global solar irradiation on an inclined plane,
according to the scheme proposed in Figure 1, was calculated with six functional blocks:

− a block for calculating the hourly extraterrestrial solar irradiation on the horizontal
surface, I0;

− a block for calculating the solar height, α, for each hour of the day;
− a block for calculating the angle of incidence,
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, of the solar rays on the inclined
and/or oriented plane;

− a block for estimating the diffuse solar irradiation of the hourly sky on the horizontal
surface, Id;

− a block for the union of the three components on the inclined plane;
− a block for the conversion of irradiance to hourly mean solar irradiance.

This methodology received the following as input variables:

− the day of the year, J (i.e., 1 for January 1, . . . , 365 for December 31);
− the mean value of the hourly interval to study, t (i.e., the time of day + 0.5);
− the hourly global solar irradiation measured on the horizontal surface, I.

The rest of the parameters were set inside each block and identified the position of the
solar panels of the photovoltaic system and the location of the greenhouse:

− the inclination of the solar panel, β;
− the orientation of the solar panel, γ;
− the solar constant, Isc;
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− the albedo, ρ;
− the latitude, the geographical ϕ of the greenhouse;
− the geographical longitude of the greenhouse.
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The following sections detail the implementation of each block of the methodology
developed in Simulink-MATLAB.

2.3.1. Hourly Extraterrestrial Solar Irradiation Block

The Sun emits a flow of energy which is considered to be almost constant except
for small variations due to sun spots. This solar energy, when it reaches the top of the
atmosphere, receives the name of extraterrestrial solar irradiation and it is this solar
irradiation that would reach a certain point on Earth if the atmosphere that protects it did
not exist.

Extraterrestrial solar irradiation for various latitudes can be estimated from the follow-
ing parameters: the solar constant, the solar declination, and the time of year. For hourly
or shorter periods, the solar angle at the beginning and the end of the period has to be
considered (see the work of Allen [40], recommended by the FAO for the development of
calculations for crop evapotranspiration, Duffie et al. [41], and Kalogirou [42]). This is done
with Equation (13).

I0 =

(
12·60
π

)
Isc E0[(ω2 −ω1) sen φ sen δ+ cos φ cos δ(senω2 − senω1)] (13)

where:

I0: hourly extraterrestrial solar irradiation incident on a horizontal surface, MJ/(m2·h);
Isc: solar constant, 0.082 MJ/(m2·min);
E0: correction factor for the eccentricity of the Earth (r0/r)2, with E0 = 1 + (0.033·cos(2·π·J/365));
r0: average Sun–Earth distance, 1 ua;
r: current Sun–Earth distance, ua;
ua: astronomical unit, 1496 × 108 km;
J: day number of the year, 1 for January 1, . . . , 365 for December 31;
φ: geographic latitude (rad), north (+) and south (−): −90◦ ≤ φ ≤ 90◦ where
(rad) = π/180·(◦decimal places);
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δ: solar declination (rad), with δ = 0.409·sen((2·π·J/365) − 1.39). Defined as the angular
position of the Sun at solar noon—that is, when the Sun is in the local meridian—in relation
to the plane of the Earth’s equator, north (+) and south (−): −23.45◦ ≤ δ ≤ 23.45◦;
ω1: solar hour angle at the beginning of the period (rad), withω1 =ω − ((π·t1)/24);
ω: solar hour angle at the moment when the midpoint of the considered period occurs
(rad), withω = (π/12)·[(t + 0.06667·(Lz − Lm) + Sc) − 12];
t1: duration of the period considered (hours), 1 for hourly periods, 0.5 for periods of 30 min;
t: standard time at the midpoint of the period considered (hours) (e.g., for a period between
2:00 p.m. and 3:00 p.m., t = 14.5);
Lz: geographic longitude of the center of the local time zone, degrees west of Greenwich:
75◦ East, 90◦ Central, 105◦ Rocky Mountain, 120◦ Pacific USA, 0◦ Greenwich, 330◦ Cairo,
255◦ Bangkok, 345◦ Spain (Iberian Peninsula);
Lm: geographic longitude of the measurement area, degrees west of Greenwich;
Sc: seasonal correction for solar time (hours), with Sc = 0.1645·sen(2b) − 0.1255·cos(b) −
0.025·sen(b) and b = 2·π·(J − 81)/364;
ω2: solar hour angle at the end of the period (rad), with ω2 = ω + ((π·t1)/24). If, in the
morning, ω < −ωs, or, in the afternoon, ω > ωs, this indicates that the Sun is below the
horizon such that I0 = 0.

It is necessary to take into account the advance of the clock time in the official time
(i.e., wintertime UTC+1 from the last Sunday in October and summertime UTC+2 from the
last Sunday in March).

2.3.2. Horizontal Diffuse Solar Irradiation Block

The horizontal diffuse solar irradiation modeling from the hourly clearness index
(kt = I/I0) and an hourly diffuse fraction (kd = Id/I) was carried out with a third-order
model (that of Miguel et al. [43]) and was performed using data from several countries in
the northern Mediterranean, resulting in Equation (14).

kd =





0.995− 0.081 kt

0.724 + 2.738 kt − 8.32 k2
t + 4.967 k3

t
0.18

for
kt ≤ 0.21

0.21 < kt ≤ 0.76
0.76 < kt

(14)

2.3.3. Solar Height and Zenith Angle Block

Solar height, also called solar elevation, is the angular height of the Sun above the
observer’s celestial horizon, which is an angle between 0◦ and 90◦. The zenith angle, also
called the zenith distance, is the angle between the local zenith and the line that joins the
observer and the Sun; the value of the angle is between 0◦ and 90◦. The solar height is
the complement of the zenith angle. For a given geographic position, in the absence of
atmospheric refraction of the earth, the trigonometric relationship between the Sun and a
horizontal surface provided by Iqbal [35] is defined by Equation (15).

cos θz = sen δ sen φ+ cos δ cosφ cosω = sen α (15)

where:

α: solar height—the angle of elevation of the Sun above the true horizon;
θz: zenith angle—the angular position of the Sun in relation to the local vertical, θz = 90◦ − α.

2.3.4. Angle of the Incidence of Solar Irradiation on the Solar Panel Block

The angle of incidence is the angle formed between the normal to the inclined plane
and the Sun–Earth vector. There are two cases: the inclined plane may be oriented towards
the equator or with an arbitrary orientation towards east or west.

− Modeling the angle of incidence for an inclined solar panel oriented towards the equator
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The angle of incidence for an inclined surface oriented towards the equator can be
described, as detailed by Liu and Jordan [12], with Equation (16).

cos θ0 = sen δ sen (φ− β) + cos δ cos(φ− β) cosω (16)

where:

θ0: angle of incidence for an inclined surface oriented towards the equator;
β: inclination of the surface to the horizontal position.

− Modeling the angle of incidence for an arbitrarily inclined and oriented solar panel

The relationship of the angle of incidence for a surface inclined and oriented in any
direction with the local meridian is trigonometric (see Berod and Bock [44], Kondratyev [45],
and Coffari [46]) and can be described with Equations (17) or (18).

cos θ = (sen φ cosβ− cosφsen β cosγ)sen δ

+(cosφ cosβ+ senφsen β cosγ) cos δ cosω

+ cos δsenβsen γ senω

(17)

where:

θ: the angle of incidence for an arbitrarily inclined and oriented surface.

cos θ = cosβ cos θz + sen β cos θz cos(ψ− γ) (18)

where:

γ: azimuth angle of the surface, orientation. Defined as the deviation of the normal to the
surface of the solar collector from the local meridian in the directions west (−), south (0), and
east (+);
ψ: solar azimuth with cosψ = ((senα·senφ-senδ)/(cosα·cosφ)), with 0◦ ≤ ψ ≤ 90◦ for
cosψ ≥ 0, and with 90◦ ≤ ψ ≤ 180◦ for cosψ ≤ 0. This is the angle at the local zenith
between the plane of the observer’s meridian and the plane of a great circle passing through
the zenith and the Sun in the directions west (−), south (0), and east (+): −180◦ ≤ 0◦ ≤ +180◦.

Measurement of the angle of incidence of the direct solar irradiation can be done by
constructing a simple device. This consists of mounting a normal pointer to a flat surface,
on which graduated concentric circles are marked. The length of the shadow cast by the
pointer can be measured using concentric circumferences and can be used to determine the
angle of incidence according to the international standard ISO 9806:2017 [47]. The device
should be located on the plane and to one side of the solar panel.

2.3.5. Angle of the Incidence of the Solar Irradiation on the Solar Panel Block

This block was used to unify the three components of solar radiation that affect the
solar panel in order to obtain the amount of the global solar radiation incident on the
inclined surface.

2.3.6. Conversion from Hourly Global Irradiance to Hourly Mean Solar Irradiance Block

Finally, the conversion of the global hourly solar irradiance (i.e., energy value) obtained
for the inclined and oriented plane to the corresponding hourly mean solar irradiance (i.e.,
power value) was undertaken. Through interpolation, these hourly values can be used to
create a database with a time interval of one minute in order to carry out a more detailed
simulation of the operation of the photovoltaic system under study (e.g., as input values
for the simulation of a model of a greenhouse photovoltaic system).

3. Results

This section presents the results of the selected models for the estimation of the
global solar irradiation value on the solar panel inclined plane, based on the global solar

78



Agronomy 2021, 11, 495

irradiation on the horizontal surface (which is usually recorded in meteorological stations)
and using the following Simulink-MATLAB blocks:

− hourly extraterrestrial solar irradiation;
− hourly horizontal diffuse solar irradiation;
− the hourly solar height;
− the hourly angle of incidence on the solar panel;
− the hourly global solar irradiance and hourly average solar irradiance on the solar panel.

3.1. Result of the Hourly Extraterrestrial Solar Irradiation Block

The extraterrestrial solar irradiation modeling was applied to determine the temporal
evolution of the extraterrestrial solar irradiation at the top of the atmosphere (which would
be found to reach a certain point on Earth if the attenuation and scattering effects which
are produced by the atmosphere when the sun’s rays pass through it are not considered).

The results of the methodology for the calculation of hourly extraterrestrial solar
irradiation, obtained for the 15th day of each month of the year at latitude 42◦ N and
longitude 5.6◦ W, are shown in (Figure 2).
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3.2. Result of the Hourly Horizontal Diffuse Solar Irradiation Block

The different correlations proposed for the hourly diffuse fraction in the introduction
are shown in Figure 3. Generally, each model includes three relationships for each sky type,
as detailed by Iqbal [35], that determine the daily clearness index in order to define sky
conditions such that:

− for clear sky, 0.7 ≤ kt < 0.9;
− for partly cloudy sky, 0.3 ≤ kt < 0.7;
− for overcast sky, 0 ≤ kt < 0.3.
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Figure 3. Different correlations of the diffuse solar irradiation on the horizontal surface proposed in the literature.

Figure 4 shows the results of the methodology used for the conversion of the hourly
diffuse solar irradiation to the hourly global solar irradiation, using data recorded by the
State Meteorological Agency (AEMet) at La Virgen del Camino station (León, Castile and
León region, Spain), with regard to the relation between the hourly diffuse fraction and the
hourly clearness index, with values recorded for the central eight hours of the day during
2011, along with the model selected (Miguel et al. [43]).
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Figure 4. AEMet data from La Virgen del Camino (León, Castile and León region, Spain) for the hourly diffuse fraction vs.
the hourly clearness index for the eight central hours of the day during the year 2011, along with the horizontal diffuse solar
irradiation estimation model (Miguel et al. [43]).
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3.3. Result of the Hourly Solar Height Block

The results of the methodology used for the modeling of the hourly solar height,
obtained for the 15th day of each month of the year at latitude 42◦ N and longitude 5.6◦ W,
are shown in Figure 5.
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Figure 6 shows that the maximum values for the solar height were obtained at
solar midday.

3.4. Result of the Hourly Incidence Angle Block

Figure 7 shows the results of the methodology used for the modeling of the hourly
incidence angle obtained for the surface of a solar panel with an inclination of 45◦ and
oriented towards the equator, for the 15th day of each month of the year at latitude 42◦ N
and longitude 5.6◦ W.
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Figure 7. Hourly incidence angle calculated at latitude 42◦ N and longitude 5.6◦ W for the 15th day of each month. (Top)
January to June; (bottom) July to December.
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The minimum values of the angle of incidence, which were obtained at solar noon for
each day of the year, are presented in Figure 8.
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3.5. Results for Hourly Global Irradiance and Hourly Mean Solar Irradiance on the Solar Panel

The data recorded for the global solar irradiation on the horizontal surface during
2011 in the agrometeorological station located in the town of Mansilla Mayor (León, Castile
and León region, Spain), as part of the SIAR network, were used to apply the methodology
developed in Simulink-MATLAB for the estimation of the global solar irradiation value on
a surface with an inclination of 45◦ and oriented towards the equator. The results of the
different methods of obtaining diffuse solar irradiation are shown below.

Figure 9 shows the values of the daily global solar irradiation obtained from the
horizontal SIAR network, together with the calculations carried out for the estimation of
the daily global solar irradiation on a surface inclined at 45◦ and oriented to the equator
using the following four models.

− Inclined Model 1
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Figure 9. Global solar irradiation measured on the horizontal surface during the year 2011 and estimated for a the solar
panel inclined at 45◦ and oriented to the equator with Inclined Models 1, 2, 3, and 4.
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Inclined Model 1 used the CENSOLAR [48] method, which provides a coefficient to
obtain the value of the global solar irradiation on the solar panel, depending on the latitude,
the inclination, and the month of the year.

The following models (Inclined Models 2, 3, 4, and 5) used the methodology described
in the previous sections for the values of the direct component and the albedo of the
solar irradiation, while different models were used for the value of the diffuse component,
therefore obtaining different results.

− Inclined Model 2

Inclined Model 2 used the Liu and Jordan isotropic model, presented in Equation (7),
for the estimation of the diffuse component.

− Inclined Model 3

Inclined Model 3 used the anisotropic model of Temps and Coulson, presented in
Equation (8), for the estimation of the diffuse component.

− Inclined Model 4

Inclined Model 4 used the Klucher anisotropic model, presented in Equation (9), for
the estimation of the diffuse component.

− Inclined Model 5

Inclined Model 5 used Hay’s anisotropic model, presented in Equation (10), to estimate
the diffuse component.

Finally, the conversion module was applied to convert the global hourly solar irradi-
ance values, given in energy units (MJ/m2), on the inclined plane into the average hourly
values of the solar irradiance, given in power units (W/m2), on the inclined plane.

In Figure 10, the hourly variation of the solar irradiance is represented for one day
in April (spring) and another day in October (autumn) in order to compare the solar
irradiance on the inclined plane calculated with the five conversion methods with the
evolution of the data from the global horizontal solar irradiance SIAR located in Mansilla
Mayor (León, Castile and León region, Spain), specifically the solar irradiance recorded by
the pyranometer of the solar panel. Table 1 lists the statistical results for four random sunny
days, comparing the estimates made with the isotropic model and the three anisotropic
models with the measured values for the inclined plane oriented towards the equator.

Table 1. Observed adjustment of the hourly solar irradiance on the plane inclined at 45◦ and oriented towards the equator,
as estimated with Inclined Models 2, 3, 4, and 5 from data for the horizontal surface from the agrometeorological station
SIAR in Mansilla Mayor (León, Castile and León, Spain), along with the values measured in León, for four days.

Day
Inclined Model 2 Inclined Model 3 Inclined Model 4 Inclined Model 5

RMSE R2 RMSE R2 RMSE R2 RMSE R2

11 April 2011 21.90 0.9751 25.09 0.9674 22.14 0.9746 17.83 0.9835
1 June 2011 38.51 0.8658 32.14 0.9065 31.54 0.9100 55.12 0.7250
30 June 2011 21.40 0.9415 40.11 0.7947 39.06 0.8052 11.95 0.9817

11 October 2011 62.36 0.7853 31.44 0.9454 32.51 0.9416 37.32 0.9230

Inclined Model 2 utilized the Liu and Jordan isotropic model; Inclined Model 3 utilized the Temps and Coulson anisotropic model; Inclined
Model 4 utilized the Klucher anisotropic model; Inclined Model 5 utilized the Hay anisotropic model; RMSE, root mean square error
(W/m2); R2, determination coefficient. The best results for each day are underlined.
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Figure 10. Hourly solar irradiance obtained for a single day from the horizontal SIAR in Mansilla Mayor (León, Castile and
León region, Spain) compared with that estimated for a solar panel inclined at 45◦ and oriented to the equator with Inclined
Models 1, 2, 3, 4, and 5. (Top) 11 April 2011 (spring); (bottom) 11 October 2011 (autumn).

4. Discussion

Once the estimation of the solar irradiation received by the inclined solar panel
has been undertaken, the results obtained were analyzed using the Simulink-MATLAB
blocks (Figure 1).

For the modeling of the extraterrestrial solar irradiation, symmetry can be observed
throughout the day with regard to solar noon in Figure 2, along with a progressive increase
in solar irradiation for the seasonal component from December to June and a decrease
in solar irradiation from June to December (41.91-12.28 MJ/m2 daily). The results were
validated by comparing the sum of the hourly values of each day with those described by
Allen [40] and resulted in a good approximation without the need for more statistics.

Three differentiated zones can be seen in the horizontal diffuse solar irradiation
modeling (Figure 4). In one, a maximum hourly diffuse fraction (kd) and a minimum
hourly clearness index (kt) were obtained (i.e., corresponding to the hours of the day with
the sky covered); another zone was characterized by a minimum hourly diffuse fraction
(kd) and a maximum hourly clearness index (kt) (i.e., corresponding to the hours of the
day with clear skies); finally, there was a third intermediate zone with indices kd and
kt inversely variable with each other, depending on the degree of cloudiness of the sky
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(i.e., corresponding to the hours of the partially cloudy day). The model provided in the
study by Miguel et al. [43], which was developed in Mediterranean areas, shows a good
approximation with the model obtained with the data recorded by the State Meteorological
Agency (AEMet) at La Virgen del Camino station (León, Castile and León region, Spain)
during the central eight hours of the day for the whole year of 2011. It can be observed that
the data for clear sky days was different from the Miguel model (the mean diffuse fraction
on clear days was lower than that of the Miguel model), which indicates a low dispersion
of the solar irradiation of the sky on clear days (i.e., a very clear and clean sky in the place
under study).

In the solar height modeling, in Figure 5 symmetry can be observed throughout the
day with regard to solar noon, along with a progressive increase in solar height from
December to June and a decrease in solar height from June to December. The results
were validated by comparison with those described by Duffie et al. [41], showing a good
approximation without the need for more statistics. The maximum values of solar height
occurring at solar noon, which were observed throughout the year (Figure 6), reached their
maximum during the last fortnight of June at the highest position of the Sun (72◦), and the
minimum solar height occurred during the last fortnight of December (24.5◦).

For the results for the modeling of the angle of incidence, symmetry can be observed
throughout the day with respect to solar noon, for which the minimum value was obtained,
in Figure 7. In Figure 8, the progressive decrease from December to March (0.5◦), the
increase from March to June (26.5◦), the decrease from June to September (4.5◦), and the
increase from September to December (20.5◦) can be seen. The results were validated by
comparison with those presented by Bérriz and Álvarez [49] and Duffie et al. [41], showing
a good approximation without the need for more statistics. The most favorable months of
the year, with the position of the solar panel inclined 45◦ and oriented towards the equator,
for capturing solar energy were February, March, April, September, and October, as the
inclined surface was in a more perpendicular position with regard to the path of the sun’s
rays on those dates.

The study of the variation of the angle of incidence is very important since it provides
the time of year in which the use of solar energy is maximum, according to the inclination
and orientation of the solar panel. The results of this model, if compared with the profile
of annual energy needs of a photovoltaic system for a particular greenhouse, offer the
possibility of finding the relationship (inclination–orientation) for each time of the year in
which solar capture is optimal.

In M’Sila, Algeria, Ihaddadene et al. [50] theoretically searched for the best angle of
inclination (monthly, seasonally, and annually), examining the Liu and Jordan model, the
circumsolar model, the Hay model, and the Reindl model as the most appropriate models.
They decided to change the angle of inclination of solar conversion systems monthly by
7272.27 MJ/m2, or seasonally by 7184.94 MJ/m2, instead of fixing them at 6836.83 MJ/m2

in order to increase the amount of energy for a year; they recommended that this be studied
using hourly data.

In Beijing, China, the annual optimal tilt angle shows a downward trend (Shen et al. [51])
compared to the optimum in the 1960s (i.e., 38◦); the optimal tilt angle decreased by 2◦ from
2011-2015 (i.e., to 36◦), caused mainly by the decrease in the direct irradiation ratio, which
is highly related to atmospheric conditions (i.e., pollution that increases the proportion of
diffuse irradiation and decreases the direct irradiation).

Kondratyev and Manolova [52] have stated that direct solar irradiation has been
studied in detail, but diffuse and reflected solar irradiation on inclined planes are quite
complicated, requiring study in relation to the distribution of the angular intensity. There-
fore, special attention must be taken when selecting the most suitable diffuse irradiation
model for a particular place; furthermore solar panels are more sensitive to electrical energy
conversion in photovoltaic systems than solar collectors in thermal systems.

In light of these points, in this study, different models of diffuse irradiation were
analyzed for a specific place where a greenhouse is located, taking into account that
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the diffuse solar irradiation of the sky that falls upon the inclined plane of the solar
panel is estimated in a different way as a function of the model. The circumsolar model
overestimated it in Equation (6); the isotropic model underestimated it on the opposite
slope of the inclined surface in Equation (7); and in clear and partly cloudy sky conditions,
which occur in many cases, the light of the sky is anisotropic, meaning that the Temps
and Coulson model provided a good prediction for the clear sky in Equation (8) but
overestimated the solar irradiance when used for the cloudy sky. In this case, the Klucher
model made corrections by setting factor F to 0 when the sky was completely cloudy in
Equation (9), thus returning to the isotropic model, and setting F to 1 when the skies were,
resulting in the Temps and Coulson model; this improved the estimates for all types of
the sky.

In Nakhon Pathom and Ubon Ratchathani, Thailand, Wattan and Janjai [53] inves-
tigated the performances of 14 models in estimating hourly diffuse solar irradiation on
inclined (30◦, 60◦, and 90◦) and oriented (north, south, east, and west) surfaces at two
tropical sites, finding that the Muneer and Gueymard models performed better.

In Algiers and Ghardaia, Algeria, and Málaga, Spain, Takilalte et al. [54] estimated
the inclined global irradiation in 5-min intervals, using global irradiation on the horizontal
plane, geographical parameters, site albedo, and two cloudiness factors, based on a combi-
nation of two models (Perrin Brichambaut and Liu and Jordan) for which the parameters of
the state of the sky transformed the isotropic models into an anisotropic model. The results
of the proposed model for all sky conditions with regard to the normalized root mean
square error (nRMSE), the relative percentage error (RPE), the normalized mean absolute
error (nMAE), and the correlation coefficient (R2) varied between 4.70–6.41%, 5.50–5.90%,
3.07–4.73%, and 0.97–0.99, respectively, which are very accurate results, especially for such
short time scales in which there is no compensation or average effects, as occur when using
monthly data.

Putting the three solar irradiation components together using Equation (11), with
the solar panel at an inclination of 45◦ and oriented towards the equator, differences with
regard to the incident on the horizontal surface shown in Figure 9 were observed according
to the time of year:

− it was higher in the months of average solar irradiation (i.e., February, March, April,
September, October, and November) because then the solar height produces a lower
angle of incidence on the solar panel than in other months;

− it was moderate in the months of high solar irradiation (i.e., May and August);
− it was lower in the months of very high solar irradiation (i.e., June and July) due to

the high solar height.

In Athens, Greece, Raptis et al. [55] studied the ideal inclination to maximize the
capture of solar irradiation, which was determined by the latitude and the time of year,
with the horizontal surface receiving more irradiance than the inclined surface during
the summer months and on cloudy winter days, due in this case to an anisotropy of the
diffuse light, with a greater diffuse contribution coming from angles closer to the zenith;
however, the inclined surface reached higher values than the horizontal one in winter, with
the optimum angle found to be around 30◦ during the year.

The result of the comparison of the recorded measurements of solar irradiance on
the horizontal surface (i.e., the SIAR data) and the inclined plane of the solar panel (i.e.,
the pyranometer in León) with the results obtained with Inclined Models 1, 2, 3, 4, and
5 (Figure 10) show a better approximation with the anisotropic models for four random
sunny days. Specifically: Inclined Model 5, which used the Hay corrections, obtained
better results on 4 November 2011 and 30 June 2011 with regard to the RMSE (17.83 and
11.95 W/m2) and R2 (0.9835 and 0.9817), respectively. Inclined Model 4, which used the
Klucher corrections, performed best on 6 January 2011, with RMSE = 31.54 W/m2 and
R2 = 0.9100. Inclined Model 3, which used Temps and Coulson corrections, obtained better
results on 10 November 2011, with RMSE = 31.44 W/m2 and R2 = 0.9454.
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The solar panel global solar irradiation for 2011 was 1.84 MWh/m2 with the CEN-
SOLAR model, which used coefficients; 1.84 MWh/m2 for the Liu and Jordan model;
1.99 MWh/m2 for the Temps and Coulson model; 1.93 MWh/m2 for the Klucher model;
and 1.86 MWh/m2 for the Hay model.

The global solar irradiation for the horizontal SIAR measured in Mansilla Mayor
(León, Castile and León region, Spain) during 2011 was 1.67 MWh/m2, thus resulting in a
higher value on the solar panel using corrections of 10.17% for the model by Liu and Jordan,
19.16% for the Temps and Coulson model, 15.56% for the Klucher model, and 11.37% for
the Hay model. However, this was distributed throughout the year, as shown in Figure 9,
and as mentioned previously, was higher in the months with moderate solar irradiation
(i.e., February, March, April, September, October, and November), moderate in high solar
irradiation months (i.e., May and August), and lower in the months with very high solar
irradiation (i.e., June and July).

In Adrar, Algeria, an increment in the performance of horizontally placed solar panels
was achieved by Bailek et al. [56] with a fixed inclination of 20.61% monthly, 19.58%
seasonally, 19.24% semi-annually, and 13.78% for annual adjustments, with the optimal tilt
angles in each period.

5. Conclusions

Glasshouses are agricultural productive structures intended to increase the production
and quality of early bloomer crops. They can be energetically characterized as follows:

1. they involve intensive use of soil and means of production, which requires a safe
provision of all the supplies, including energy;

2. any of them are located in off-grid rural areas, so they need an autonomous energy supply;
3. they are located in open areas, with great availability of solar resources and time

synchronization between the supply (i.e., the Sun) and the demand (i.e., ventilation,
cooling, and ferti-irrigation).

Thus, distributed generation PV systems are ideal for connection to glasshouses, either
on their own or together with power generators where the value of the solar irradiance
which falls upon the solar panels is the main variable to determine the performance of the
PV system.

The literature pertaining to the estimation of the incidental solar irradiance on the
solar panel plane (at an angle and/or oriented) in relation to the irradiance received on the
horizontal surface (data registered in meteorological stations) is highly diverse, especially
with regard to the types of sky in particular places. However, the practical use of this
diverse information is complex, which is what incentivized the present work, in which the
following methodology was adopted.

1. Measured data of incidental solar irradiance on the horizontal surface in an agromete-
orological station was used to obtain an estimation of the incidental solar irradiance
on the plane of the glasshouse solar panels, where the verification pyranometer
was located.

2. A flexible methodology was built with Simulink-MATLAB software blocks that could
be adapted to the numerous existing models in the literature.

3. The application of components (beam, diffuse, and ground-reflected) was provided
in order to ensure the use of the most adequate model for each type of sky in
each location.

4. Irradiance on the solar panel was obtained with an hourly resolution for various
days of the year and hours of the day, along with the hourly horizontal global solar
irradiance, with the location coordinate fixed. This temporal resolution is more
adequate for use in the simulation of PV systems.

5. The results obtained with models of diffuse anisotropic irradiance improved on
those obtained with other models. As they are estimations on an hourly scale, when
using data from stations close to the greenhouse, differences were observed for a few
hours in the comparisons (e.g., at 12 h and 13 h on 10 November 2011 (autumn)),
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which may have been due to some cloudiness or changes in the reflections of the
surrounding light.

As a final conclusion to this paper, it should be noted that the solar estimation for the
inclined plane can be used together with the daily prediction of solar irradiance, as detailed
by Diez et al. [57], to obtain the value of available solar energy in the glasshouse PV system
and thus to enable more efficient management of the glasshouse electric demand.
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Abstract: The recent increase in the use of renewable sources in electrical systems has transformed
the electrical distribution network with the subsequent implementation of the distributed generation
(DG) concept. The high penetration level of photovoltaic units increases their injected fault current
that may result in a lack of coordination of fuse reclosers in distribution networks. One of the main
protection devices that is generally used in rural distribution networks is the fuse. A correct size
selection is key for ensuring good operation and coordination with other protection devices. The
DG implementation makes the selection above more difficult, as the current flow both in steady
state and in case of short-circuit is subject to alterations. A new protection fuse selection method for
distribution networks with implemented DG is proposed in this paper with the aim of ensuring an
effective coordination between them, avoiding untimely behaviors. Different case studies have been
analyzed (for diverse locations of DG in the network with various penetration levels which represent
25%, 50%, 75%, and 100% of the total installed load), using an IEEE 13-node test feeder. Besides, a
new model to analyze fuse performance is proposed in this work. This model has proven to fit the
manufacturer’s data well, with a maximum error of 2% within the normal trip current values.

Keywords: fuses coordination; protection device; distributed generation; distribution network;
photovoltaic; DIgSILENT

1. Introduction

The presence of distributed generation (DG) of renewable energy sources in rural
electrical distribution networks has caused an important change from the classic energy
supply model. The DG concept aims to bring nearer power generation and users, in
contrast with the traditional view of centralized power generation plants [1]. This involves
a need for adapting the electrical infrastructure to allow a correct energy distribution that
ensures an optimal end-point quality [2].

The traditional procedures for planning, managing, and operating a rural electrical
distribution network with a radial typology is based on assuming a unidirectional power
flow, with a transmission from higher voltage levels down to distribution levels. This
assumption allows implementing relatively simple and cheap protection schemes, perfectly
coordinated, which allows an effective operation of the protection system [3,4].

The implementation of distributed generation (DG) causes a structural change in the
distribution network, which no longer acts as a radial network, compromising the adequate
coordination between protection devices [3,5–7]. The impact level that DG can cause in the
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distribution network will depend on, among others, the generator size, type, and location
in the network [8,9].

One of the most frequently used protection devices is the fuse. To this device, the
implementation of DG can cause a lack of coordination and untimely tripping [10], as
the steady-state currents are subject to alterations which can even involve currents going
through the fuse in reverse direction [7]. This means currents going through the fuse
can be generated from locations both downstream and upstream of the fuse. Studies by
Hadjsaid et al. show how current values can be altered as a consequence of deploying
DG [11]. Girgis and Brahma [12,13] described that the lack of coordination between fuses
was an issue when implementing DG. Chaitusaney and Yokoyama have studied in detail
the impact of the DG on the system stability, considering the lack of coordination between
protection devices [14]. Finally, Boonyapakdee et al. analyzed the dynamic coordination of
recloser fuses affected by synchronous distributed generators [15].

Besides, Razavi et al. addressed the voltage regulation methods in the presence of DG
units and their impact on protection systems [16]. Bayati et al. proposed a local protection
method without communication links. This methodology can be used in both digital and
conventional protection devices installed in DC microgrids [17]. The proposed scheme
formulates the fuse recloser switch coordination challenge as a curve-fitting problem
and solves this problem to obtain the settings of the digital recloser switch and fuse.
Finally, Alam et al. suggest the use of a new scheme of recloser fuse coordination for
reconfigurable radial distribution networks (RDNs) with DG, to obtain the optimum
recloser fuse settings [18].

As mentioned above, it is possible to state that DG in any feeder of an RDN might
change the flow of currents through fuses during faults. Additionally, the magnitude of
the fault current passing through the recloser placed at the substation is also modified.
In some cases, the fault currents through fuses become larger than the ones through the
recloser, while in some other cases, the direction of the flow of current through some
fuses is reversed due to the presence of DG in the fault path [10,13,14,19,20]. Under these
circumstances, it is difficult to provide appropriate protection using the conventional
fuse–fuse coordination scheme [13,21]. Additionally, the presence of multiple DGs in the
network makes the coordination of fuses very complex. Also, synchronous machine-based
DGs contribute more to the fault and are more prone to causing lack of coordination.

To the best of our knowledge and based on the available literature, it is necessary
to propose a new reconfiguration of protection devices based on fuses coordination, as
the main interest in the mentioned available literature seems to be focused on fuse–relay
coordination [7,22,23]. This procedure should reduce the negative effects of DG in power
networks (e.g., lack of coordination between protection relays and fuses), which imply that
electrical protection schemes become not valid or, at least, less effective.

With the aim to both ensure a good electrical supply quality, with adequate protection
device functionality, and reach a more sustainable energy network, this paper proposes a
new method for fuse selection that avoids untimely tripping and ensures effective coordina-
tion between protection devices. It should be emphasized the novelty of this approach, that
is based on a completely new model of fuse performance, based on polynomial expansion
of the inverse of the tripping time in relation to the current root. This fuse performance
modeling leaves aside thermal behavior, which may be relevant [24].

The present work is organized as follows. In Section 2, the methodology and the
network used to analyze the coordination are described, whereas the results are included
in Section 3. Finally, conclusions are summarized in Section 4.

2. Materials and Methods
2.1. Coordination between Protection Fuses

The trip curve of protection fuses is an inverse time–current characteristic curve. The
straight line I2t log–log plot, in which I is the tripping current and t is the tripping time, is
usually expressed for the minimum melting and total clearing times for fuses. From the
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fuse characteristic on the log–log curve, it is better to approximate it by the second-order
polynomial function. However, the interested range of the curve approaches a straight
line. Moreover, a linear equation can be simply applied to reduce the calculation task. The
general equation describing the fuse characteristic curve can be expressed as the following
equation [22,25,26]:

log(t) = m log(I) + n, (1)

where m and n are the parameters of the selected tripping curve [27]. Nevertheless, it
should be also said that other more complex equations have been suggested to describe the
behavior of fuses. Santoso and Short [19] suggested the following one:

t = exp

(
4

∑
n=0

an(ln(I))n

)
, (2)

which was reduced in one term by Tang and Ayyanar [28]. Additionally, Abdel-ghany et al. [29]
proposed a model to define the tripping time in relation to two exponential terms:

t = a exp(bI) + c exp(dI). (3)

In the above Equations (2) and (3), an, a, b, c, and d are the parameters that need to be
adjusted/extracted to fit the equations to the proper behavior of the fuse.

Finally, in the works by Conde et al. [30,31] and Costa et al. [32], a comparison between
different models to select the best one is carried out.

The fuse trip characteristic curve shown in Figure 1 is characterized by two bound-
ary curves:

• Minimum melting curve (as the lower boundary), which detects the minimum over-
current causing the link to start melting.

• Full opening curve (as the upper boundary), indicating the complete blowing of the
fuse and the circuit opening.

Figure 1. Tripping characteristic curve of an expulsion fuse.
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A classic coordination between protective fuses for non-DG rural electrical networks
is shown in Figure 2. The sketch in the left side of this figure shows a radial network in
which F1 is the fuse which protects the main line and F2 the one protecting the branch line.
The criteria for a correct coordination between fuses state the following:

• For faults in the main feeder, the F2 fuse will not detect any fault current, with F1 fuse
being the one that will act as main protection.

• For faults in the branch line, F2 will act as the main protection and F1 as a backup
protection.

Figure 2. Classic coordination between protective fuses in non-DG radial distribution networks. (Left) Sketch of a radial
distribution network without the presence of a DG. (Right) Operating characteristics curves of protection fuses F1 and F2.

The graph included in Figure 2 shows the tripping characteristics of fuses F1 and F2.
At the same fault current, IF, there should be a coordination margin such that the total
operating time (upper boundary), t1, of the fuse acting as main protection, F2, should not
exceed 75% of the minimum time, t2, in which the fuse acting as backup protection, F1,
starts blowing (lower boundary) [33].

When the electrical network is working in a permanent regime, power balance is
achieved. The generated power, PG, equals the power demanded by the loads, PL, plus a
power loss, PP:

PG = PL + PP. (4)

When DG is installed in the electrical network, the situation is different, as new power
sources, PDG, are included:

PG + PDG = PL + PP. (5)

As a consequence, the values of the currents in the permanent regime may change
due to a new distribution of the loads’ current flow, causing the activation of the nearest
fuse to the DG and compromising the coordination between this fuse and the one located
immediately upstream.

Figure 3 shows a simple sketch of an electrical network with DG, and the correspond-
ing curves of fuses F1 (backup protection) and F2 (main protection). In this situation, the
power supplied by DG, PDG, might be larger than the one demanded by the load, PL. This
situation is translated into the curves included in the graph from Figure 3: F2 fuse (closest
to the DG) acts too close to the blowing starting point of fuse F1. If the power of the DG
unit is increased, the coordination margin between the fuses would be altered and would
cause both to trip untimely.
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Figure 3. Loss of coordination between fuses in the distribution network with the presence of DG. (Left) Sketch of a radial
distribution network with DG. (Right) Operating characteristics curves of protection fuses F1 and F2.

2.2. Modeling the Performance of Fuses

This article proposes a new method for the selection of protection fuses to avoid
untimely tripping, and therefore achieving a more sustainable electrical network while
maintaining the functionality of the protections. This procedure is based on a new mathe-
matical modeling of the upper (ES) and lower (EI) boundary tripping curves of the fuses to
be coordinated. For the upper boundary curve, two mathematical expressions are proposed,
depending on the current, I, in relation to a specified value, I*:

1
tES

=





N1
∑

i=0
βi I

i
2 ; I < I∗

N2
∑

i=0
βi I

i
2 ; I > I∗

. (6)

For the lower boundary curve, one single equation is proposed:

1
tEI

=
N

∑
i=0

βi I
i
2 . (7)

In the above equations, tES and tEI stand for the total operating time corresponding
to the upper boundary curve of the fuse acting as the main protection, and the minimum
melting time corresponding to the lower boundary curve of the fuse acting as backup
protection, respectively. βi are characterization parameters of both the upper and the lower
boundary curve of the fuse acting as backup protection.

Equations (6) and (7), fitted to the upper curve of SMD-50 10E fuse and the lower
curve of an SMD-50 15E fuse (both fuses manufactured by S&C Electric Company Chicago,
IL, USA) are shown in Figure 4. In the first case, fifth- and second-order polynomials
(N1 = 5 and N2 = 2) have been used, whereas in the second case, a fifth-order polynomial
is used.
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Figure 4. Upper and lower curves that define fuse behavior (Equations (6) and (7)). (Top) Inverse of the total operation time,
tES, in relation to the root of the current for the SMD-50 10E fuse. Equation (6) has been fitted to the manufacturer’s data
(I < 558 A; N1 = 5; β0 = −1.19851, β1 = 7.03361 × 10−1, β2 = −1.91430 × 10−1, β3 = 2.59919 × 10−2, β4 = −1.18321 × 10−3,
β5 = 1.79907 × 10−5; I > 558 A; N2 = 2; β0 = 5.09321, β1 = 3.95777 × 10−1, β2 = 1.40653 × 10−3). (Bottom) Inverse of the
minimum melting time, tEI, in relation to the root of the current for the SMD-50 15E fuse. Equation (7) has been fitted to the
manufacturer’s data (N = 5; β0 = 2.93095, β1 = 1.17318, β2 = −1.84165 × 10−1, β3 = 1.40294 × 10−2, β4 = −3.33170 × 10−4,
β5 = 6.99420 × 10−6).

Additionally, it should be said that only the left branch of Equation (6) will be needed
for the calculations. The translation of the above data to the normal time–current (t-I)
graphs is included in Figure 5, in which the relative performance of fuses SMD-50 10E and
SMD-50 15E can be compared (tES and tEI, respectively), together with the respective errors
of the model, err. In Figure 5, it can be appreciated how this model fits the manufacturer’s
data accurately, with less than 2% error within the normal current interval in which the
fuses’ performance is analyzed.

For a proper protection coordination there must be a trip delay between two adjacent
fuses that overcome the same electrical fault. The coordination criterion for protection
fuses can be expressed as:

tEI = K(tES + CTI), (8)

where CTI is the coordination time interval (200–300 ms) [34,35] and K is a proportional-
ity constant.
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Figure 5. (Left) SMD-50 10E fuse upper curve and SMD-50 15E fuse lower curve from the manufac-
turer’s data. Equations (6) and (7) have been fitted to these data (solid lines). (Right) Error, err, of the
proposed fuse model with regard to the manufacturer’s data.

2.3. Distrtibution Network

In the present work, the IEEE 13-bus test feeder system has been used to analyze the
effect of the DG on the protection devices of the distribution network (see Figure 6). The
distribution network has been divided into four protection zones:

• Zone 1, connected to the substation through fuse F1
• Zone 2, connected to the substation through fuse F3
• Zone 3, connected to the substation through fuses F2 and F5
• Zone 4, connected to the substation through fuses F2 and F8

Figure 6. IEEE 13-bus test feeder system used to analyze the performance of the fuses in relation to the DG.
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Protection fuses F1, F2, F3 protect the aerial outputs of the main feeders (substation
outputs). F4 protects the bus 646 where a DG unit has been installed. F5 and F6 protect the
section 671-611, where DG has also been installed, and finally F8 and F9 protect the loads
of protection zone 4 where no DG installation exists.

The case studies have been designed for three different locations of the DG in the
network (bus/nodes 633, 646, and 652) and different levels of DG power penetration,
specifically 25%, 50%, 75%, and 100%. The different case studies have been simulated with
DIgSILENT© software from Power Factory [15], as this power system simulation software
has a specific library for electrical protection. The locations of the DG in the distribution
network are included in Table 1, the distance to the substation being also included in each case.

Table 1. Location (node) and distance of the DG from the substation (SE).

Node Distance (m) Description

Node 633 (N1) 1500 Close to SE
Node 646 (N2) 2400 Moderate distance to SE
Node 652 (N3) 7000 Far from SE

A nominal voltage of 20 kV is considered for the analyzed cases, the aerial cable
being 47-AL1/8ST1A aluminum steel reinforced (see in Table 2 the main characteristics,
according to EN 50182 standard [36]). The total load considered is 3.83 MW, which consists
of several three-phase loads distributed according to the information included in Table 3.

Table 2. Characteristics of 47-AL1/8ST1A aluminum steel reinforced cable [36].

Electrical resistance at 20 ◦C [Ω·km−1] 0.614
Electrical reactance at 20 ◦C [Ω·km−1] 0.41

Max. constant current [kA] 0.202

Table 3. Loads considered in the analyzed network.

Location Type Power [MW]

Node 634 Type Y 1.5
Node 611 Type Y 0.056
Node 645 Type Y 0.056
Node 646 Type D 0.5
Node 652 Type Y 1
Node 671 Type D 0.385
Node 675 Type Y 0.281
Node 692 Type D 0.056

When choosing the size of the expulsion fuses, the standards of the supplier [37]
and the recommendations indicated by the IEC 60787 standard [38] have been taken into
account. In addition, two supplementary criteria were established:

• the nominal fuse current needs to be above the maximum expected generator load
current with a sufficient margin (125% load)

• the fuse should not trip with generator connection currents [34]

Each section of the distribution network in which the DG was installed was protected
by expulsion fuses chosen to withstand up to 125% of the load current, in order to take into
account the possible overloads that could appear in the network. Therefore, the following
rules were set regarding the currents:

• IF1 ≥ 1.25 ILOAD 634
• IF2 ≥ 1.25 (ILOAD 611 + ILOAD 652 + ILOAD 692 + ILOAD 625 + ILOAD 671) > IF5
• IF3 ≥ 1.25 (ILOAD 645 + ILOAD 646) > IF4
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• IF4 ≥ 1.25 ILOAD 646
• IF5 ≥ 1.25 (ILOAD 611 + ILOAD 652) > IF6
• IF6 ≥ 1.25 ILOAD 652
• IF7 ≥ 1.25 ILOAD 611
• IF8 ≥ 1.25 (ILOAD 692 + ILOAD 675) > IF9
• IF9 ≥ 1.25 ILOAD 675

S&C Electric Company SMD-50 fuses were selected in this work to analyze the coordi-
nation. Table 4 includes the nominal currents of these fuses and their technical ID. Addi-
tionally, the constants of the model proposed in the present work (Equations (6) and (7))
fitted to the selected fuses are included in Table 5.

Table 4. Nominal currents of the fuses installed in the distribution network.

Fuse I [A] Fuse Selected

F1 53.75 S&C SMD-50 30E
F2 62.5 S&C SMD-50 40E
F3 20 S&C SMD-50 13E
F4 17.5 S&C SMD-50 10E
F5 IF2 > 37.5 ≥ IF6+ IF7 S&C SMD-50 30E
F6 35 S&C SMD-50 20E
F7 2.5 S&C SMD-50 5E
F8 IF2 > 12.5≥ IF9 S&C SMD-50 10E
F9 10 S&C SMD-50 7E

Table 5. Coefficients of Equations (6) and (7) fitted to the upper (upp) and lower (low) tripping time curves, tES and tEI, of
different S&C Electric Company SMD-50 fuses. See also Figures 4 and 5.

Fuse Curve β0
[s−1]

β1
[s−1·A0.5]

β2
[s−1·A1]

β3
[s−1·A1.5]

β4
[s−1·A2]

β5
[s−1·A2.5]

5E
upp; I < 299 A −1.87460 1.3974 −4.58631 × 10−1 7.76704 × 10−2 −4.78102 × 10−3 9.97543 × 10−5

upp; I > 299 A 6.83807 3.61221 × 10−1 1.58040 × 10−3 - - -
low −3.69555 2.55339 −6.63554 × 10−1 8.13467 × 10−2 −3.23895 × 10−3 1.03372 × 10−4

7E
upp; I < 430 A −1.51111 9.79975 × 10−1 −2.84227 × 10−1 4.17970 × 10−2 −2.15210 × 10−3 3.72960 × 10−5

upp; I > 430 A 5.82341 3.86086 × 10−1 1.42370 × 10−3 - - -
low −8.63283 × 10−1 3.42341 × 10−1 −4.85652 × 10−2 3.13876 × 10−3 6.24309 × 10−4 9.06465 × 10−7

10E
upp; I < 558 A −1.19851 7.03361 × 10−1 −1.91430 × 10−1 2.59919 × 10−2 −1.18321 × 10−3 1.79907 × 10−5

upp; I > 558 A 5.09321 3.95777 × 10−1 1.40653 × 10−3 - - -
low −2.25987 × 10−1 −7.04764 × 10−2 3.90330 × 10−2 −5.07612 × 10−3 6.52842 × 10−4 −4.82039 × 10−6

13E
upp; I < 722 A −1.78824 8.59426 × 10−1 −1.82664 × 10−1 1.98489 × 10−2 −7.64613 × 10−4 9.99949 × 10−6

upp; I > 722 A 3.78076 4.24034 × 10−1 1.25333 × 10−3 - - -
low −5.38095 × 10−1 5.39468 × 10−2 1.66285 × 10−2 −2.91772 × 10−3 3.92933 × 10−4 −2.89251 × 10−6

15E
upp; I < 826 A −1.90389 8.37374 × 10−1 −1.64212 × 10−1 1.64897 × 10−2 −5.90620 × 10−4 7.21544 × 10−6

upp; I > 826 A 3.78076 4.24034 × 10−1 1.25333 × 10−3 - - -
low −2.93095 1.17318 −1.84165 × 10−1 1.40294 × 10−2 −3.33170 × 10−4 6.99420 × 10−6

20E
upp; I < 1138 −1.69113 6.44722 × 10−1 −1.09999 × 10−1 9.57500 × 10−3 −2.88718 × 10−4 2.96029 × 10−6

upp; I > 1138 6.64811 × 10−1 4.79303 × 10−1 9.81018 × 10−4 - - -
low −1.55131 4.65904 × 10−1 −5.60123 × 10−2 3.39124 × 10−3 −4.81103 × 10−6 1.06292 × 10−6

25E
upp; I < 1458 −2.40136 7.94736 × 10−1 −1.10811 × 10−1 7.81405 × 10−3 −2.01186 × 10−4 1.79140 × 10−6

upp; I > 1458 −1.97454 5.25978 × 10−1 7.36144 × 10−4 - - -
low −2.86886 8.54336 × 10−01 −9.67943 × 10−2 5.21690 × 10−3 −7.42881 × 10−5 1.23231 × 10−6

30E
upp; I < 1608 A −2.18019 6.71422 × 10−1 −9.07023 × 10−2 6.20992 × 10−3 −1.51163 × 10−4 1.26547 × 10−6

upp; I > 1608 A −2.64464 5.27075 × 10−1 7.90099 × 10−4 - - -
low −1.27531 2.68551 × 10−1 −2.21904 × 10−2 9.05809 × 10−4 2.87958 × 10−5 1.36786 × 10−7

40E
upp; I < 2065 A −1.56502 4.32637 × 10−1 −5.62540 × 10−2 3.66028 × 10−3 −7.87726 × 10−5 5.76520 × 10−7

upp; I > 2065 A −6.65936 5.92598 × 10−1 4.68242 × 10−4 - - -
low −1.83832 × 10−2 −1.07938 × 10−1 1.62356 × 10−2 −8.70876 × 10−4 4.91068 × 10−5 −1.84714 × 10−7

50E
upp; I < 2517 A −2.63857 6.27277 × 10−1 −6.44707 × 10−2 3.34754 × 10−3 −6.24271 × 10−5 4.05220 × 10−7

upp; I > 2517 A −8.97351 6.01037 × 10−1 5.73675 × 10−4 - - -
low −2.28308 4.41665 × 10−1 −3.36337 × 10−2 1.24261 × 10−3 −2.86096 × 10−6 1.46350 × 10−7

65E
upp; I < 3397 A −2.02202 4.32137 × 10−1 −4.03342 × 10−2 1.85871 × 10−3 −2.89685 × 10−5 1.55962 × 10−7

upp; I > 3397 A −1.68545 × 10+1 7.07076 × 10−1 1.20284 × 10−4 - - -
low −6.28233 × 10−1 5.43519 × 10−2 −1.10800 × 10−3 −3.06980 × 10−5 1.19222 × 10−5 −1.96977 × 10−8
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3. Cases Studied and Results

Two different groups of cases were analyzed. In the first one, the buses where the DG
was installed are considered as PV bus nodes, whereas in the second one, PQ buses are
considered. In Tables 6 and 7, the results of the simulations carried out are included. The
different cases of DG penetration and distribution (between bus nodes 633, 646, and 652)
are indicated in Tables 6 and 7. The information included states either:

• correct performance, that is, no fuse is tripped, indicated by “OK”, or
• possible incorrect performance, in which some fuses are tripped.

Table 6. IEEE 13-bus feeder system (Figure 6), simulated considering PV nodes. The status result
(either “OK” when no fuse was tripped, or including the unexpected tripped fuses) of the different
cases related to DG power penetration level and its distribution among the 3 DG installed (bus nodes
633, 646, and 652) are included in the table.

DG Case
DG Distribution

Status Result
Bus 633 Bus 646 Bus 652

25%
1 - - 25% OK
2 - 25% - OK
3 25% - - OK

50%

4 - - 50% OK
5 - 25% 25% F3, F4
6 - 50% - F3, F4
7 25% - 25% OK
8 25% 25% - F4
9 50% - - OK

75%

10 - - 75% F6
11 - 25% 50% OK
12 - 50% 25% F3, F4, F6
13 - 75% - F3, F4
14 25% - 50% OK
15 25% 25% 25% F3, F4
16 25% 50% - F3, F4
17 50% - 25% OK
18 50% 25% - OK
19 75% - - OK

100%

20 - - 100% F5, F6
21 - 25% 75% F5, F6
22 - 50% 50% F4
23 - 75% 25% F3, F4, F6
24 - 100% - F4
25 25% - 75% F6
26 25% 25% 50% F4
27 25% 50% 25% F4
28 25% 75% - F4
29 50% - 50% OK
30 50% 25% 25% F4
31 50% 50% - F4
32 75% - 25% OK
33 75% 25% - OK
34 100% - - F1
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Table 7. IEEE 13-bus feeder system (Figure 6), simulated considering PQ nodes. The status result
(either “OK” when no fuse was tripped, or including the unexpected tripped fuses) of the different
cases related to DG power penetration level and its distribution among the 3 DG installed (bus nodes
633, 646, and 652) are included in the table.

DG Case
DG Distribution

Result
Bus 633 Bus 646 Bus 652

25%
1 - - 25% OK
2 - 25% - OK
3 25% - - OK

50%

4 - - 50% OK
5 - 25% 25% OK (*)
6 - 50% - F3, F4
7 25% - 25% OK
8 25% 25% - OK (*)
9 50% - - OK

75%

10 - - 75% F6
11 - 25% 50% OK
12 - 50% 25% F3, F4
13 - 75% - F3, F4
14 25% - 50% OK
15 25% 25% 25% OK (*)
16 25% 50% - F3, F4
17 50% - 25% OK
18 50% 25% - OK
19 75% - - OK

100%

20 - - 100% F5, F6
21 - 25% 75% F6
22 - 50% 50% F4
23 - 75% 25% F3, F4
24 - 100% - F3, F4
25 25% - 75% F6
26 25% 25% 50% OK (*)
27 25% 50% 25% F3, F4
28 25% 75% - OK
29 50% - 50% OK
30 50% 25% 25% OK
31 50% 50% - F3, F4
32 75% - 25% OK
33 75% 25% - OK
34 100% - - F1

(*) Fuse is tripped if PV nodes are considered (see Table 6).

The cases of the first group (DG installed in PV bus) in which two consecutive fuses
were tripped are analyzed in Table 8. In this table, the correct coordination between fuses
is evaluated. The coordination time interval (Equation (8)) is derived from the tripping
time of the fuses taking into account a proportionality constant K = 1. In all cases, CTI is
larger than 0.3 s, with the exception of case 23 (100% DG penetration, distributed among
bus 646, 75% penetration, and node 652, 25% penetration). In this case CTI = 0.088 s < 0.3 s,
therefore a lack of coordination between fuses is observed. The cases corresponding to
the second group (DG installed in PQ nodes) in which two consecutive fuses are tripped,
are analyzed in Table 9. Among these cases, case 24 (100% DG penetration, distributed at
node 646) resulted as Not OK (as CTI = 0.07, lower than the limit value). Finally, it should
be emphasized that taking into account the whole set of simulations, DG considered as PV
nodes had a larger amount of cases (59%) in which at least one fuse was tripped, whereas
DG considered as PQ obtained a lower value of fuse-tripping cases (41%). This is caused
by a larger current supply from the DG in the case of PV nodes.
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Table 8. IEEE 13-bus feeder system (Figure 6), simulated considering PV nodes. Fuse coordination
results (tripping times) and compliance in cases where two consecutive fuses tripped (see Table 6).

Case
Zone 1 Zone 2 Zone 3

CTI [s]
Status Result

tF1 [s] tF3 [s] tF4 [s] tF2 [s] tF5 [s] tF6 [s] CTI > 0.3 s

5 - 7.84 3.48 - - - 4.36 OK
6 - 3.16 1.61 - - - 1.55 OK
12 - 1.37 0.75 - - 3.11 0.62 OK
13 - 0.94 0.52 - - - 0.42 OK
15 - 5.01 2.55 - - - 2.46 OK
16 - 1.16 0.65 - - 0.51 OK
20 - - - - 4.16 1.43 2.73 OK
21 - 5.45 2.73 - 29.58 2.84 2.72 OK
23 - 0.56 0.47 - - 6.16 0.09 Not OK

Table 9. IEEE 13-bus feeder system (Figure 6), simulated considering PQ nodes. Fuse coordination
results (tripping times) and compliance in cases where two consecutive fuses tripped (see Table 7).

Case
Zone 1 Zone 2 Zone 3

CTI [s]
Status Result

tF1 [s] tF3 [s] tF4 [s] tF2 [s] tF5 [s] tF6 [s] CTI > 0.3 s

6 - 3.27 1.67 - - - 1.60 OK
12 - 3.29 1.67 - - - 1.62 OK
13 - 1.00 0.55 - - - 0.45 OK
16 - 3.28 1.67 - - - 1.67 OK
20 - - 6.24 1.78 4.46 OK
23 - 1.00 0.55 - - - 0.45 OK
24 - 0.49 0.42 - - - 0.07 Not OK
27 - 3.30 1.68 - - - 1.62 OK
28 - 1.00 0.55 - - - 0.45 OK
31 - 3.29 1.68 - - - 1.61 OK

In case 23 of the IEEE 13-bus feeder system simulation considering DG installed in PV
bus, fuses F3 and F4 tripped for I = 87.2 A current with a lack of coordination (that is, the
time distance corresponding to the upper boundary curve of fuse F4, tES, and the lower
boundary curve of fuse F3, tEI, is smaller than the coordination time interval, CTI = 0.3 s),
that should be avoided by replacing one of the fuses. In Figure 7, the upper curve of
fuse F4 (SMD-50 E10) and the lower curve of fuse F3 (SMD-50 E13) are plotted. It can
be observed that the current intersects the fuse F3 curve at a point (indicated by an open
square) located below the curve corresponding to fuse F4 plus a CTI = 0.3 s (which imply a
lack of coordination). If fuse F3 is replaced by the next one in the family, characterized by a
larger nominal current (SMD-50 E15), the situation is not solved, as at I = 87.2 A current
the lower curve of the fuse has a tripping time lower than the one stated by the upper
curve from fuse F4 plus a CTI = 0.3 s (also indicated by an open square in Figure 7). The
problem is finally solved by selecting an SMD-50 E20 for the F3 fuse. See in Figure 7 how
the tripping time of its lower curve at I = 87.2 A (indicated by an open square) detaches
more than 0.3 s in relation to the SMD-50 E10 upper curve.
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Figure 7. Selection of fuses to avoid the uncorrected coordination detected in case 23 of the calcu-
lations considering PV nodes where the photovoltaic DG are installed. The upper tripping time
curve, tES, of SMD-50 E10 fuse selected for F4 fuse location (see Figure 6) is plotted, together with the
lower tripping time curves, tEI, corresponding to SMD-50 E13, SMD-50 E15, and SMD-50 E20 fuses.
The points of these curves corresponding to current I = 87.2 A obtained from the simulation of case
23 are indicated (open squares). The points corresponding to a proper coordination between fuse
SMD-50 E10 as F4 with SMD-50 E13, SMD-50 E15, and SMD-50 E20 fuses as F3 are also indicated
(open circles).

Besides, it is possible to work alternatively with the points of intersection between
the lower curves of the selected fuses and the upper curve of fuse F4 (SMD-50 E10) plus a
CTI = 0.3 s (open circles in Figure 7). From Equations (6)–(8), it is possible to derive the
following equation:

1
N
∑

i=0
βi I

i
2

∣∣∣∣
lower

=
1

N
∑

i=0
βi I

i
2

∣∣∣∣
upper

+ 0.3, (9)

that includes two families of polynomials, the one corresponding to the upper curve of
fuse F4, and the one corresponding to the lower value of the considered fuse for F3. From
the above equation, it is possible to derive the value of the current which implies a correct
coordination between fuses. The following current values were calculated with the data
from Table 5: I = 56 A, I = 83.54 A, and I = 140 A, for the corresponding SMD-50 E13,
SMD-50 E15, and SMD-50 E20 fuses (these values are the ones indicated in Figure 7 with
open circles). As the first two values of the current are below the tripping current I = 87.2 A,
there is a lack of coordination. In the latter case, the calculated value is larger than the
tripping current. Therefore, for this current, the lower curve of SMD-50 E20 will be detached
from the SMD-50 E10 upper curve a larger value than the one stated by the CTI (=0.3 s).

Going one step further, the fuse selected for F3 initially might be preserved and fuse
F4 replaced by another one with smaller nominal current (if it is possible, bearing in mind
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the required nominal currents). The situation is very similar to the one described above;
see Figure 8. In this case, fuses SMD-50 E10 and SMD-50 E7 cannot produce a proper
coordination, the values of their upper curves at I = 87.2 A being detached from the SMD-50
E13 lower curve less than the CTI (points indicated with open squares). Nevertheless,
fuse SMD-50 E5 selected as F4 fuse produces a proper coordination. Additionally, if
Equations (6)–(8) are considered:
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N
∑

i=0
βi I

i
2

∣∣∣∣
lower

− 0.3 =
1

N
∑

i=0
βi I

i
2

∣∣∣∣
upper

, (10)

where the polynomial corresponding to the lower curve of fuse F3 (fuse SMD-50 E13, in
this case) is constant, the polynomial corresponding to the upper curve being selected from
the studied fuse at F4 in order to calculate the current that produces a proper coordination
with fuse F3. These current values, I = 56 A (fuse SMD-50 E10), I = 79.1 A (fuse SMD-50 E7),
and I = 93.5 A (fuse SMD-50 E5), are indicated in Figure 8 with open circles. From these
values, it is possible to state that only selecting fuse SMD-50 E5 for fuse F4 will ensure a
proper coordination. It should be underlined that the selection of fuses is also conditioned
by their nominal current values.

Figure 8. Selection of fuses to avoid the uncorrected coordination detected in case 23 of the calcula-
tions considering PV nodes where the photovoltaic DG are installed. The lower tripping time curve,
tEI, of SMD-50 E13 fuse selected for F3 fuse location (see Figure 6) is plotted, together with the upper
tripping time curves, tES, corresponding to SMD-50 E10, SMD-50 E7, and SMD-50 E5 fuses. The
points of these curves corresponding to current I = 87.2 A obtained from the simulation of case 23 are
indicated (open squares). The points corresponding to a proper coordination between fuse SMD-50
E13 as F3 with SMD-50 E10, SMD-50 E7, and SMD-50 E5 fuses as F4 are also indicated (open circles).
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The analysis corresponding to the other case with improper coordination detected
between fuses (case 24 of simulations carried out considering DG installed in PQ nodes) is
very similar to the one analyzed. In this case, the current at the line protected by fuses F3
and F4 is I = 93.2 A, which is very close to the mentioned current that indicates a proper
coordination between fuse SMD-50 E5 at F4 and fuse SMD-50 E13 at F3. Nevertheless, the
result is still valid.

4. Conclusions

The aim of this work is to analyze the fuse coordination in rural (or not too large)
power networks with presence of photovoltaic DG. The performance of the fuses in the IEEE
13-bus feeder system with DG was studied with DIgSILENT©, and considering different
power penetration levels and power distribution between the three bus nodes where
the DG sources are installed (at close, moderate, and large distance from the substation).
Besides, two options were considered in relation to these bus nodes, PV and PQ nodes, in
order to study the widest scope of possibilities. The most relevant results of this work are:

• The effect of photovoltaic DG on fuse coordination in a power network similar to
the ones present in small rural villages has been checked. The results indicate that
an improper coordination of fuses (correctly selected in the case of no DG presence)
might be produced.

• A new and easy way to simulate the performance of fuses has been described.
• Thanks to the aforementioned new fuse modeling, criteria to select new fuses in power

networks that can ensure a proper coordination between them have been described.
• The present study can be extrapolated to networks with DG consisting of other kinds

of sources (different from the photovoltaic ones), as the main control parameter is the
current supplied to the network.
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Abstract: The objective of this paper is to study the impact of using micro-grid solar photovoltaic
(PV) systems in rural areas in the West Bank, Palestine. These systems may have the potential to
provide rural electrification and encourage rural development, as PV panels are now becoming
more financially attractive due to their falling costs. The implementation of solar PV systems in
such areas improves social and communal services, water supply and agriculture, as well as other
productive activities. It may also convert these communities into more environmentally sustainable
ones. The present paper details two case studies from Palestine and shows the inter-relation between
energy, water and food in rural areas to demonstrate how the availability of sustainable energy can
ensure water availability, improve agricultural productivity and increase food security. Further, the
paper attempts to evaluate the technical and economic impacts of the application of nexus approaches
to Palestine’s rural areas. The results of this study are for a real implemented project and predict the
long-term success of small, sustainable energy projects in developing rural areas in Palestine.

Keywords: sustainable agriculture; nexus approach; rural development; solar micro-grid; techno-
economic impact

1. Introduction

Palestine still has a number of remote small communities without access to electricity. It is unlikely
for these communities to be connected to the local power grid in the near future as a result of political
conflicts and financial issues. The unavailability as well as the lack of sufficient electricity is still
one of the main issues hindering socio-economic development in Palestine, especially in its rural
areas. The electricity is typically used for potable water pumping, irrigation, lighting and cooking
(Imad, 2019) [1].

In some remote areas located in the Palestinian territories, diesel generators are still used to power
homes and pump water for a limited period of time during a day. Therefore, a solar photovoltaic
(PV) powered irrigation system can be a practical choice for irrigating by utilizing solar PV systems.
Such a system can be employed as an alternative so as to provide isolated villages and localities
with energy, especially given that Palestine has a daily mean of 5.6 kWh/m2 of solar radiation and
3000 sunshine hours per year (Mason, 2009) [2], that is to say the region is well-suited to PV installations,
(Juaidi et al., 2016) [3]. At the same time, Palestine suffers from scarcity of water and arable land. As a
result, the Palestinian government provides assistance with PV schemes to encourage rural farmers to
install solar PV pump systems.

Generally, Palestine has a Mediterranean climate characterized by long, hot, dry summers and
short, cool, rainy winters, Table 1 below shows the maximum, minimum and mean temperatures,
annual rainfall and number of cloudy days in Palestine.
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Table 1. Climate in Palestine.

Temperature Maximum (30 ◦C), Minimum (10 ◦C), Average (25.5 ◦C)

Annual rainfall 450 and 500 mm/year

Number of cloudy days Partly cloudy (156 days/year), Totally cloudy (16)

This paper describes how a micro grid solar PV system with lead-acid storage batteries may be
utilized for rural electrification and water pumping. Two PV system installation processes have been
completed, in both Al-Birin and Dir Ammar small village (hamlet) communities, in order to provide
electricity access and pump water. In this paper, a solar PV system design for electrification and
irrigation is presented, along with the techno-economic feasibility of substituting the existing diesel
engines for solar photovoltaic (PV) systems. Solar PV systems were found to be more economic in
comparison with diesel use in rural, urban and remote regions in Palestine. The investment payback
for solar PV systems rather than diesel was estimated at 3.5 years.

Therefore, the main goal of this paper is to illustrate the real feasibility of using micro-grid solar PV
systems instead of diesel generators in different areas to promote rural development and sustainable
agriculture in Palestine by drawing on the performance assessment results. The monthly amount of
the energy generated from solar PV systems was recorded by data loggers and analyzed against the
total solar irradiation measured by a local weather station.

The Energy Research Center at An-Najah National University designed and installed two PV
irrigation systems for remote Palestinian communities in 2017. This paper summarizes the design and
documents the systems’ performance over their first year of operation.

2. Literature Review

Existing research literature has indicated that more than 1.5 billion people worldwide are living in
rural areas in developing countries without access to electricity. Many countries seek to improve the
quality of life of their citizens and increase the economic well-being of the families who live in rural
areas, even though they are relatively isolated and live in small families, which are few in number
(Feron, 2016) [4].

Over the past years, health and education have mainly been the focal points of social development
(Rowley, 1996) [5] and these sectors have been acknowledged, along with others, such as tourism,
recreation and decentralized manufacturing. Nowadays, one of the main sectors which is perceived as
the core of rural development is agriculture, i.e., food security, since it can be considered as the most
important sector for developing rural areas in the world. In fact, many communities in Palestine have
serious problems in terms of the scarcity of water and energy (Imad, 2019; Rehan, 2019) [1,6].

Many researchers have investigated the sustainable development of rural communities, and it
has been shown that there is a link between the enhancement of energy and that of water and food
supplies. Querikiol (2018) [7] evaluated the performance of a 1.5 kW solar PV system in an agricultural
farm located in Camotes Island, mainly for agricultural water use; it was found that around three cubic
meters of water per day would be necessary for land irrigation. Additionally, it was concluded that the
capacity of the required water pump in order to provide the required irrigation would be 360 W. It was
pointed out that it had a very good overall performance; this would prove the potential success of
other applications of solar systems operationalized for agricultural purposes.

Santos et al. (2018) [8] proposed a framework for designing a micro-grid system after examining
technical, economic as well as social issues so as to determine the optimum required system.

As for research, Chel and Kaushik (2011) [9] analyzed the economic impact, along with the
environmental impact, of using solar pumps so as to attain sustainable agriculture. The author of [8]
pointed out the role that solar energy plays in farming, namely strengthening all agronomic parameters
with regard to ecological efficiency, environment and social impacts, in addition to feasibility. Al-Saidi
and Lahham (2019) [10] evaluated the nexus approach, which has been adopted and whose projects
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have been implemented in the Azraq Basin, Jordan. Through adopting a nexus perspective, the authors
of [8] assessed the feasibility and the requested incentives in order to encourage farmers to use
standalone solar PV systems. Furthermore, Kyriakarakos et al. (2020) [11] discussed high-cost rural
electrification projects by examining a number of methods which could be followed to cover the costs
required to implement them, including increasing the cost of produce and plant products in addition to
subsidizing the cost of solar PV systems. This approach has been implemented in Rwanda and has led
to subsidizing the local agricultural cooperatives and promoting electrification activities in rural areas.

This paper evaluated the performance of an installed 6.2 kW, 9.6 kW off-grid micro-grid solar PV
system in terms of its ability to meet the irrigation and other operational requirements of a 4-hectare
and 5.5-hectar plantations located in Dir Ammar and Al-Birin areas, respectively. The agricultural
lands vary between flat and wavy lands for the cultivation of various types of grains and vegetables,
sloping lands for the cultivation of fruit trees, and steep, rugged lands in which forests and natural
herbs grow suitable for grazing. Olives are one of the most important agricultural crops in these areas,
as they occupy the largest cultivated area and almost surround the town in all directions.

The main aim of this study is, therefore, to contribute to the evaluation of the potential impact
of implementing solar PV systems on sustainable agriculture and rural development in Palestine,
especially concerning the possibility of income-generating activities. It is important to identify the
potential contribution of solar PV, as a replacement of diesel generators, to ensure rural development
and gain further income and political commitment because such solar projects may expand to other
areas and may help ensure solar PV is designed appropriately, under real-life environmental conditions.

3. Case Studies: Dir Ammar and Al-Birin Small Villages (Hamlets) in the West Bank, Palestine

Both Dir Ammar and Al-Birin small villages (hamlets) are located in Palestine and face relatively
similar circumstances in terms of their access to electricity. On the one hand, Dir Ammar is a town
located in Ramallah Governorate, 20 km northwest of the city of Ramallah in the north of the West Bank,
located at latitude 31◦58′00” N and longitude 35◦06′07” E.A. The community in the above-mentioned
hamlet suffers from lack of supplies and relies on diesel generators for household electrification and
land irrigation. On the other hand, Al-Birin hamlet is in the southeast of the Hebron District. At a
distance of 10 km, the city of Hebron is the closest to this community; it is located at latitude 31.489668◦
and longitude 35.147839◦. Similar to Dir Ammar, this community also depends on a diesel generator
for generating electric power.

Through the assessment of non-electrified villages in Palestine in 2017, we found that Dir Ammar
and Al-Birin communities are two suitable villages for the implementation of micro-grid solar PV
systems. The villages are located near Israeli settlements; thus, the process of supplying them with the
conventional power supply from the grid proved to be challenging for implementation. Funded by the
Spanish Agency for International Development Cooperation (AECID), micro-grid centralized solar PV
systems were installed in 2018 as rural development projects in Palestine. The present paper examines
the socio-techno-economic impact of these projects under the circumstances (Ibrik, 2016) [12].

The number of the inhabitants of Dir Ammar and Al-Birin does not exceed 180 individuals who
live in 24 houses. Most of those who live in the aforementioned communities mainly work as farmers
and cattle breeders, whereas some are construction workers. The location of these communities
are in area C, where Israel does not allow Palestinian to expand the electrical network to this area.
This encouraged us to select these remote areas to be a model for a solar electrification and water
irrigation in Palestine. Local wells supply water to the villages for the most part. Old generators
were only used for 4–5 h per day due to their high fuel prices and high-level consumption; the cost
of 1 kWh electricity production was around $0.5. Table 2 shows the daily consumption allocated for
these communities. The cost of diesel/liter is around 1.5 $/L, because the diesel generators are very old,
and the diesel consumption is around 0.3 L/kWh. The overall efficiency of the existing generators is
around 32%.
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Table 2. Total daily consumption/family.

Application Quantity Power (Watt) h/Day W.h/Day

PL lamp 2 13 5 130

TV 1 100 3 300

Mobile charge 1 10 1 10

Small refrigerator 1 200 5 1000

High efficiency washing machine 1 180 2 360

Total 1800

In winter, it is not necessary to use energy for irrigation. For some days in winter and cloudy
weather, the output of the PV system is very low. In summer, there is more output energy and, at the
same time, more need for drinking and irrigation.

Each house is fitted with an energy dispenser and meter, which limits the amount of energy
available for each user in accordance with their predetermined needs and the contracted tariff. In order
to avoid flattening of batteries, the diesel generator works for a few hours in winter to fill the batteries.

Instead, solar PV systems are now installed for electrification and for water pumping in these
communities as such systems, rather than diesel generators, are now deemed to offer the best solution
and feasible method for irrigation in Palestinian rural communities. Table 3 compares the use of diesel
generators for irrigation as opposed to solar PV systems, taking Dir Ammar as a case study. It can
be noticed that using solar PV is more sustainable, eco-friendly and encourages the socio-economic
development of these communities, and it can help to solve the energy crisis which Palestinian
farmers face.

Table 3. Irrigation electrical component parts and characteristics (Madziga et al., 2018) [13].

Solar PV DC

Capital cost 3000 $/kW
Replacement cost 2000 $/kW

Q&M cost $0
Efficiency 16%
Life time 20

Tracking system No
Co2 pollution 0

Diesel Engine AC

Capital cost 700 $/kW
Replacement cost 450 $/kW

Q&M cost 0.088 4/h
Life time 18,000 h

Co2 pollution 2830 kg·CO2/year

Battery DC

Technology Lead Acid
Capacity 7.6 kWh

Nominal capacity 1800
Voltage 2 V

Min. state of charge 35%

Capital cost 320 $

Replacement cost 100 $

Q&M cost 50 $/year
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Table 3. Cont.

Solar PV DC

Efficiency 85%

Life time 10 year

Converter AC/DC/AC

Capacity 7 kW

Capital cost 300 $/kW

Replacement cost 300 $/kW

Q&M cost 0

Efficiency 92%

Life time 10 year

In this study, the micro-grid in each community was built, and it consists of an over-head
line (3 × 6 mm2 PVC), 11 poles and cables (3 × 4) mm2 for the connection users in each location.
The performance analysis and a feasibility study of deploying solar photovoltaic systems for water
pumping and for electrification of rural areas in Palestine are presented based on real input data from
both implemented projects.

4. System Design

4.1. Determining Solar Irradiation

The solar energy data were collected from weather stations near the hamlets Dir Ammar and
Al-Birin. The average recorded data indicated that the solar radiation rate was 5.5 kWh/m2-day, and the
maximum solar radiation almost reached 8.2 kWh/m2-day in July, while the minimum was about
2.8 kWh/m2-day in December. Figure 1 shows the average monthly irradiation for both sites.
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Figure 1. Dir Ammar hamlet.

4.2. Elements of System Design

4.2.1. Electrical Load

The main loads in each village reflect the inhabitants’ daily power consumption and water
pumping as well as their electricity demand. These figures have been obtained using a questionnaire.

Dir Ammar’s deep water well specifications are listed below:

• Total dynamic head = 20 m
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• Daily water consumption required: 60 m3/day.
• Diesel consumption = 3 L/day, needed monthly diesel = 90 (L/month)

The specifications of deep water wells in Al-Birin are as follows:

• Total dynamic head = 30 m
• Daily water consumption required: 80 m3/day.
• Diesel consumption = 6.5 L/day, needed monthly diesel = 200 (L/month)

The dynamic head is the total equivalent height that a fluid is to be pumped. The hydraulic energy
(HE) can be calculated as in (1) in Amjath et al. (2019) [13].

HE (
kWh
day

) = 0.002725 × Q × TDH (1)

where Q is the water pumping rate (m3/day) and TDH is the total dynamic head (m).
The electrical energy required for water pumping is calculated as in (2).

Electrical Energy =
HE
ηs

(2)

where ηs is the efficiency of the system components.
The calculated total daily loads including water pumping for these communities are indicated in

Table 4.

Table 4. Total daily consumption in communities.

Community
Water Pumping
Consumption

kWh/Day

Household
Consumption

kWh/Day-Family
No. Houses

Total
Consumption

kWh/Day

Dir Ammar 5.5 1.8 10 23.5

Al-Birin 11 1.8 14 36.2

Table 2 shows that by deploying high efficiency pumps and appliances to carry out these projects,
the total consumption may be around 23.5 kWh/day in Dir Ammar but 36.2 kWh/day in Al-Birin.

4.2.2. Sizing Solar PV Systems

To determine the capacity of the required solar PV system to supply the average daily load
consumptions of these communities, Equation (3) was used (Imad, 2019) [1].

PPV−system =
Econ

(ηinv × ηbat × P.S.H)
× S f ac (3)

Ecos: average daily consumption in kWh/day
P.S.H: peak sunshine hours (5.5 h) (Imad, 2019) [1]
ηinv: inverter efficiency (97%)
ηbat: battery efficiency (85%)
Sfac: factor of safety (1.2)

The total power of Dir Ammar’s PV system, PV-system = 6.2 kWp.
The total power of Al-Birin’s PV system, PV-system = 9.6 kWp
In both projects, a solar PV module capacity of 395 W was installed, so the number of modules in

the system was determined as in (4).

N =
PPV sys

Pmodule
(4)
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The number of solar PV system modules in Dir Ammar is 18; however, there are 24 modules
in Al-Birin.

4.2.3. Determining DC System Voltage

The selected DC system voltage of the micro-grid solar PV system equals 48 Vdc. The number of
series modules, Ns, can then be calculated as in (5).

Ns =
Vd.c(PV sys)

Vmodule
(5)

= 48/18.1 = 3 module in series
The PV system in Dir Ammar is composed of two arrays; each consists of 3 × 3 PV modules.

Similarly, Al-Birin’s is composed of two solar arrays; however, each array has 3 × 4 PV modules,
which are installed on galvanized steel supports, a south-facing, horizontally-oriented surface at a tilt
angle of 30 degrees for optimum performance throughout the years.

4.2.4. Selection of Battery Bank

In micro-grid solar PV, the battery constitutes an important part of system. The needs of
the community are met whether at night or on cloudy days, which requires a high number of
charge-discharge cycles, by selecting the most appropriate battery.

The battery is selected in ampere hours, as in Equation (6).

CAh =
Na × Econ

Vbat ×DOD× ηin × ηbat
(6)

Na: autonomy days (1.5–3 days)
Vbat: system battery voltage =, 48 V
DOD: depth of discharge (0.35)
For Dir Ammar, total CAh = 1700 Ah, and for Al-Birin, total CAh = 2600 Ah.

For limitation of budget, we selected 1800 Ah for both sites, the characteristics of the lead-acid
batteries deployed in both sites are mentioned in Table 5. The storage system is composed of 24 deep
cycle batteries. Each element is a 2 V battery with a capacity of 1800 Ah (C10), connected in a series.

Table 5. Characteristics of used batteries.

Type of Battery AGM Block 2 V

Number of batteries 24

Capacity of battery (C10) 1800 Ah

Autonomy days 2

The total available energy in batteries can be calculated as in (7).

CWh = CAh ×VBat (7)

CWh = 1800 Ah × 48 V = 86.4 kWh for Dir Ammar and CWh = 86.4 kWh for Al-Birin

4.2.5. Selection of Charge Controller

For controlling the charge-discharge cycles, the selected charge controller prevents issues related
to overcharging as well as deep discharging, the selected controllers are using a maximum power point
tracker (MPPT) in order to maximize the solar PV power.
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The capacity of the charge controller is selected based on the PV maximum current, taking safety,
as a factor, into account as shown in (8).

Ic = IPV × S f actor (8)

Sfactor: safety factor (1.25).
Ic = 73.5 A for Dir Ammar, and Ic = 98 for AL-Birin

Therefore, a 100 A MPPT, STUDER VarioTrack VT-100 was selected as the installed PV charge
controller; the maximum efficiency reached 97.5%.

4.2.6. Selection of Inverter

We selected single phase inverters to supply single-phase water pumps used in the projects whose
system output voltage was 230 V/50 Hz each, as follows (Imad, 2019) [1]:

Rating inverter = PV rating = 395 Wp × 18 = 7110 W for Dir Ammar and 9480 W for Al-Birin.
The inverter was used to convert DC power of PV arrays to AC power; the voltages and currents

were suitable for operating domestic appliances in a consumer’s household and driving the pump
electric motor.

The input energy of inverter = PV rating × P.S.H.
= 7110 × 5.5 = 39.1 kWh/day
The total energy output of inverter = total energy input of inverter × ηinv
= 39.1× 0.95 = 37.1 kWh for Dir Ammar and 49.5 kWh for Al-Birin.

We selected 48 Vdc operating voltage inverters whose output voltage was 230 V/50 Hz, with a
capacity of 10 kW in Dir Ammar and 12 kW in Al-Birin.

A comparison between different scenarios regarding solar capacity and storage system were
studied and the results are shown in Tables 6 and 7.

Table 6. Different scenarios comparison for optimal design—Dir Ammar.

N Capacity of Solar PV (kWp) Storage System Micro-Grid System Cost ($)

1 5 24 * 2500 Ah 21,340

2 6.2 24 * 1800 Ah 19,000

3 8 24 * 1200 Ah 19,150

Table 7. Different scenarios comparison for optimal design—Al-Birin.

N Capacity of Solar PV (kWp) Storage System Micro-Grid System Cost

1 7 24 * 3500 Ah 31,760

2 10 24 * 2600 Ah 27,200

3 14 24 * 1800 Ah 28,350

4 10 24 * 1800 Ah 25,600

We selected the optimum scenarios which would give minimum cost for each community.

4.2.7. Electricity Installation

Each house is fitted with an energy dispenser, Figure 2, and meter, which limits the amount of
energy available for each user in accordance with their predetermined needs and the contracted tariff.

Users are trained to make efficient and rational use of the energy in the household. The corrective
(vs. preventive) maintenance technician is a contracted professional in charge of repairing potential
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failures of the system and of keeping it in optimal condition. He is trained on the functioning of
the micro-grid with adequate workshops and technical materials and manuals. The users in both
communities are enjoying a 24-h quality electricity service.

As to the economic structure of the service, its goal is to guarantee the economic sustainability of
the project. Thus, the fees paid by users stay in the community and are kept by the operator (a special
bank account is created for the project in each community). The payment of fees is aimed at covering
the expenses of operation and maintenance (O&M) of the system, that is, the cost of components, diesel
for the generator to operate for a few hours in winter time, transport, spare parts, etc. This economic
sustainability is highly dependent on the users’ capacity and willingness to pay the fees.Agronomy 2020, 10, x FOR PEER REVIEW 9 of 18 
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Figure 2. Electricity dispenser meter.

One very essential element for long-term sustainability we are dealing with is the feeling of
appropriation of the project by the community. Our experience has shown that the more informed
the people are, the more involved. Thus, regular informative meetings are very necessary. Other key
elements here are the local management of the service, which gives the community a sense of sovereignty
(that is, they are not dependent on the electricity company or of Israeli supply); good training (on the
rational use of energy, the individual energy control, . . . ), which makes them feel more confident in
the use of the service; and finally the empowerment of women, who at the end of the day are the ones
managing the electricity use in the households.

4.3. Energy Generated by Micro-Grid Solar PV

The hourly data was collected using a data logger and recorded in the monitoring system each
hour. The total annual output energy can be calculated as in (9).

Eyear = Σ(En1 = En2 . . . . . . . . .+ En12) (9)

where n1 = January . . . n12 = December

En: monthly output energy (kWh)
Eyear: yearly output energy (kWh)

As illustrated in Figures 3 and 4, the power output and the actual monthly consumption are
compared with an estimated solar panel output using “PV sys” Software program.
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Figure 3. The actual and estimated energy consumption in Dir Ammar community in 2018.
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Figure 4. The actual and estimated energy consumption in Al-Birin community in 2018.

Estimated output is the output energy expected to be produced according to average solar
radiation in the West Bank (Palestine), while the actual output is the real output based on real solar
radiation. The solar PV system is normally expected to produce the most ideal output “optimum”
energy, but in reality the output power will be dependent on real solar irradiance and temperature
and on the electrical losses in the system; therefore, the actual energy output is usually less than
the estimated.

In Dir Ammar the maximum output was 1337.2 kWh in June 2018, yet in December, it reached
452.6 kWh. As for the Al-Birin system, the maximum output energy was 2070.6 kWh in June 2018 and
684.6 kWh in December.
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5. Performance Analysis of Rural Electrification Using Micro-Grid Systems in Palestine

5.1. Performance Ratio (PR) of Solar PV Systems

The PR in Equation (10) can be calculated by dividing the actual output generated energy by
the estimated output energy as in (10); the suitable range of this factor is 68–90% (Ghouari, 2016;
Otaibi, 2015) [14,15]. The calculated PR for both systems is shown in Figure 5.

PR =
Eactual

Eestimated
(10)

For Dir Ammar, the yearly average PR is 88%, and for Al-Birin, the yearly average PR is 86%.
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Figure 5. The performance ratio (PR) of both systems.

5.2. Capacity Utilization Factor (CUF)

The CUF is a factor which measures the actual energy output against the nominal energy output
of the installed power at a specific period, as in (11) (Amjath, 2019; Ibrik and Hashaika, 2019) [16,17].

CUF =
Ereal

h× Pins
× 100% (11)

Pins: rated capacity of solar power plant (Wp).
h: hours in specific period “during year/month/day”.

The CUF has been calculated for both systems, and the results are shown in Figure 6.
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Figure 6 indicates that the annual average CUF is 20.27%; the maximum value is 29.9% in June,
and the minimum is 10.14%, in December.

6. Social and Economic Impact of Solar PV Systems in Dir Ammar and Al-Birin Communities

6.1. Social Impact

Based on real-time data collection from both communities, Dir Ammar and Al-Birin, it was
concluded that rural electrification had changed the status of these small villages and had created
economic, socio-cultural and demographic impacts on the daily lives of both communities.

Energy access has considerable, sustained impacts on poverty as it helps to reduce it. Moreover,
other significant aspects may be influenced by rural electrification, including health, education and
childcare as well as female employment (Mondal, 2011; Khan, 2014) [18,19]. It was found that the
availability of energy provided access to potable water. In fact, not only does safe drinking water play
an essential role in maintaining an individual’s health, but it also has a major impact on agricultural
development. Furthermore, having energy access stimulates agro-food industries since micro-grid
solar PV systems are likely to provide electricity services to these remote communities as well as rural
areas, which still deploy diesel engines. Solar PV may also improve healthcare quality, agriculture and
the availability of electricity and water supplies in these poor areas (Mala, 2009; Epstein, 2016) [20,21].

Using solar pump systems provides a reliable, sustainable energy source for irrigation. In terms
of the economic impacts which these systems have, the farmers cut back on diesel consumption and
save money. The agricultural output increases and farmers’ incomes as well as increases, now they
can enhancing crop productivity and being able to perform multiple cropping cycles during the year,
which boosts their income, enhances their resilience, improves food security and contributes to cutting
poverty in the communities (Hirmer, 2014; Müggenburg, 2012) [22,23].

These implemented projects proved to be successful as the beneficiaries reported their satisfaction.
While the two rural areas’ inhabitants had no access to electricity and, instead, had to use primitive
tools, such as candles, before carrying out the projects, they now feel safer and closer to one another as
they can participate in other nighttime activities, such as spending quality time with their families,
which helps strengthen their ties.

Moreover, the time spent by the women involved in dairy production or doing house chores was
reduced, allowing them to pay visits to one another and take better care of their children, so 63% of
women reported the positive effects of the PV system on their lives.

The project affected the behavior of children positively. Twenty percent of the children who live
in the villages under the study pointed out that studying at night was no longer impossible. Prior to
the implementation of the projects, those children were without light at night; keeping in mind that
50% of the children did not attend school because they were either in their pre-school years or females
who were not allowed to go to school because of the fear for their safety due to the dangers imposed
by settlers, 20% could be considered as an acceptable percentage.

The houses in each community are close to each other as clear in Figures 7 and 8.
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Figure 9 indicates that through implementing the aforementioned solar PV projects in both
communities, both villages now have access to electricity round the clock. In the same way, the generated
energy has also improved access to water sources; water is stored in water tanks and later used for
drinking (see Figure 10) and for solar-powered irrigation pumping, as shown in Figure 11. These
sources have enabled poor farmers to improve their agricultural productivity as well as their vegetable
production and cropping intensity at low costs while providing a cleaner and greener alternative for
irrigation, as demonstrated in Figure 12. The water pump fills the water storage tanks during sunshine
hours and the farmers irrigate the crop fields mainly at night and according to a specific schedule.
Farmers can now cultivate more crops annually which will boost their incomes, enhance crop resilience,
improve food security and alleviate poverty.
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6.2. Economic Impact

The economic impact of the proposed micro-grid solar PV systems can be determined using different
methods, all of which depend on the life cycle costing (LCC) (Barringer, 1995; Fuller, 1996) [24,25].

The proposed LCC consists of investment, replacement and operation costs, in addition to the
cost of owning it over its lifetime.

The breakdown cost for each system is shown in Table 8.

Table 8. Breakdown cost in each community.

N Item Cost ($)—Dir Ammar Cost ($)—Birin

1 Solar PV 2170 3500

2 Steal Structure 2000 2500

3 Batteries 7500 7500

4 Charge Controller 1500 2000

5 Inverter 2100 3000

6 Installation 2500 3000

7 Electrical Grid and
Installation of Users 1230 4100

Total 19,000 25,600

The replacement cost in year 10 will include the cost of replacement batteries, charge controller,
and inverter; the estimated cost can be considered as the following:

- For Dir Ammar: 13,000 $ including transportation and installation.
- For Al-Birin: 15,000 $ including transportation and installation.

The rate of return (ROR) and simple pay back period (SPBP) methods were used in this evaluation.

124



Agronomy 2020, 10, 1474

6.2.1. Rate of Return Method

For feasibility evaluation, the rate of return (ROR) method can be employed so as to assess if
a project or investment is economically justified (Yoomak, 2019; Firouzjah, 2018) [26,27]. The ROR
method is expressed as the rate of interest earned on the unrecovered balance of the capital cost.
The process of calculating the ROR value does not resemble that of calculating the present worth (PW)
or annual worth (AW) for a series of income and outcome cash flows. The PW technique through
the LCC of cash flow was adopted in the present study, as shown in Figure 12, with regard to the
Dir Ammar project, and Figure 13, with regard to Al-Birin’s. The LCC includes the initial cost of the
project, operation and maintenance (O & M) costs, battery replacement costs, scrap value and saving
‘revenue’ from annually produced energy. In the savings calculation, the output energy cost equaled
0.5 $/kWh (Imad, 2019) [28], as it replaced the cost of using diesel. The annual saving of produced
energy is determined as in (12).

Annual saving = Total Annual output Energy (kWh) × Energy Cost ($/kWh) (12)

Annual saving for Dir Ammar = 10,861 × 0.5 = 5430.25 $ and for Al-Birin = 16,478 × 0.5 = 8238.5 $.
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Figure 13. Lifetime cash flow—Dir Ammar.

The cash flow that is shown in Figures 13 and 14, the investment cost, battery replacement and
O & M costs are considered as outcomes while the annual savings and the scrap value are considered
as incomes.

PW (output) = investment cost + (P/A, i, 20) of operation cost + (P/F, i, 10) of battery replacement cost.
P/F,i,10 = finds the equivalent present value from future value at i% interest for 10 years.
P/A,i,20 = finds the equivalent present value from given annual value at i% interest for 20 years.

Where the interest rate i = 10%

PW (input) = (P/A, i, 20) of Energy savings + (P/F, i, 20) of scrap value.
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For Dir Ammar:
PW (output) = 19,000 $ + 420 $ *(P/A, i, 20) + 13,000 * (P/F, i, 10)
PW (input) = 5430 * (P/A, i, 20) + 2000 * (P/F, i, 20).

For Al-Birin:

PW (output) = 25,600 $ + 520 $ * (P/A, i, 20) + 15,000 * (P/F, i, 10)
PW (input) = 8238.5 * (P/A, i, 20) + 3000 * (P/F, i, 20).

Using an Excel sheet, the ROR for Dir Ammar equaled 23.28%, yet for Al-Birin, it was 27.83%.
This suggests that these projects will return 25.55% of their initial costs annually; in other words, these
projects are feasible.
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6.2.2. Payback Period (SPBP)

The SPBP method is used also to determine the project feasibility, and it can be calculated using
Equation (13) (Berk, 2012; Brealey, 2012) [29,30].

S.P.B.P =
Investment

Saving
(13)

S.P.B.P for Dir Ammar = 3.5 years, and for Al-Birin the S.P.B.P = 3.1 Years
The SPBP for both projects is around 3.5 years. Alternatively stated, all the expenses are to be

recovered by the first 3.5 years, whereas the rest, which add up to 16.5 years, are to be considered as a
profit, which proves the feasibility of implementing these projects.

7. Environmental Impact

The replacement of diesel generators with solar PV systems has a significant environmental impact
especially on the atmosphere due to the entailed reduction of combustion processes. The amount of
CO2 emitted per kilowatt-hour (kWh) depends on the method of generation, diesel, nuclear, coal, gas
. . . and so forth. The estimated annual reduction of CO2 emissions in Dir Ammar is about 2830 kg CO2

and Al-Birin villages about 6288 kg CO2.
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8. Conclusions

This study presented a design of a micro-grid solar PV system for electrification and irrigation
systems in two rural communities (Dir Ammar and Al-Birin hamlets) in Palestine since this technology
is reliable and feasible for irrigation of agriculture crops. The solar PV systems minimize the dependence
on diesel as well as conventional electricity sources, which may help solve the problems related to
the lack of energy supply in Palestine. This study points out that the total cost of installing solar PV
systems, including fixed, running and replacement costs are lower than those of diesel engines.

The implementation of solar micro-grid systems in rural areas suggests a diversity of approaches
that address many objectives, such as rural electrification, solar PV dissemination, water availability
and increasing agricultural productivity. The implemented projects in the discussed two communities,
Dir Ammar and Al-Birin, are integrated into the processes of establishing more direct correlations
between producing energy, availability of water and agricultural activities, not to mention increasing
the created opportunities with respect to energy, water and food securities.

The performance analysis of micro-grid solar PV systems for electrification and irrigation of land
for small communities in Palestine shows very good results. The installation of an electricity dispenser
and training for the community on load management and using water for irrigation at night are key
factors for no black outs and keeping batteries in good condition. The degree of satisfaction within
the community is high, and the social development and utilizing of PV systems is more economically
feasible for electrification and irrigation of remote villages of geographic, climate and load conditions
similar to Dir Ammar and Al-Birin in Palestine. In addition, micro-grid solar PV systems do not pollute
the environment, unlike the use of diesel generators.
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Abstract: Farm machinery like water sprinklers (WS) and pesticide sprayers (PS) are becoming quite
popular in the agricultural sector. The WS and PS are two distinct types of machinery, mostly powered
using conventional energy sources. In recent times, the battery and solar-powered WS and PS have
also emerged. With the current WS and PS, the main drawback is the lack of intelligence on water
and pesticide use decisions and autonomous control. This paper proposes a novel multi-purpose
smart farming robot (MpSFR) that handles both water sprinkling and pesticide spraying. The MpSFR
is a photovoltaic (PV) powered battery-operated internet of things (IoT) and computer vision (CV)
based robot that helps in automating the watering and spraying process. Firstly, the PV-powered
battery-operated autonomous MpSFR equipped with a storage tank for water and pesticide drove
with a programmed pumping device is engineered. The sprinkling and spraying mechanisms are
made fully automatic with a programmed pattern that utilizes IoT sensors and CV to continuously
monitor the soil moisture and the plant’s health based on pests. Two servo motors accomplish the
horizontal and vertical orientation of the spraying nozzle. We provided an option to remotely switch
the sprayer to spray either water or pesticide using an infrared device, i.e., within a 5-m range.
Secondly, the operation of the developed MpSFR is experimentally verified in the test farm. The field
test’s observed results include the solar power profile, battery charging, and discharging conditions.
The results show that the MpSFR operates effectively, and decisions on water use and pesticide
are automated.

Keywords: solar photovoltaics; agricultural robots; Agri 4.0; battery-based farm machinery; mobile
irrigation system; smart water sprinklers; smart pesticide sprayers; multi-purpose farming robots

1. Introduction

Farming is one of the primary activities in agricultural sectors that demand freshwater
use worldwide [1]. Presently, the farming community uses more than 70% of the freshwater
that is withdrawn from water resources (e.g., well, boreholes, lakes, rivers, etc.) to produce
goods for the fast-growing food demand [2]. On the other side, freshwater scarcity is
increasing from the water resources mentioned above due to weather patterns changes
and uneven rainfall. At the same time, water demands are growing mostly driven by
industrial activity. The increasing water demand is emerging as a more immediate threat
to society and other interdependent sectors, such as food and agriculture [3–5]. Global
estimates and projections are quite uncertain in water use, especially the relationship
between water use and crop productions. However, the predictions on food use suggest
that the demand for food would rise by 60% by 2050 [6], and this increase will require more
arable land with sufficient water resources. The population, urbanization, clean energy,
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and climate change are the primary concerns concerning food security in the modern world.
Globally, food security is becoming a prime concern for government agencies and health
organizers. Hence, significant attention is essential in the agricultural product supply
to stay afloat with a large population to be fed. Many countries use more than 90% of
water withdrawals for agriculture, especially in South Asia, Africa, and Latin America.
The freshwater withdrawals in Sudan record highest, i.e., 96%, whereas Germany and
the Netherlands record less than 1% [6]. Hence, it is clear that there exists an uneven
distribution of water withdrawals for the agricultural sector across the globe, which results
in food security and water supply issues. In parallel with this, various techniques are
being used to solve food security and water supply issues for multiple uses and ensure
an environmental balance [7–9]. Some studies in the literature suggested creating water
demand management measures [10,11].

Smart irrigation could be one feasible solution in the context of efficient water manage-
ment. Assessing the overall water availability, preparing coping mechanisms for drought
times, improving irrigation scheduling tools, and combining the technology and manage-
ment techniques should be considered when upgrading the irrigation systems [11]. Smart
irrigation management helps to detect when to irrigate, the amount of water required,
and the irrigation frequency, based on the monitoring of crop evapotranspiration and soil
moisture situations [12]. The cheapest way to irrigate large farmland is to lay down water
pipes connected to sprinklers and pump water from a nearby water source. In the case of
rugged and uneven terrain, setting up irrigation pipes may be difficult, and a more efficient
pump could be required if there are significant elevation changes. In situations like this,
there are apparent disadvantages involved with the use of power and maintenance.

Apart from the irrigation system, pest control is another major issue. There are massive
developments in the pest control field, but capital cost, size, and complex nature made
it less popular. More advanced machinery can perform the pest controlling task with
excellent efficiency, but it often comes with a high price. Overall, in combatting the pest,
chemicals are often sprayed over the farm area, assuming they reach each plant on the
farm. Different types of plants have different lifespans at some stages; a certain amount
of fertilizers or chemicals are required for maximized production. To achieve this, the
chemical used must reach the plant correctly and efficiently.

Hence, there is a great potential for mobile robotic systems that can spray the chemicals
and other types of fertilizers directly to the plant to satisfy the current challenges. Massive
research is currently undertaken on individual systems that serve water sprinkling and
pest spraying functions separately [13–17]. Based on the research survey, it is understood
that the agricultural sector is heavily involved in employing IoT sensors to collect data,
which later helps in data mining and predicting using various artificial intelligence (AI)
techniques. However, in recent times, low-cost data gathering electronic devices are
becoming popular which include Arduino [18–22], Raspberry Pi [23–25], Zigbee [19,25–27],
LoRa [24], WiFi [28], Bluetooth [22], Global System for Mobile (GSM) Communications [20],
and General Packet Radio Service (GPRS) [29]. As well, there has been a rapid influx of
commercial water sprinkling and pest spraying farming solutions embedded with above
mentioned electronic devices into the market. These commercial systems demand an
efficient energy storage system for their operation; with this, the use of rechargeable and
portable batteries like nickel-cadmium (NiCd), and lithium-ion (Li-ion), etc., have become
popular. More recently, the on-board solar powered-battery systems also emerged, making
these commercial farming solutions energy efficient [19,20]. Besides energy management,
water management is crucial; hence the on-board water and chemical storage tanks should
be optimally designed considering the energy requirements. This suggests the need for
effective control algorithms [12]. In ref [30], a decision tree approach was used to decide
the seasonal irrigation frequency and water requirements for the farm based on forecasted
soil moisture. Like this, there exist numerous prediction methods for soil moisture, see
Figure 1.
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Figure 1. Commonly used methods for predicting soil moisture.

A fuzzy inference that uses IF-THEN (knows as Crisp rules) was also applied to
equivalate the soil moisture compared with threshold values collected by sensors to decide
whether to switch on an irrigation sprinkler system [31,32]. Like this, there are numerous
approaches for controlling the sprinkler system see Table 1.

Table 1. Summary of the Literature with different control method in Smart Irrigation.

The Method Used to Control the Sprinklers of an Irrigation System Reference

Supervisory Control and Data Acquisition (SCDA) system-uses the soil
sensor to control and monitor the irrigation. The advantage of such an

algorithm is it automatically carries out the data collection, preparation,
and execution of the water balance management.

[33]

Wireless sensor nodes gather fully web-based system
(online)—visualization of weather data and soil moisture, and spraying is
done where is necessary. The system can send and receive messages and

activates the irrigation system automatically.

[34]

Internet of Things (IoT) devices–farmers, can receive the data such as soil
moisture, humidity, and whether forcing from different IoT sensors and

manually or automatically spraying value is opened.
[35]

Studies also revealed that automation and path navigation are also the other two
essential features for designing mobile robotic systems. In ref. [36], a farm machinery
control system was developed to operate multiple tractors on a single large-scale farm
by a remote Wireless Local Area Network (WLAN) monitoring system that automates
navigation path control simultaneously. The control architecture for path tracking tasks for
a mobile robot is usually based on rolling without slipping. However, this is not realistic for
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an off-road vehicle, such as a tractor or any other agricultural vehicle, as the study in [37]
points out since farming vehicles face problems with sliding wheels and actuator delays.
On the same note, this was also demonstrated many strategies that focus on predictive
observer-based and adaptive control that can automatically direct farm machinery without
an external sensor while dramatically reducing the precision loss for route monitoring.

From the above literature survey, it is clear that smart irrigation provides reliable
operations for agricultural activities and efficiently delivers water. At the same time,
systems related to pesticide spraying also offer greater efficiency. However, the studies on
machinery that offer both functions (water sprinkling and pesticide spraying) are limited
as per our knowledge. Hence, this study aims to build a multi-purpose smart farming
robot (MpSFR) based on vehicular technology in irrigating the farm. The MpSFR functions
with farm monitoring, preprocessing the data for decisions, control, and other irrigation
management activities enhanced by soil moisture and plant health prediction. Besides,
an experimental investigation is carried out in the test farm to verify the functions of the
proposed MpSFR.

The novel contributions of this study are as follows:

• Photovoltaic powered battery-operated vehicular technology-based systems for sma-
rt irrigation;

• Sensor-based autonomous control is used to avoid collisions and obstacles during
water sprinkling and pest spraying;

• Soil moisture-driven decisions for sprinkling water in the farm area and image-
processing for pest detection to decide pest spraying.

The paper is organized as follows. In Section 2, the multi-purpose smart farming
robot’s system design is presented. Section 3 provides results and discussion based on
the test farm investigation. Section 4 provides the challenges, future research suggestions,
and conclusions.

2. Proposed Multi-Purpose Robot for Smart Farming

The proposed smart farming robot is inspired based on the vehicular design concepts,
and with this, watering and pesticide spraying can be done remotely. The design consists
of different components briefly discussed in Section 2.1. The layout of the proposed MpSFR
is shown in Figure 2.

Figure 2. The layout of the Multi-Purpose Robot for Smart Farming (Note: PCB-Printed Cir-
cuit Boards).
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2.1. Major Components
2.1.1. Soil Moisture Detection

Soil moisture is an integral part of the irrigation system, so data collection requires
a sensor inserted near the plant. An on-board HL-69 soil hygrometer moisture sensor
manufactured in China is integrated with the MpSFR, and this allows us to measure the
soil moisture up to a depth of 0.2 m. The measured Soil Moisture Differences (SMD) are
then used to predict whether irrigation is needed or not. The few prominent features of the
HL-69 Soil Hygrometer are mentioned in Table 2.

Table 2. Features of the HL-69 Soil Hygrometer (Note: PCB: printed circuit board).

Parameter Value/Description HL-69 Soil Hygrometer

Operating voltage 3.3 to 5 Volts

Output mode and interface

- Dual output mode
- Digital output interface

(0 and 1)
- Analog output interface

Installation

- A fixed bolt hole
provision provides ease
of the sensor installation

Color indicators represent

- Red indicator represents
the power

- Green indicator
represents the digital
switching output

Chip LM393 comparator

Dimension of the panel PCB 3 cm × 1.5 cm

The dimension of the
soil probe 6 cm × 3 cm

Length of the cable 21 cm

2.1.2. Spraying Mechanism

A spraying mechanism is being designed and developed using two servo motors. It
can operate both in a vertical and horizontal motion. At the tip of the spraying nozzle, this
spraying system is still kept intact. For this, we selected a full-cone even distribution spray
type nozzle, and it can be easily mounted on a spray planter. The pounds per square inch
(PSI) range is 20 to 60. The servo mechanism allowed the sprayer to have 180◦ horizontal
freedom and 90◦ vertical freedom. Arduino Uno R3 microcontroller is used to control the
two servo motors. The system is fabricated in a 3D printer using the polylactic acid (PLA)
material can be seen in Figure 3.

In the system, we have three spraying modes, and accordingly, the servo motors have
been initialized to operate. An infrared (IR) remote control is provided for the input control.
The sprayer used can cover 156 m2 with a given mode of operation, as in Table 3.

2.1.3. Mobile Control and Power Circuit Design

As mentioned earlier, the proposed MpSFR is based on vehicular design, and the
chassis selection is crucial. For this, we used off-the-shelf “Toyabi” mobile chassis from
China. The design consists of a pair of motors to control direction and motions. The user’s
movement input with the aid of remote control and movement is taken by manual mode. It
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is designed to test for an auto mode movement in the test farm, which follows a predefined
pattern and is discussed further in Section 3.

Figure 3. Spray mechanism decisions, which are based on the control of servo motors.

Table 3. Sprayer Mode and Operation.

Key Entry Description Mode

1, Select direction To target a particular spot,
drive the sprayer manually Manual

2, Start
With slow horizontal

movement, fast
vertical spraying

Vertical

3, Start
Horizontal quick spraying

with moderate
vertical spraying

Horizontal

A consistent power supply is essential for any system, especially for battery-operated
systems. A power circuit is designed using the H-bridge circuit and shown in Figure 4.
Note that this may not provide the mechanism with adequate current whenever a full load
requires from the motors. The direct power switch using bipolar junction transistor (BJT)
is operated eventually to supply sufficient current. The power parameters and operating
details are given in Table 4.

To operate the MpSER, the power transistors require a direct current (DC), which is
about 200 mA DC at their base. This could not be possible with the microcontroller as it
triggers and allows 20 mA output of DC at each output pin. Therefore, a BJT was placed
between the pin of the microcontroller and the power transistor to draw current from the
5 V voltage common collector (VCC) supply of the microcontroller, which permitted the
source to be up to 200 mA. When the pin is not high in the microcontroller, a 1 k Ohm
resistor is placed to control the base’s power transistor.

To make it easier for the user to access the receiver, the IR sensor is conveniently
located at the rear side of the MpSFR. The two common heavy objects in the proposed
design are the spraying tank and the battery, which are mounted in the center of the vehicle
to increase stability by having the center of gravity in the center of the vehicle.

The servo motor which drives the vehicles has been mounted at the height at the very
front so that water jets can cover vast distances of about 5 m. Under the top panel, the
microcontroller and control circuitry are shielded to prevent any water spillage.
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Figure 4. Controls and Power Circuit for multi-purpose smart farming robot.

Table 4. Components and their power parameters.

Components Value/Description/Make

Photovoltaic panel Pmax: 20 W, Vmpp: 16.8 V, Voc: 21.0 V, and Isc: 1.29 A

Battery
Motor and spraying pump uses the rechargeable battery: 12 Vdc, 7 Ah

MCU used the non-rechargeable battery, 9 Vdc

Arduino Uno
R3 Board Atmega328p, 9 Vdc

Infrared receiver 1838 T

Power Transistor TIPL760B NPN

Micro Servo Motor SG-90, 5 Vdc, Weight 9 g, torque 1.8 kgf.cm
Note: Pmax = maximum power; Vmpp = voltage at maximum power point; Voc = open circuit voltage; Isc = short
circuit current; Vdc = direct current voltage; MCU = microcontrollers; kgf.cm = kilogram-force centimeter.

Another reason was that the top panel has a coating of water protecting material that
avoided any spillage onto the electrical and electronics components. For MpSFR, the wheel
diameter is around 20 cm and is wide enough to navigate over rugged terrain. The process
flow of the system is given in Figure 5.

2.1.4. Working of Water Pump

As the MpSFR is designed with the dual feature: (a) Water sprinkling for irrigation
and (b) pesticide spraying. The MpSFR contains a water storage tank driven by a pump
connected to the control board and battery. The pump is operated through a driver circuit
and signals from the microcontroller. In this operation, the pump receives the command
from the remote control.

Here, we used a 12 V DC motor pump and is sufficient to drive the spraying mech-
anism. The selected motor up can also lift the water to a maximum height of 5 m with a
flow rate of 600 L/h. The MpSFR is designed to carry an on-board storage tank of 2.5 L
capacity, and this is sufficient to cover at least 50 m2 farm area.
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Figure 5. Program flow of the system (Note: IR: infrared; dashed lines represents the control signals to vehicle as well as
manual spraying; continuous line represent the IR commands received).

2.1.5. User Interface through IR Remote Controller

The user interface application is developed, taking the compatibility measures suitable
for a smartphone. An 1838T IR sensor can provide inputs to the controller on the board.
For MpSFR operation, nozzle placement, pump control, and spraying mode option, a series
of commands are given.

The Samsung WatchON program has been used for the propagation of IR signals as a
remote control. The user interface consists of an option to drive the vehicle forward and
backward. As well, pause and enter options for farming functions. The directional buttons
are used to mount the servo motor system manually, and the middle button is used to turn
the pump on the spray. To enter the mode that the user needs, the numbers on the bottom
right are used.

2.1.6. Image Processing

Image processing is an essential feature that is used in pest detection in smart farming
applications. With an MpSFR based irrigation system controlling and protecting the plants
from various types of insects is the added advantage. Therefore, an IR FLIR A65 Thermal
Camera is used, mounted in the designed vehicle as it is a light-weight design, so there
was no major issue in implementing it. The FLIR A65 camera gives a good quality image
of 320 × 256 pixels. An added benefit is that it can also produce a thermal image of
640 × 512 pixels.

2.2. Design of the Multi-Purpose Smart Farming Robot

Based on the schematic representation and the components discussed in Section 2.1.
the MpSFR system is designed. Initially, a conceptual model was developed for testing
purposes, and later it was developed with the correct sizes considering the weights and
functions of the onboard components. In the conceptual model, the solar photovoltaic
module is not used, but the final design of the MpSFR has an on-board solar photovoltaic
array connected to the battery through a power converter, which helps in charging the
battery and reduces dependency on grid power. Figure 6 shows the final prototype of
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the designed MpSFR. The designed MpSFR has some safety features such as obstacle
detection and safe operation following the farm line path. Not only the safe operation in
the MpSFR movement but also the controlled operation of sensor and camera. Here, the
motors implant the soil moisture sensor into the ground and move the camera up and
down to understand the soil moisture and pests better.

Figure 6. The prototype of the developed multi-purpose smart farming robot.

2.3. Methodology

This section provides the methodology that we used for verifying the operations of the
designed MpSFR. In Figure 7, the methodological operational flow and system components
integration is shown. We use the microcontroller during the operation backflow and at this
point the electromotive force (EMF) need to be monitored. So, three diodes were inserted
along with the motor’s terminals in the control circuit configuration, which stops the back
EMF from flowing. The BJT transistors in between also provided a type of separation
between the low and high-power circuits.

Figure 7. Methodological operational flow and system components integration in the proposed multi-purpose smart
farming robot.
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From Figure 7, it can be seen that the power circuit, sensing elements, motoring opera-
tions, and function delivery controls are mainly based on the microcontroller decisions. In
Figure 8, we have presented the detailed methodology about the water sprinkling and pesti-
cide spraying decisions initiated by the MpSFR based on its intelligent sensing capabilities.

Step by step operation is given below:
Step-1: The MpSFR starts heading towards the farm area, and at this step, it is made

sure that the batteries are fully charged, also the storage tanks with water and required
pesticides;

Step-2: Once the MpSFR reaches the first plant, the probes of the sensor placed in a
water-sealed PCB package will be sticking out to measure the soil moisture at a depth of
0.2 m from the surface;

Step-3: The measured soil moisture data is compared with the standard values, and
here if the observed soil moistures are lesser, then the watering decision is made where the
pump motor starts operating to deliver the water to the plant through the sprinkler nozzle;

Step-4: Once the plant’s watering is done or higher soil moistures are measured,
the MpSFR starts operating its camera to check for the pests possible by applying image
processing for the captured plant image. The pest detection, segmentation for the pest
shape, and pest classification features allow the MpSFR to choose the required pesticide,
and accordingly, the MpSFR sprays the pesticide;

Step-5: If no pest is identified, then the MpSFR will check for its available energy in
the battery and the weather conditions (for example, favorable for solar charging or not).
Here, if it is found that the battery energy level is lower and the solar charging conditions
are not favorable, the MpSFR takes the help of an external charging plug;

Step-6: If the battery energy is available, then the MpSFR moves to the next plant. As
well, in the favorable solar energy condition, the MpSFR continuous to move forward by
checking the plants one by one.
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Figure 8. Flow chart showing the water sprinkling and pesticide spraying mechanism based on the soil moisture measure-
ment and image analysis.
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3. Results and Discussion

The designed MpSFR is experimentally verified by operating it in the test farm in the
Papaya farm in Fiji, a Pacific Island nation. The main reason for selecting this location is that
water availability in the dry season for Papaya production is one of the significant issues.
As well, it is regarded as the agro-ecological constraints faced by the farmers around the
Pacific Islands. However, many techniques and tools are developed and proposed to plan
irrigation in the Pacific Islands. Still, due to various other reasons, their implementation
has not seen a full potential. Here are some of the drawbacks and challenges: conditions
of limited water resources in the wells, boreholes, etc., variability of rainfall, water stress
indicators, irrigation efficiency, costs, incentives, and knowledge transfer issues. We believe
the proposed concept of MpSFR could solve a few of the challenges and allow the farmers
in Pacific Islands to schedule irrigation remotely. As mentioned earlier, in the Papaya farm,
a scale-down test field (10 m × 8 m) whose area is approximately 80 m2 is selected. The
selected test field of the Papaya farm has 99 plants where each plant is separated by 1 m
apart. In Figure 9, the pattern of mobile irrigation as per the considered Papaya test field is
shown, which allowed us to run the experiment smoothly. The designed MpSFR followed
the test field pattern considering the methodological process discussed in Section 2.3. The
results of this experimental investigation were analyzed and discussed below.

Figure 9. The pattern of smart irrigation in the considered Papaya test field (Note: TS1, TS2, etc. represents the starting
position; TS1, TS2, etc. represents he end positions; N1, N2, etc. represents the node).

As shown in Figure 9; 11 × 2 = 22, radio-frequency identification (RFID) tags are placed
on the test field along the two far end horizontal rows of the Papaya plant’s location and
marked as (TS1–TS11) & (TE1–TE11) for the irrigation starting/ending point for each column
of the plants. Due to the no-contact and non-line-of-sight nature of this technology, RFID is
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very promising and economical. An MpSFR fitted with a single working RFID reader [8]
can easily detect an RF tag. RFID automatically recognizes and monitors an entity using
radio waves and consists of two main elements: a data-carrying unit (tag/transponder)
and a reader (transceiver).

Usually, the RFID tag holds a serial number on an electronic microchip that recognizes
an attached entity and attaches this microchip to an antenna that allows it to relay the
identifying information to the reader that decodes the signals and transmits the information
to a middleware (computer, robot control system, etc.). Middleware may be connected to
other systems or networks that need more analytical information.

The MpSFR is placed close to the test field using a manual mode of operation near
the RFID tag TS1, as shown in Figure 9. Once the automatic irrigation mode is active, then
the RFID reader will scan for the tag TS1 if the scan confirms the availability of the tag
TS1, which confirms the starting point of the irrigation. After that, the controller scans the
soil parameters (i.e., moisture and temperature) for node N1 (see Figure 10 for the MpSFR
measured soil moisture in the test farm). Obtained values are crossed-checked with the
required crop parameters from the predefined database and check the weather forecast for
the day. If the MpSFR decision is to water the plants for that particular zone (surrounding
area; approximately 2 × 2 = 4 m2), then the spray nozzle is oriented toward the plants and
starts irrigation, keeping the flow distance at 2 m. Once the watering is finished for that
particular zone (a shaded quarter circular areas as per Figure 9), the MpSFR starts following
the imaginary line further (approximately 0.5 m keeping a distance from the 1st column of
the plants, shown in Figure 9 as a dotted line on the left). Then the MpSFR reaches close to
the N2. Following the same procedure (having the information from N2), MpSFR irrigates
the next zone (i.e., 4 × 2 = 8 m2; with a half-circular shaded area); if required, else skip
the zone and reaches close to the N3 and repeats the process. By this time, the MpSFR
already arrived at the last row (end position for that particular column), confirmed by the
scan data from tag TE1. Then the MpSFR turns left and crosses a distance of 2 m; again,
turn left to follow the next imaginary line. Tags TE2 and TE3 confirm the right path for the
MpSFR. Based on the data provided by node N4 the MpSFR either starts or skips irrigation
for that particular zone and reached the end position for that respective column followed
by the next column repeating the same procedure until it reaches the finish position, which
confirms by the RFID tag. During this operation, the MpSFR uses an ultrasonic sensor to
avoid collisions and obstacles and abort the mission once any obstacle is detected, followed
by an alert message to the farm owner.

Figure 10. Measured soil moisture in the irrigation activity in Papaya test field by the sensor embedded in the MpSFR.
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The water sprinkling distance range and the area are presented in Figure 11a,b. The
range (Dx = 10.2 m) is the maximum horizontal distance reached by the MpSFR, given in
Figure 11a. We used Equation (1) to estimate the MpSFR’s water sprinkling distance. We
obtained a maximum vertical angle of 45◦ with an initial velocity Vi of:

Vi = Vix cos(45) (1)

Figure 11. (a) Projectile motion illustration [38]; (b) area covered by the proposed MpSFR [38]. (Note: adopted from
Author(s) own work).

The maximum area that MpSFR covers is given in Figure 11b. The field is accessible by
a sprinkler with a horizontal reach of 180◦, a vertical height of ±45◦, a minimum horizontal
reach of 0.5 m, and a maximum reach of 10 m. From Figures 10 and 11, it was observed that
the proposed MpSFR has a favorable sprinkling range as well as the area covered. Based
on the field testing, the soil moisture measurement results shown in Figure 10 reveal that
the sensor trigger after 81 min requires water, and once the MpSFR does the watering, the
soil gets wet, and irrigation stops after 800 thresholds.

Apart from the watering, the pesticide spraying results are also presented. As men-
tioned earlier, the MpSER was designed with a dual feature. Detecting insects by applying
image processing is the smart feature that enabled this MpSFR suitable for modern farm-
ing. The pest detection experiments were conducted twice a month using the designed
MpSFR, mainly due to Fiji’s climate conditions. The analysis that is obtained from the
image processing technique is shown in Figure 12.

From the experimental investigation in the Papaya field, it is understood that the
MpSFR operates effectively by sprinkling water and spraying pesticide wherever it is
needed. As well, as mentioned earlier, the MpSFR starts it working with a fully charged
battery. The test run process in the Papaya fields was conducted, and the MpSFR was
entirely operated on battery mode where solar panels charge the battery. Hence, this
suggests looking into the battery characteristics, as shown in Figure 14.

Based on the observations from Figure 12, the leaf and the detected insects are labeled.
Figure 13 provided the information on detecting 1 insect, which is done to have a detailed
understanding of how the insect is detected in the field testing of the MpSFR.

The analyzed results show that the proposed MpSFR based on IoT and computer
vision technologies can be considered a smart farming tool. The controller mounted on the
MpSFR helps change the irrigation schedule based on the plant’s watering needs rather
than on a defined, predetermined schedule. The MpSFR controller automatically decreases
the watering time, usually during the cooler months (these months generally need less
water). On the other side, when outdoor temperatures rise or precipitation declines, the
SMIS controller of the MpSFR varies the operating times or irrigation systems schedule
to compensate for the fluctuation. With all the features mentioned earlier, the MpSFR
automatically alters the irrigation schedules depending on site-specific factors, such as
adjustments in soil type and local conditions, and irrigates/skips the corresponding plant
according to the received signal.
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Figure 12. Pest detection while operating the MpSFR in the Papaya test field.

Figure 13. The process associated with detected pest with image processing.
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Figure 14. The discharging characteristics of the battery (Note: SOC-State of Charge).

4. Conclusions and Future Scope

A prototype of the automatic water sprinkling and pesticide spraying autonomous
vehicle called multi-purpose smart farming robot (MpSFR) was designed and tested suc-
cessfully for agricultural application. A robust power circuit is provided, which supplies
voltages to all the components of the MpSFR without any interference, and this mainly
due to the photovoltaic powered onboard battery system. The experimental investigation
suggested that the MpSFR was able to sense the soil moisture and detect the pests from
the Papaya test field. Based on the sensing and detection capabilities, the decisions on
irrigation and pest spraying were made effectively. Overall, it is understood that the
proposed MpSFR is smart, self-protective, and reliable in performing farming activities.
Thus, developing farming robots like the MpSFR presented in this study would enable
farmers to plan irrigation by reducing water and energy costs.

However, there exist a few research challenges that need further investigation. In
the current stage, in Pacific Islands, farming is at an early stage to apply to automated
decision-making and predictive solutions. The situation is similar in many developing
nations. Hence there is a massive possibility for other digital technologies like information
management systems and blockchain. We also expect that these digital technologies’ appli-
cations need to be more robust when it comes to real-time operation. On the other side, the
involvement of AI, IoT, Blockchain, etc., might not be cost-effective. Hence, understanding
the techno-economic feasibility would be an important research area. Another research
direction is on the system operation that should user-friendly; as well, as these systems
operate in a remote environment, their operation and maintenance should be affordable.
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Abstract: In the literature, many studies outline the advantages of agrivoltaic (APV) systems from
different viewpoints: optimized land use, productivity gain in both the energy and water sector,
economic benefits, etc. A holistic analysis of an APV system is needed to understand its full
advantages. For this purpose, a case study farm size of 0.15 ha has been chosen as a reference
farm at a village in Niger, West Africa. Altogether four farming cases are considered. They are
traditional rain-fed, irrigated with diesel-powered pumps, irrigated with solar pumps, and the APV
system. The APV system is further analyzed under two scenarios: benefits to investors and combined
benefits to investors and farmers. An economic feasibility analysis model is developed. Different
economic indicators are used to present the results: gross margin, farm profit, benefit-cost ratio,
and net present value (NPV). All the economic indicators obtained for the solar-powered irrigation
system were positive, whereas all those for the diesel-powered system were negative. Additionally,
the diesel system will emit annually about 4005 kg CO2 to irrigate the chosen reference farm. The
land equivalent ratio (LER) was obtained at 1.33 and 1.13 for two cases of shading-induced yield loss
excluded and included, respectively.

Keywords: agrivoltaic; food-energy nexus; solar-powered irrigation; benefit-cost ratio; land equiva-
lent ratio

1. Introduction

Food and energy are two of the main needs for human wellbeing. Demand for
both these resources is increasing globally, while it is expected to increase significantly in
developing countries in the future. The situation is severe in countries in the Sahel region
of Africa. Food security is an important issue there. Under extreme weather conditions, i.e.,
drought, food production can be secured and increased with energy-intensive methods,
such as pressurized irrigation. Niger is one of such countries where energy and food
security issues are predominant. The country has a high solar energy potential, which so
far is little exploited. There are many challenges to provide enough food and energy for
a growing population in the country. This will be further complicated due to predicted
climate change impacts in the agricultural sector.

The use of an agrivoltaic (APV) approach could be an important contribution to
overcome some of these challenges. Solar energy can produce electricity, which is needed
for various process steps of farming (e.g., water pumping for irrigation, postharvest cold
storage, etc.). According to the Fraunhofer Institute of Solar Energy Systems (ISE) [1], “the
APV is a system technology that enables the simultaneous main agricultural production
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and secondary solar power generation on the same area and which seeks to optimally use
the synergy effects and potentials of both production systems". This concept dates back
to 1981 at Fraunhofer ISE in Freiburg [2]. There are concerns that the shadow of the solar
system may hinder plant growth. To avoid these problems, the right choice of crops is
necessary. For this purpose, the country’s relevant food crops must be categorized with
respect to shade tolerance. After this, an appropriate system configuration needs to be
chosen, e.g., one of the following three [3]: (i) on the ground: crops (cereals, vegetables,
fruits, etc.); (ii) above the crops: solar panels mounted on pillars; and (iii) process: Solar
panels will get a part of the sunlight and leave the remaining light for the crop’s growth.

The main objective of this study is to carry out an economic feasibility study of an APV
system at a selected site in Niger (Dar Es Salam village in the Dosso region) and to present
the quantitative results for different economic indicators. To compare the results, a reference
farm size is used and different farming practices are analyzed: with rain-fed irrigation
and diesel/solar only/APV powered irrigation. At the same time, socio-technical aspects
(social-behavioral, rural development) are considered to interpret the economic results so
that the stakeholders can make an investment or land use decision in a holistic way.

The study has some limitations too. It has been based on theoretical assumption,
without having any experimental APV or irrigation system on the chosen site. For economic
and farming calculations, multiple assumptions are made for the input parameters, both
at cost and revenue sides. Many such data are based on farmer’s experiences at the site,
collected during the field survey. The results need to be verified with field experiments
first before multiple such projects are implemented in similar villages.

Although the comparison of different farming systems might be seen by some experts
as incompatible, the ultimate benefit of such APV projects should be seen as multi-sectoral.
Such benefits (profits) should not be viewed only in the energy sector (investors or op-
erators). The results of this study could be useful to support the decision-making of the
farming communities on whether or not to take part in such APV projects.

This paper has been organized as follows. The next section describes the case study
frame, with a brief literature review on APV systems and the country profile of Niger.
The following sections present the methods used for feasibility analysis and the model.
Afterward, results, discussions, and conclusions are presented.

2. Study Frame
2.1. Agrivoltaic (APV) Systems

As mentioned earlier, APV allows the simultaneous harvest of agriculture products
and solar electricity on the same farm area by optimizing both production systems [1].
Brohm and Khanh [3] defined APV as the dual use of the same land area for solar electricity
and agricultural production, including aquaculture. Others define APV as an emerging
approach of harvesting energy and food together in a given land area to maximize land
productivity with additional benefits including improved crop yield and socio-economic
welfare of farmers [4–6]. Hernandez and colleagues confirmed that APV allows both
agricultural production (food or energy crops) and solar energy generation within the
same land area [7]. There are other similar definitions of APV systems in the publications
from many other authors [8–13], etc. In a broader sense, all these definitions are similar, as
they refer to the dual use of the same land area at the same time. Also, there are different
terminologies evolved to describe this approach over the period. These include solar
dual-use, agro-photovoltaics, agri-photovoltaics, agrivoltaic, etc. This term agrivoltaic (and
in short APV) is used in this paper to represent this concept.

Several studies have already analyzed the performance of APV systems. Different
aspects such as crop types, APV system configuration, irrigation water, etc. are common
discussion points in most of these studies [14]. Vyas [15] discussed several advantages
of the APV systems. Among others, the author highlighted the positive effects of shade
beneath the solar modules on fresh salads and vegetables in desert climates. Sekiyama
and Nagashima [13] aimed to identify the right solar photovoltaic (PV) system that could
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ease the stress between food and energy production in the same land area. They presented
results by taking a case of an APV system in the cornfield. Santra et al. [16] integrated the
rainwater harvesting channels with solar modules in their APV system. The collected water
was used for module cleaning as well as for supplemental irrigation. Dupraz et al. [10]
published a study in France comparing the results of separated energy and agri production
vs. combined one. A comparison of land use for solar electricity (for electric mobility) vs.
biofuel (as vehicle fuel) was also made.

Weselek et al. [6] carried out a systematic review to analyze the applications, chal-
lenges, and opportunities of APV systems. This was one of the most extensive reviews
done in the field including results from a wide range of projects in many countries. The
authors also summarized the effects of shading on different crops reported by several
pieces of literature.

Some other findings on productivity and benefits were: the crops’ growth rates
underneath the PV modules were less, land productivity can increase by up to 70% when
energy and crops are planted in the same field and APV systems enhance the farmer’s
economic benefits [9]. Dual benefits to the farmers are also reported at grape farms in India
by Malu et al. [17]. Valle et al. [18] analyzed the effect of fixed type vs. tracking type PV
systems on energy and lettuce production. An interesting finding was that tracked systems
had not only increased electricity production, but also helped crop biomass growth due to
slightly higher transmitted radiation to the crops (compared to the fixed types).

Further studies reported the land productivity increase with the dual use of crop
and PV on the same land. These effects are expected further positive in semi-arid or arid
areas. One of the reasons is the decreased water loss from the topsoil [19]. Decreased
soil evaporation reduces the loss in agri-production [20]. Furthermore, the shade of PV
modules during high solar irradiance hours could be beneficial for selected crops planted
in these regions [21]. When it comes to the height of APV mounting structures, different
heights are used depending upon the need for machinery used for farming underneath
the PV modules. Varying examples of height for specific real or hypothetical projects are
reported in the literature, e.g., 3 m in Japan [22] or 5 m in Spain [23].

APV’s joint benefits for electrification and irrigation are presented by Ibrik [24]. By
taking the arid region case at two rural communities in Palestine, the author analyzed
how the diesel (as a fuel) dependency could be minimized by using such APV systems
as extended solar microgrids. Pascaris et al. [25] analyzed the benefits and challenges
that farmers perceive with the use of APV systems. Unlike the mainstream studies on
APV, which are mostly project or pilot plant-based analyses, this study highlighted the
generic barriers in the agriculture sector. The authors suggested the relevant stakeholders
address these barriers for the successful and widespread implementation of APV systems.
Moreda et al. [23] analyzed the profitability of a hypothetical APV system deployed on
irrigated arable lands of southwestern Spain. The authors used the internal rate of return
(IRR) as an economic indicator to check the profitability for different scenarios of crop types
and solar modules orientation (south vs. southeast). Calculated IRR values were between
3.8% and 5.6%.

In terms of productivity, APV’s benefits include crops protection from radiation stress,
lower water demand due to reduced evaporation, higher crop yields in case of shade-
tolerant crops, etc. [26]. This can contribute to enhancing economic development and food
security specifically in rural areas, offering promising options for food production, water
savings, and renewable energy production at the same time and location [27]. They can
provide access to electricity, where this is not the case previously [7]. It helps to create
new jobs in the farming and energy sector and to improve the socio-economic standard
of living for people, especially farmers [28]. Generating solar electricity supports CO2
emission reduction, thus it helps to meet the national climate change targets [3]. Water
can be harvested and controlled for crop irrigation and other purposes by systematically
using the APV infrastructure: PV arrays can act as irrigation run-off channels, which can
drain the water directly on the crops [5]. The water used for cleaning the dust on solar
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panels can be used for irrigation of vegetation cultivated under the panels [29]. Having
vegetation underneath and around solar panels can reduce the levels of dust and soiling
on the panels [30].

Although the APV has significant advantages, there are some challenges too. There
is a need for a more comprehensive understanding of technical and economic aspects
together with the agricultural issues. Furthermore, factors affecting societal acceptance of
these new applications need to be studied. From the project implementation perspective,
APV systems are challenging because they strongly interact with agriculture, the local
economy, and the stakeholders on-site [31]. The APV systems are costlier than ground-
mounted PV systems. At the policy level, the issue of PV electricity sales to local consumers,
integration to the grid, etc. are not addressed in many countries yet, unlike for PV-only
solar power systems. Further, there could be practical obstacles (and additional costs) on
the farming side. As these systems are relatively new, studies on more such projects at
different scales (smallholder to utility-scale) are needed before answers can be found for
these open questions.

The choice of suitable crops for APV applications is crucial, but it is also a challenge to
assess in the African context without any best practice pilot projects available. As reported
in different literature, most assessments on shading-tolerance and dual-use suitability have
been made in Germany, France, Italy, China, and the USA. These projects give only an
indication for their application in the context of Niger, because the climate is different
except in part of the USA (Arizona). A fundamental effect of the shading caused by the
PV modules is reduced water evaporation from the soil. Obviously, this has a positive
effect, particularly in water-scarce arid regions, but it hinders the photosynthesis process.
The following categorization (Figure 1) of suitable crops for APV has been derived by
compiling the literature information.
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Crops that perform better with shading are put under the “+” category (green),
whereas the shade-intolerant crops are under “−” (red). The crops under the “0” cat-
egory are indifferent to shade when the overall crop yield is considered. Although this
categorization gives a first overview of crops selection, it might not apply to all the locations
around the globe. Field experiments are necessary to verify this.
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2.2. Niger—Country Profile

Niger is a landlocked country located in West Africa in the Sahel Zone. The country’s
terrain has predominately desert plains and sand dunes. The country is exposed to a mostly
hot and dry desert climate with frequent sand storms. Niger is prone to natural hazards,
mainly recurring droughts [32]. According to 2011 data, out of the country’s surface area
of about 1.27 million km2, about 35.1% of the land was used for agriculture (12.3% arable
land, 22.7% pasture, and 0.1% permanent crops). Forest covers only 1% of the total land.
The remaining 63.9% is desert and built environment. In 2012, irrigation was available to
only about 1000 km2 farmland [32].

According to 2019 estimates, the country has about 23 million population [33]. An
estimated 17% of people live in urban areas, while the remaining majority live in rural
areas. The country’s average annual population growth rate at 3.66% is one of the highest
in the world [32].

In 2017, about 65.2% of the country’s population had access to safe drinking water. This
share was high in urban areas at 95.7% and low in rural areas at 59.2%. The remaining 34.8%
of people were exposed to unimproved drinking water with about 4.3% in urban areas
and 40.8% in rural areas [32]. The available total annual water resource (surface water and
groundwater) of Niger was reported at about 34.05 billion m3 in 2017, out of which, only
1.751 billion m3 was total annual consumption in the same year [34]. Therefore, it is possible
that groundwater could be extracted for irrigation in the country by implementing APVs.

Due to large family sizes, the farming land is divided into smaller plots. Children
inherit it from their parents. Over the generations, plots sizes are reduced. These small
landholdings limit mechanization and thereby hinder food production growth. Common
agricultural products grown in the country are cowpea, cotton, peanut, millet, sorghum,
cassava, and rice. The subsistence-based agricultural economy is frequently disrupted
by droughts, which are common to the Sahel region of Africa. The monthly average
precipitation for the capital city of Niamey is given in Figure 2. The rainy season is also the
main agricultural season in the country. These climate extremes have a direct impact on
the livelihood of local people, including the food and water supply.
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Due to its geographical location and hot-arid climate, there are not enough rivers
or rivulets to divert water for agriculture. River Niger is the only available river in the
country, even this river can be dry in some sections in the dry season (e.g., May). Solar
electricity-driven groundwater pumping systems could be more reliable irrigation options.

More than 80% of the country’s population is dependent on agriculture. Agri sector
contributes to over 40% of the gross domestic product (GDP). Productivity of the agricul-
tural sector is relatively low. A country’s agriculture relies heavily on climatic conditions.
When rainfall is less, the country suffers from additional food shortages. Even in normal
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rain conditions, the country relies on imports to meet national food demand [35]. The Sahel
Sahara zone (north of Niger) is popular with livestock farming due to available land for
pasture. Rain-fed crops and crop-livestock farming systems dominate the southern belt.
The main crops there are dryland cereals (millets and sorghum) and legumes like cowpea
and peanut. Millet is the main staple crop in Niger covering 65% of the cultivated land. The
most productive (and irrigated) land is located along the Niger River [35], where another
important cereal, rice, is produced.

Availability of more irrigation water would increase agricultural production. Solar-
powered water pumps could be one of the solutions to support Niger’s agricultural sector.
However, business models and financing options are not yet established to offer this
solution on a commercial scale [36].

Besides the cereals mentioned above, people in the areas close to the Niger River also
produce many vegetables as cash crops. The study [37], in the suburb of Niamey, identified
the production of many vegetables and their frequency of farming shown in Figure 3. This
information, together with the field survey at the case study site, has been used to select
the top five cash crops for the economic analysis in this study.
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The national electrification rate is quite low, almost three out of four people do not
have access to electricity [38]. The situation in rural areas is worse [39]. Currently, more
than half of Niger’s electricity supply is imported from Nigeria [40]. Even in areas with
access to electricity, including the capital city Niamey, the supply is not reliable.

Indeed, off-grid solar systems could meet the energy demand in rural areas. Solar
power could be combined with water pumping to meet the water demand for drinking and
irrigation purposes. This approach of combining solar energy use with food production
and water supply can be addressed by using the APV system, the focus of this study.

3. Materials and Methods

This section has been divided into two parts: first, the data collection steps are
described followed by economic indicators and assumptions under considered scenarios.

3.1. Data Collection

Data collection was carried out by literature analysis combined with a field survey
with a set of structured questionnaires. One part of the survey questionnaire was intended
for local farmers, while the other part was for experts. Local university members in Niamey
distributed the questionnaires among the target stakeholders in Niger (village farmers,
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academics, and students). A reference farming village was selected in Dar Es Salam in
the Dosso Region of the country (about 75 km Southeast of Niamey). The survey was
conducted in October 2020 and 124 households were visited.

At the farming side, the data include local common crop types, cropping seasons, land
preparation practices, reference harvest quantity in reference farm size, agro-processing
activities, postharvest management, local market for the products (or self-consumption),
market price both for selling and purchasing of agri-products, costs for farming activities,
etc. On the solar PV side, data include the cost of the solar plant (capital cost for installation,
operation), electricity production, and selling prices (surplus selling and self-consumption).
The climate data (solar radiation, precipitation, temperature, etc.) were taken from a
meteorological/satellite database (Meteonorm V.8).

To analyze the data in line with the paper’s objectives, a model was developed to
evaluate the economic feasibility of a reference size project for both solar plant operators
and farmers.

3.2. Crop Yield and Energy Production Combined

To increase land-use efficiency, energy and food production can be combined on
the same land area. This can be measured by using the concept of land equivalent ratio
(LER) [3]. The LER of an APV system can be defined as in Equation (1):

LER =

(
Crop yield in dual use

Mono crop yield

)
+

(
Electricity yield in dual use

PV electricity yield

)
(1)

If LER is >1, APV system is more effective than producing only crop or only energy.
Mixed cropping systems have usually LERs between 1.0 and 1.3 [10].

3.3. Indicators for Farming Side

The indicators used in economic modeling for the farming side are described below in
Section 3.3, which are adapted from [41].

3.3.1. Gross Margin

The gross margin of farming is obtained by subtracting the variable costs from the
value of production (i.e., revenue) by using Equation (2).

Gross margin = Value o f production − Variable costs (2)

Value of production is calculated by multiplying the produced quantity and price.
Cost of production refers to the expenses involved in the production of crops. It is divided
into two: variable and fixed costs. Fixed costs remain constant as production changes.
These costs include the costs of farm equipment and water pumps/irrigation systems.
Smallholder farmers have very small fixed costs, e.g., the cost for small agri-tools. Land
purchase or leasing costs would also fall under this category, but such costs are not con-
sidered in the analysis, assuming farmers own the land. Variable costs vary when the
production changes as this leads to a change in the amount of inputs used (and also the
yield harvested).

3.3.2. Farm Profit

Farm profit is the money left after variable and fixed costs are paid back from the
value of production as shown in Equation (3). This is an important indicator for farmers.

Farm pro f it = Value o f production − Total costs ( f ixed + variable) (3)
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3.3.3. Benefit-Cost Ratio (B/C Ratio)

Benefit cost ratio is calculated by dividing the total income by total cost, as shown in
Equation (4).

Bene f it cost ratio =
Value o f production

Total cost
(4)

3.4. Economic Indicators for APV Side

For the APV side, further indicators are needed for the economic analysis because
the cash flows occur over several years, and discounted cash flow analysis is necessary.
The electricity generated from the PV system needs to be calculated by considering so-
lar radiation data on-site and other parameters that affect the electricity yield (such as
degradation rate).

Net present value is calculated by using Equation (5).

NPV =
N

∑
n=0

Rn − Cn

(1 + d)n (5)

where,

• d Discount rate (%)
• NPV Net present value (€)
• R Revenue (€)
• C Costs (€)
• n Numbers of years (0..to..N)

The present value of the total cost (Cpv) can be calculated by using Equation (6).

Cpv = CI, n=0 +
N

∑
n=0

COM

(1 + d)n (6)

where,

• CI Total initial costs for PV and APV structure in year 0 (€)
• COM Annual operation and maintenance (OM) cost (€)
• N Project lifetime, years

The annual energy yield from the PV system (En) can be calculated using Equation (7).

En = Ppeak Q
G

ISTC

(
1 − dg

)n (7)

where,

• dg Energy yield degradation rate (0.5% per year)
• Ppeak Installed solar capacity at APV plant (50 kW)
• Q Performance ratio (value of only 60% is considered, decentralized grid)
• ISTC Constant value (solar irradiance at standard test condition, i.e., 1 kW/m2)
• G Solar radiation falling on solar panels at the project site (kWh/m2.year)

Total electricity generated in all years (Etotal) can be calculated by using Equation (8):

Etotal =
N

∑
n=1

En (8)

The levelized cost of energy (LCOE) of a solar PV plant is the ratio between the total
costs of the plant (€) and total electricity production (kWh), both over the economic lifetime
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of the project, as shown in Equation (9). It allows comparison of cost of electricity from
different sources.

LCOE =
CPV

∑N
n=0

En
(1+d)n

(9)

The levelized cost of water (LCOW) can be also calculated in a similar manner, by
dividing the present value of water pumping costs with total irrigation water demand
throughout the project’s economic lifetime.

3.5. Diesel Pumping System

With the help of literature, a pump size needed for the irrigation of reference farm size
(0.15 ha land area) is calculated. The pumping system power requirement can be obtained
by using a simplified Equation (10) [42]:

P = ρgQTdhη (10)

where,

• P Hydraulic power required for pumping (W)
• ρ Density of water (1000 kg/m3)
• g Acceleration due to gravity (9.81 m/s2)
• Q Flow rate of the pump (0.001 m3/s, assumed to be operated for about 3 h a day,

available water for irrigation in a day will be about 7.2 L/m2)
• Tdh Total dynamic head (m)
• η Efficiency of the pump

Considering the pumping height about 70 m and the pumping efficiency of 60%, the
pumping power required (for 0.15 ha farming area) has been calculated at 1.15 kW.

The chosen pump size is 1.5 kW to match the next available market size. To operate
this pump, about 2 L diesel is needed in one hour. Considering no or less irrigation water
requirement during rainy days, between crop harvest and new seeding, etc., the pump will
be operated only about 250 days in a year. Considering that the water will be pumped out
from the existing well, no drilling costs are considered even if sometimes the drilling costs
can be very high in a new location where the groundwater level is very low. The same
assumption will be considered for the case of the solar power irrigation system, so that the
results are comparable.

3.6. Field Survey and Cases under Analysis

The field survey confirmed that the case study village of Dar Es Salam has significant
problems with water and energy supply. This has a direct impact also on agriculture
and livestock production. Thus, one of the important issues, the irrigation water supply,
have been analyzed to compare the farm production without and with irrigation systems.
Two irrigation techniques-diesel and solar energy driven pumps have been considered
for comparison.

Altogether four cases are considered. The first three are to analyze the benefits to
farmers. The last one is to analyze benefits to PV investors as well as combined benefits to
farmers and investors.

3.6.1. Case 1: Traditional Farming, Rain Fed Irrigation

In this case, the business as usual farming practice has been considered. Farmers grow
their crops only during the rainy season. They continue farming the usual major cereals, i.e.,
millet and sorghum. They grow cowpea as intercrop and partly also peanut. Considering
the total cost of farming and the total value of production of those produces, economic
indicators are calculated and the results are presented. The assumptions considered for the
economic analysis of this case are shown in Table 1.
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Table 1. Basic assumptions for cases 1–3 (traditional farming, diesel, and solar PV).

Parameters Case 1, Traditional Case 2, Diesel Powered
Irrigation Case 3, Solar PV Irrigation

Land area 0.15 ha 0.15 ha 0.15 ha

Irrigation type Rainfed
Diesel pumps for
groundwater pumping from
the well

Solar PV powered pumps for
groundwater pumping from
the well

Farming method Traditional, human labor and
animals use, 1 crop cycle per year

Cash crops (green vegetables),
4 crop cycles per year

Cash crops (green vegetables),
4 crop cycles per year

Main produces considered Sorghum, millet, cowpea,
and peanut

Salad, cabbage, tomato, mint,
and okra

Salad, cabbage, tomato, mint,
and okra

Other items not
considered in revenue -

Possible electricity generation
and sale using the same diesel
engine. Theoretically, it will
be possible to schedule water
pumping during the daytime
and electricity generation in
the evening.

-

Cost parameters Farming land preparation, seeds,
planting, fertilizers, harvest, etc.

Farming land preparation,
seeds, planting, fertilizers,
harvest, etc.
Additionally, investment for
diesel pump (depreciation of
the first year), operating costs
due to diesel consumption
per year.

Farming land preparation,
seeds, planting, fertilizers,
harvest, etc.
Additionally, investment for
solar pump (depreciation of
the first year), a small
operating/maintenance
(O/M) costs per year.

Cooperative or
community loan share 50% of total cost 50% of the total cost 50% of the total cost

Loan interest rate 10% for a period of 8 months 10% for a period of 8 months 10% for a period of 8 months

Revenue Self-consumption (market value
set as pseudo selling price)

Selling the harvested cash
crops to the market (e.g., in
Kodo) or sales to local traders
who re-sale the produce to the
city of Niamey

Selling the harvested cash
crops to the market (e.g., in
Kodo) or sales to local traders
who re-sale the produce to the
city of Niamey

Target economic indicator Gross margin, farm profit, and
B/C ratio

Gross margin, farm profit, and
B/C ratio

Gross margin, farm profit, and
B/C ratio

Environmental indicator - CO2 emission in a year from
the diesel pump -

3.6.2. Case 2: Irrigated Farming, Diesel Pump

In this scenario, irrigation is considered via a diesel pump by pumping water from a
deep well. Due to water availability, in this case, farming of only high-value crops (cash
crops such as salad, green vegetables) are considered. No cereals of case 1 are produced in
this scenario. It is assumed that the farmers can buy these staple cereals with the money
they would earn by selling the new cash crops. This case also considers the same land area
of 0.15 ha for agricultural production. The following assumptions (Table 1) are considered
for the calculations.

3.6.3. Case 3: Irrigated Farming, Solar Pump

In this case, crop types and cropping cycle assumptions are similar to those in case
2 above (irrigated farming, diesel pump). The only difference is that the diesel pump is
replaced with a solar electric pump for irrigation water supply. To pump the same amount
of water as in the diesel pumping case, a 2 kW solar PV system is considered (which is
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slightly higher than the diesel motor because of the intermittent nature of solar radiation).
Solar PV electricity is used exclusively for water pumping for irrigation. The following
assumptions (Table 1) are considered for the calculations.

3.6.4. Case 4: APV for Irrigation and Electricity Supply

In this case, an APV system is considered in the same reference farm size of 0.15 ha. In
a land area of 0.15 ha, if all space would be covered with solar panels, a maximum of about
1500 m2 solar panel surface area could be installed. However, literature suggests that only
one third of the space could be covered with the APV’s solar panels in order to optimize
energy and food production together [6]. Also, it is necessary to have a gap between the
rows of solar panels in order to allow rainwater to the field in rainy season. Therefore,
in this case, only 500 m2 area is assumed as potential solar panels area. Considering the
commercially available solar panels in the market, about 10 m2 area will be required to
install 1 kW PV system. Assuming same values for Niger, about 50 kW solar PV system
could be installed in 0.15 ha land. Such a system is much bigger than the one needed only
for irrigation water pumping as mentioned earlier (case 3). This means, if the APV system
is installed in the reference farm, only a small amount of energy is utilized in pumping,
and a big share remains available for other use. This electricity could be supplied to the
village by developing necessary distribution network. The alternative would also be to sell
it directly to the national grid, where the required regulations allow this.

The crops and farming related assumptions made here are similar to the case 2 and 3
before. Additionally, a crop yield reduction due to solar shading is considered, assuming
yield only at 80% compared to no shading case. On the revenue side, also the electricity sales
have been considered. As a financial indicator for the investor, NPV results are presented.

4. Results and Discussions
4.1. Cost Calculation

The cost distribution of farming in all three cases is presented in Table 2. For easy
comparison, the values in Table 2 refer to 1 ha farmland (and not for 0.15 ha case study plot).

In case 1, although the family members work in the field and there are mostly no
cash payments involved, a small monetary value (of 91.50 €/ha) is assumed for part of
the additional human labor that might be needed in different farming activities. For the
manual agri-tools, a linearly depreciated annual value of 15.20 €/has been used. Not all
farmers use inorganic fertilizer or pesticides. However, there is an increasing trend in their
use. Only the main crops are considered as the farming produces and only one crop cycle
of production is assumed in a year.

In case 2, for the diesel pump of 1.5 kW (required for 0.15 ha area) with a lifetime of
7 years, the initial cost of 1500 € has been considered. Annual depreciation for this machine
and agri-tools are considered as fixed costs. When cash crops are planted, the overall need
for labor and other farm inputs such as seeds, fertilizer, etc. is higher. Based on the farming
costs in similar plots in the suburb of Niamey and considering further assumptions made
above for case 1, the individual cost category is quantified. Unlike in case 1, the cost for
irrigation needs to be considered here. This is calculated by using diesel consumption in a
year and diesel price at a rate of 0.76 €/L.

In case 3, the initial cost of the PV pumping system is considered at 5000 € (for 2 kW
system needed for 0.15 ha land). Here too, linear depreciation has been applied. Systems
lifetime for PV has been considered at 25 years. The annuity value of the fixed costs
for pumping was about 1428 €/ha and 1333 €/ha for diesel and PV irrigated systems
respectively. Although the initial cost for a PV irrigation system is higher than a diesel
system, the operating costs for the latter are far too high. Annual irrigation operating costs
were about 7622 €/ha for diesel vs. 667 €/ha for PV. Diesel price is the main factor for
high value.
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Table 2. Farming cost distribution, cases 1–3 [14,43].

Case 1, Traditional Case 2, Diesel
Powered Irrigation Case 3, Solar PV Irrigation

CFA/ha-Year (€/ha-Year) CFA/ha-Year (€/ha-Year) CFA/ha-Year (€/ha-Year)

Variable costs
Human labor for different
activities 60,000 91.50 1,000,000 1524.50 1,000,000 1524.50

Machinery use (hand tractor,
plowing) 20,000 30.50 200,000 304.90 200,000 304.90

Seed 4000 6.10 600,000 914.70 600,000 914.70
Fertilizer 9000 13.70 700,000 1067.10 700,000 1067.10
Pesticides 1000 1.50 100,000 152.40 100,000 152.40
Miscellaneous (packaging, etc.) 3000 4.60 200,000 304.90 200,000 304.90
Irrigation use 0 0.00 5,000,000 7,622.40 437,307 666.67

Subtotal variable costs 97,000 147.90 7,800,000 11,891.0 3,237,307 4935.2

Fixed costs
Depreciation of hand-made agro
tools (for human labor) 10,000 15.20 10,000 15.20 10,000 15.20

Depreciation of diesel or
solar-powered pump 0 0 937,086 1428.57 874,613.33 1333.33

Subtotal fixed costs 10,000 15.20 947,086 1443.80 884,613 1348.60

Financial costs 3567 5.00 291,570 444.00 137,397 209.46

Total costs 110,567 169.00 9,038,655 13,779.00 4,259,317 6493.26

4.2. Revenue Calculation

For case 1, the average production quantity and selling prices of these main crops
are given in Table 3, as compiled by [43]. There might be few other intercrop vegetables
planted parallel in few cases, this has been neglected in the revenue calculation. In all
cases, land cost (e.g., rent or purchase) is not considered, because the assumption is that
the farmers own small farmland of about 0.15 ha.

Table 3. Production quantity and selling price of main crops in the suburbs of Niamey ([43]).

Crop Types Average Production (kg/ha) Average Selling Price (€/kg)

Millet 449 0.38
Sorghum 305 0.35
Cowpea 186 0.40
Peanut 414 0.37

In the reference farm, it is assumed that sorghum, millet, and peanut can be planted
each in one-third of the land. Cowpea is intercrop with millet and sorghum, this is why
only two-third of the land is considered for its production. It should be mentioned that
farmers do not earn the revenue in cash, rather they consume the production themselves,
and thus there is no need of purchasing these cereals and peanuts from the markets. These
crops are given the monetary value (€/kg) which is applicable in the village (few big
farmers sell those produces and their selling price is taken as a reference).

In cases 2 and 3, with irrigation, different salads and green vegetables can be harvested
multiple times a year (between 4 and 10 times). To stay on the safe side, only four harvests
per year are assumed on average in the calculation. From 0.15 ha land area, about 60 plots
(5 m × 5 m) are typically made. Here, about 20 plots are allocated for salad, and 10 plots
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are allocated for cabbage, tomato, mint, and okra each. The produce will be sold at the
market in Kodo or even in Niamey through local traders. In the suburbs of Niamey, there is
salad farming, where irrigation water is pumped from the Niger River. There is a common
practice of dividing the land area into small plots with an area of about 25 m2. Wholesalers
or retailers buy the product there, mostly not based on harvest quantity, but based on the
plot itself. Traders buy the plot for a crop cycle and instruct farmers when and how much
of the crop is to be harvested. Selling price differs from season to season and from crop
to crop. They vary quite a lot even from marketplace to marketplace. Some examples of
the price variations around Niamey for 1 plot of land (about 25 m2) are given below [43]
(1 € = 655.96 CFA):

• Salad: 3000 to 15000 CFA/plot (3.81 to 22.87 €/plot)
• Cabbage: 2500 to 3500 CFA/plot (3.81 to 5.34 €/plot)
• Tomato: 3000 to 6000 CFA/plot (4.57 to 9.15 €/plot)
• Mint: 4000 to 12000 CFA/plot (6.10 to 18.29 €/plot)
• Okra: 3000 to 5000 CFA/plot (4.57 to 7.62 €/plot)

To make the calculations representative, market values from Niamey are adapted and
a relatively low price is assumed for Dar Es Salam for the revenue calculation considering
transport distance to the market, lack of cold storage at the village, etc. An average price
assumed for the calculations is given in Table 4.

Table 4. Cash crop types, plots, and average selling price are considered [43].

Crop Types No. of Plots (25 m2) CFA/Plot €/Plot

Salad 20 5000 7.62
Cabbage 10 3000 4.57
Tomato 10 3500 5.34
Mint 10 6000 9.15
Okra 10 3500 5.34

4.3. Financial Indicators for Cases 1–3

For cases 1–3 mentioned above, the results for gross margin, farm profit, and B/C
ratio are presented in Figures 4–6 respectively.
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The economic indicator results are in line with the traditional farming practice in the
village, i.e., farming is simply a subsistence agricultural economy. It is almost a net-zero
profit activity but is a lifeline for survival.

In case 2, the results show that the gross margin and farm profit are both negative.
The B/C ratio is less than one. All three indicators suggest that such a diesel pump-based
irrigation system for the reference farm is not economically viable. One of the main reasons
is the high cost of diesel. Besides the economic indicators, additional environmental
impacts of diesel use for irrigation are calculated in terms of CO2 emissions per year (for
0.15 ha). To irrigate 0.15 ha of land in a year, about 2700 m3 of water is considered for
irrigation and this leads to about 1500 L diesel consumption. Considering the CO2 emission
factor as 2.67 kgCO2/L for diesel motors [44], the total annual CO2 emission is calculated
at about 4005 kg/year.

Among the discussed three cases, solar-powered irrigation systems perform the best.
All indicators are positive. Due to relatively small PV system size and longer lifetime, the
annual cost related to irrigation is much lower compared to case 2, with diesel.

The levelized cost of water (LCOW) has been also calculated by dividing the annuity
value of total irrigation system cost divided by total annual irrigation water consumed.
The obtained values are 0.11 €/m3 vs. 0.50 €/m3 for solar vs. diesel case respectively.

4.4. Case of Agrivoltaic (APV)

APV specific assumptions used for calculation in the model are given in Table 5.
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Table 5. PV specific parameters.

Description Value Unit

Radiation at standard test condition, Istc 1 kW/m2

Solar yield degradation rate, dg 0.5 %
Peak power of PV system, Pp 50 kW
Performance ratio, Q 60 %
PV size for irrigation pump, Pirrigation 2 kW
Discount rate in Niger, d 6 [45] %
Grid tariff for electricity selling, Pel 0.10 €/kWh
Number of households 400 numbers
Annual electricity demand per household 300 kWh/year
Solar PV system cost 1200 €/kW
APV structure costs 50 €/kW
Repair, operation, maintenance costs 2 % of initial cost
Solar radiation data on an inclined
surface (tilt at 15◦) 2244 (Meteonorm V. 8) kWh/m2-year

The amount of electricity generation in the year will be about 67.32 MWh. Due to
the considered degradation rate, the yield will be smaller in each following year, with a
value for the final year at only 59.69 MWh. The irrigation water demand (for the same
reference farm size) will be constant at 2693 kWh/year throughout these years. This leads
to huge surplus electricity that needs to be used e.g., connection to central grid or its use in
village electrification.

As the solar system size that can be installed in such a large land area is bigger
compared to the one needed to pump irrigation water as in case 3 above, different scenarios
are considered in this case. Based on the total cost and total revenue of the whole APV
system, the economic indicators are calculated and the results are presented in the following
two scenarios.

4.4.1. Scenario 1, Benefits to Investor

In this scenario, the APV system is installed by an investor. Farmer has to pay the
electricity tariff for water pumping electricity needs. Practically, the farmer could switch
from traditional cereals farming to cash crops farming and enjoy the higher revenue similar
to cases 2 and 3 before.

For an investor, the total costs include the APV system investment cost as well as
annual repair and maintenance costs. The revenue includes electricity sales to the grid
and farmers. This village is not connected to the grid yet. Therefore, at the moment it is
a hypothetical scenario that the mentioned revenue would be collected. However, if the
villagers are supplied with the electricity after building the required local supply infras-
tructures, this revenue can be easily collected. The electricity selling rate considered (i.e.,
0.10 €/kWh) is slightly below the current grid electricity tariff in Niger (about 0.12 €/kWh
for consumers with demand in the range of 150–300 kWh in a year).

The project lifetime is relatively long, i.e., 25 years. Nominal annual revenue from the
electricity sale is almost similar over the years (only affected by a slight decrease in yield,
due to degradation rate of solar PV electricity yield caused by solar glass scratches, etc.).
As the economic indicator for the investor, NPV is calculated by discounting the annual
net cash flows. The calculated NPV is about 7779 € for the investor. With irrigation, the
farmer will have higher farm profit (due to higher revenue as reported in case 3 before).
This will be a win-win scenario for both investors and farmers.

4.4.2. Scenario 2, Overall Benefits (Combined of Both Farmer and Investor)

This scenario is the same as scenario 1, except for revenue calculations. In this case,
the farmer’s income from cash crops farming as well as investor’s income from electricity
sales are considered in the revenue calculation (discounted annual farm profit plus the
investor’s NPV, for the same accounting period of 25 years).
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One further aspect of the negative shading effect on agricultural yield has also been
considered. Crop production in this shading case is assumed at about 80% of the normal
production. This reduction has an impact on the farmer’s revenue. As expected, the
combined NPV values are higher than in the individual case, even after considering the
mentioned shading effect. The combined NPV values are compared in Figure 7.
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Overall, this can be interpreted that the APV system is economically profitable under
the assumptions made in this study, both for farmers and PV investors.

For scenario 2 above, the LER can be calculated by using Equation (1). The obtained
LER values are 1.33 and 1.13 for the case without and with yield reduction due to APV
shading, respectively. The LER results show that the double use of land is more effective.
Furthermore, when the APV system is installed, people will benefit from access to electricity,
even if they will need to pay for the electricity. For the village’s about 400 households,
assuming annual electricity demand of up to 323 kWh/year (typical value in rural areas of
developing countries lies about 300 kWh), only about 2 such APV systems would be able
to supply the electricity needs of the village.

4.5. Sensitivity Analysis

As the study has many assumptions, it is necessary to analyze the sensitivity of some
crucial parameters with regard to the financial indicators. For the following selected
parameters, such analysis has been made.

4.5.1. Diesel Based Irrigation System, Case for Farmers

The price fluctuation of the cash crop can be much higher than currently expected.
Therefore, a sensitivity analysis is carried out to observe the influence of selling price
changes on the B/C ratio in (Figure 8). The results show that to reach the farming system
B/C ratio to 1, the average selling price for all crops shall increase at least by 30%, which is
currently not realistic.
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Figure 8. Effect of crop selling price changes to B/C ratio, case diesel.

The diesel price might vary in the market from the currently taken price of 0.76 €/L.
Cost for diesel has a significant share in total cost, therefore the sensitivity analysis is
carried out to observe the impact of diesel price variations on the B/C ratio. Results are
presented in Figure 9. It can be interpreted that the diesel price shall drop below 40% from
its current level to be the farming system at cost breakeven point. This scenario is also not
realistic looking at the overall trends of rising petroleum prices in recent years.
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4.5.2. APV System, Case for Investors

The calculated value of LCOE is at 9.11 €ct/kWh (with the energy yield discounted
to its present value at a baseline discount rate of 6%). When the lesser discount rates e.g.,
2% or 4%, and higher performance ratio (e.g., 70% or 80%), are considered, corresponding
LCOE values will be lower, as shown in Figure 10.

On the revenue side, the most important parameter is the electricity selling tariff.
Therefore, its influence on the NPV is calculated and the results are presented in Figure 11.
If the selling tariff goes below 0.0911 €/kWh, the NPV will start to get negative. Therefore,
this is the breakeven selling tariff.
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On the cost side, the PV system cost is the most important parameter that determines
the total system cost. The influence of change in PV system costs on the NPV is shown in
Figure 12. It is expected that the solar systems will be cheaper in the coming years (if they
follow the trend of the recent past). In that case, the APV system seems further promising.

In this case, the benefits to the farmer will not change much in comparison to the
results presented above in Section 4.4 because this does not lead to significant extra cost for
irrigation electricity (only a very small fraction of the APV electricity goes for irrigation of
0.15 ha land considered).

4.5.3. APV System, Both Cases (Combined Benefits and Shading Effect)

The results presented above in Figure 8 are based on the assumed value of a discount
rate of 6% [45]. For APV projects with a long lifetime, the selection of the correct discount
rate is important. A high discount rate leads to a smaller value of NPV as well as a higher
value of LCOE. Figure 13 shows the calculated values of NPVs under the different scenarios
for discount rates.
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Besides these direct monetary benefits to the investor, there are many indirect benefits
of the APV. It could contribute to the GHG emission reduction year by year by avoiding the
use of possible diesel-powered irrigation. In many regions of the world, diesel-powered
irrigation is a common practice today. On top of that, when the electricity from APV
is used to gradually replace the existing grid electricity in Niger, which is dominated
by non-renewable energy, a significant contribution to the GHG emission reduction can
be considered.

As expected, the LER results showed that the double use of land is more effective.
Furthermore, when the APV system is installed, people will benefit from access to elec-
tricity, even if they will need to pay for the electricity (considered in the above analysis
0.10 €/kWh). Considering the village’s household at about 400, and annual electricity
demand of 323 kWh/year (typical value in rural areas of developing countries lies about
300 kWh, including Nepal), only about 2 such APV plants would be able to supply the
lighting electricity needs of the village.

Another positive aspect of such APV would be the access to clean and sufficient
drinking water to the villagers, which is currently a big problem as described in the
previous chapter. Therefore, such an APV system’s surplus electricity (after irrigation)
could be used for additional water pumping for such water use purposes.

5. Conclusions

Based on the results described above, it can be concluded that the APV is a promising
option in the village of Dar Es Salam. Implementation of APV could significantly increase
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the economic activities in the village, mainly in the field of small agricultural enterprises.
In all four scenarios considered under APV, the results are positive and such a system
seems to be an appropriate option to supply food and energy in the village. In a broad
estimate, only two such APV systems would be able to supply the village’s 400 households
with electricity (about 323 kWh/year). APV systems are win-win options for both farmers
and investors.

The analysis above is based on several stated assumptions. Therefore, the presented
results are only valid, if these assumptions come true during the implementation of the
real project. To validate the results presented in this study, it is necessary to install an APV
system and perform the experimental analysis on-site. Based on these results, different
business cases can be developed and practical business models can be developed for differ-
ent interest groups: farmers, investors, and traders (in agri-value-chain). This experimental
work shall be the next step in this field.
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Abstract: The Internet of Things (IoT) is transforming all applications into real-time monitoring
systems. Due to the advancement in sensor technology and communication protocols, the imple-
mentation of the IoT is occurring rapidly. In agriculture, the IoT is encouraging implementation of
real-time monitoring of crop fields from any remote location. However, there are several agricultural
challenges regarding low power use and long-range transmission for effective implementation of the
IoT. These challenges are overcome by integrating a long-range (LoRa) communication modem with
customized, low-power hardware for transmitting agricultural field data to a cloud server. In this
study, we implemented a custom-based sensor node, gateway, and handheld device for real-time
transmission of agricultural data to a cloud server. Moreover, we calibrated certain LoRa field
parameters, such as link budget, spreading factor, and receiver sensitivity, to extract the correlation
of these parameters on a custom-built LoRa testbed in MATLAB. An energy harvesting mechanism is
also presented in this article for analyzing the lifetime of the sensor node. Furthermore, this article
addresses the significance and distinct kinds of localization algorithms. Based on the MATLAB simu-
lation, we conclude that hybrid range-based localization algorithms are more reliable and scalable
for deployment in the agricultural field. Finally, a real-time experiment was conducted to analyze the
performance of custom sensor nodes, gateway, and handheld devices.

Keywords: localization; link budget; spreading factor; range; LoRa; node sensitivity; SNR

1. Introduction

According to a United Nations report [1], the world population will reach 9.8 billion in
2050, representing a 25% increase over the current population. Additionally, the pattern of
urbanization is anticipated to grow at a rapid pace, with approximately 70% of the world′s
population expected to be residing in urban areas by 2050 [2]. As a result, the amount of
food production will be required to double by 2050 [3]. The size of the area of the Earth’s
surface remaining for agricultural usage is limited due to climate, temperature, soil quality,
and topography [4]. Additionally, compared to past decades, the total utilization of
agriculture for food production has declined. Thus, agriculture transformed into a means
of living that was considerably more sustainable and able to generate food surpluses than
hunting and gathering alone. Subsequently, agriculture has become an integral part of
human life [5,6], and many advancements have since taken place in agriculture in terms
of crops, fertilizers, pesticides, etc. Agriculture has become a means of survival and a key
component of national economies. Hence, it can be said that the agricultural development
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of a nation speaks for the nation. Investments to improve agricultural activities also benefit
the employees of the country.

In natural farming, farmers are required to visit fields to evaluate crop conditions.
Moreover, 70% of farmers’ time is spent in understanding the condition and monitoring of
crops [7]. However, farming concerns can be overcome with smart agriculture, which aims
to provide a sustainable solution with a low environmental effect. The recent advancements
in communication and sensor technology allows the implementation of remote monitoring
of crop fields from any location. At present, the Internet of Things (IoT) provides an
opportunity to implement real-time monitoring of the agriculture field from any remote lo-
cation [8]. The wide scope of the Internet provides an opportunity to effectively implement
precision agriculture. For implementing the IoT in agriculture, the wireless communication
protocol plays a crucial role in connecting the IoT server′s agricultural fields. In addition,
agricultural fields are generally located in areas with poor connectivity [9]. Thus, the IoT
demands low power consumption and long-range transmission-based wireless communi-
cation protocols because the end devices are energy-constrained [10]. The evolution of the
low power wide area network (LPWAN) is meeting the requirements of the IoT. Among LP-
WAN wireless technologies, long-range (LoRA) is delivering robust and advanced wireless
connectivity for communicating data from sensor nodes to a cloud server with zero sub-
scription charges [11,12]. Additionally, in the agriculture field, the deployment of nodes
plays a significant role because it provides information regarding the number of nodes
required in the field. The nodes should be embedded with a localization mechanism to
send the data to the sink node and gateway using the shortest path. The localization of
the sensor nodes in agriculture is also an important factor for identifying a node located
within the large area of an agricultural field.

The contributions of the study are as follows:

a. An overview of LoRa and distinct localization algorithms, namely range-free and
range-based, is provided in this article.

b. The customization of sensor nodes and the gateway was designed and implemented
for monitoring agriculture.

c. LoRa and Wi-Fi communication for agriculture is also proposed.
d. Implementation of a localization algorithm for agriculture is presented, and we conclude

that hybrid range-based localization algorithms are more reliable, scalable, and easy to
deploy in the field.

e. The energy harvesting mechanism for the sensor nodes is presented, and was evalu-
ated using the Cisco packet tracer.

f. To characterize the behavior of LoRa, we undertook a simulation using MATLAB.
g. A real-time experiment was performed using the customized sensor node and gate-

way. The sensor node was able to communicate with the cloud server through the
LoRa-based gateway.

This paper is organized as follows: Section 2 provides the theoretical background
with technical specifications of wireless communication protocols. Section 3 presents an
overview of LoRa and localization algorithms. Section 4 discusses the customization of the
sensor node and gateway, and the LoRa and Wi-Fi communication-enabled architecture for
agriculture. Section 5 outlines the simulation of localization, energy harvesting, and MAT-
LAB simulation. Section 6 describes the real-time experimental setup and discusses the
results.

2. Theoretical Background

The Internet of Things (IoT) is a pioneering technology that provides an efficient and
accurate automation solution for modernizing agriculture with minimal human interfer-
ence [13]. The advancement of sensor technology, wireless communication technologies,
and remote sensing technologies encourages precision agriculture (PA). In the attempt to
enhance the yield and quality of crops, wireless transmission is necessary to transfer data to
information processing centers. Wireless communication empowers the effective utilization

170



Agronomy 2021, 11, 820

of limited resources in agriculture, thereby allowing the development of agriculture in
terms of reliable connectivity [14]. Generally, most agricultural fields are located in remote
areas, where internet connectivity is unstable. To overcome these limitations, the imple-
mentation of a wireless sensor network (WSN) is required. In a WSN, open-licensed band
communication protocols are embedded in the sensor node and the communication proto-
col for transmitting the agricultural field data to an area in which the internet connectivity
is sufficiently strong to allow communication with the cloud server [15].

In [16], IoT- and WSN-based agriculture systems based on a CC3200 single chip for moni-
toring the humidity and temperature of the crop field were implemented. Additionally, a camera
module was integrated with a CC3200 single chip to capture visuals and communicate
a multimedia message (MMS) to a farmer. The WSN-based smart agriculture system
was implemented by utilizing the Zigbee network and communicating the crops’ status
to farmers and a cloud server [17,18]. A Wi-Fi, GSM, and WEMOS D1 controller-based
agriculture monitoring system has been implemented for monitoring the parameters of
crops, such as pH, soil moisture, soil type, and weather conditions, and communicate
these to a cloud server [19]. A low-cost information-based system was implemented for
agriculture using 2G GSM and orang-pi [20]. In the agriculture scenario, wireless communi-
cation protocols such as ZigBee, Wi-Fi, and GPRS have been implemented for transmitting
data to processing centers. Sensor-based data acquisition has been achieved using Blue-
tooth, ZigBee, and cloud servers. Because sensor nodes are energy-constrained devices,
the implementation of GPRS and Wi-Fi communication protocols is challenging because
they consume large quantities of power, as shown in Table 1. Because its communication
is characterized by low power consumption, ZigBee is also implemented in agriculture.
However, its transmission range is limited. Of the above-mentioned communication op-
tions, LoRa is a reliable and feasible communication technology used in agriculture to
implement the effective WSN-based IoT. To implement the WSN, LoRa communication
is chosen because it can transmit data to an Internet-connected area [21]. LoRa communi-
cation has been integrated into agriculture to capture and communicate real-time images
of farms [22].

A wireless sensor network includes small, low-energy consumption sensor nodes
for various applications. The task of localization is to determine the physical coordinates
of the sensors. Because each application has specific requirements, several localization
algorithms are used. WSN localization plays a significant role in the agriculture IoT.
Tiny and cheap devices with low energy consumption and limited computing resources
are being heavily used in agriculture applications. To deploy sensor nodes in fields,
localization algorithms, such as time on arrival (TOA), time difference of arrival (TDOA),
and received signal strength indication (RSSI), are required to estimate the number of
sensor nodes and their position in a particular field [23]. A statistical method has been
implemented to identify the non-line of sight (NLOS) nodes in the WSN network [24,25].
A combination of range-based, range-free-based, and hybrid-based localizations can be
emphasized. A combination of range-based and range-free algorithms has been stud-
ied concerning the sensor node distance, density, and reliability. As discussed earlier,
selecting accurate wireless communication is critical for overcoming the problems of power
consumption and transmission range. A study of various communication techniques is
tabulated below according to frequency band, network size, network topology, etc.

Table 1 discusses three emerging LPWAN technologies, namely LoRa, narrow band-
IoT (NB-IoT), and SigFox, regarding the requirements of the IoT for a wide range of
applications. Of these LPWAN technologies, LoRa is considered to be an independent
network and can utilize the frequency bands without any cost [27]. NB-IoT is a licensed
band, and is also a dependent network that charges for the use of the bands. The Sigfox
network is deployed by network operators, and users are subscription-based. LoRa is one
of the best candidates for long distance and low power transmissions [28].
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Table 1. Technical specifications of communication protocols [26].

Parameters Zig-Bee Bluetooth BLE Wi-Fi GPRS LoRa NB-IoT SigFox

Frequency
band

868/915
MHz and 2.4

GHz
2.40 GHz 2.40 GHz 2.40 GHz 900 to 1800

MHz
869 to 915

MHz

Licensed
LTE

frequency
bands

868 to 915
MHz

Network size Approx.
65,000 Approx. 8 Limited

application Approx 32 Approx 1000
10,000 no of
(nodes per

BS)

52,000 de-
vices/channel/cel

1,000,000 no.
of (nodes per

BS

Network
Topologies

P2P, tree,
star, mesh

Scatter-net
Topology

Star-bus
topology

Point-to-hub
topology

Cellular
system

Topology
Star-of-stars Star

topology
Star

topology

Channel
bandwidth

Equal to 2
MHz 1 MHz 1 MHz 22 MHz 200 kHz <500 KHz 200 kHz 200 kHz

Power con-
sumption in

Txmode

Around 36.9
mW

Around 215
mW

Around 10
mW

Around 835
mW 560 mW 100 mW NA 122 mW

Application

WPANs,
WSNs,

and
Agriculture

WPANs WPANs WLANs

AMI,
demand
response,

HAN

Agriculture,
Smart grid,

environment
control,

and lighting
control

Smart
metering,

Tracking of
persons,

animals, or
objects, etc.

Agriculture
and environ-

ment,
automotive,
buildings,

and
consumer
electronics

Limitations Mandatory
line-of-sight

Short com-
munication

range

Short com-
munication

range

High power
consump-
tion and

high latency
(13.74 s)

Power con-
sumption
problem

Network
size(scalability),

data rate,
and message

capacity

Incapable of
a seamless
handover

between cells
and does not
provide low

latency
application

Low data
rates

3. LoRa and Localization Algorithms

In this section, we provide an overview of LoRa and the localization algorithms of the
WSN. In the Section 1, LoRa and its fundamental parameters are discussed. In the Section 2,
the significance of localization and distinct types of localization algorithms are discussed.

3.1. Overview of LoRa

LoRa is a form of robust low-power wireless networking that is used for long-distance
communication. LoRa utilizes chirp spread spectrum (CSS) modulation to modulate
the Industrial, Scientific and Medical (ISM) bands [29]. Modulation of the chirp spread
spectrum broadcasts a narrow band signal over broader channel bandwidth. LoRa operates
on ISM bands such as 868 MHz in Europe, 995 MHz in North America, and 433 MHz in
Asia [30]. LoRa can communicate over distances of between 10 and 40 km in rural areas,
and urban area coverage is between 1 and 5 km. The LoRa protocol specification was
developed by the LoRa Alliance, as shown in Figure 1. The LoRaWAN protocol comprises
the MAC Layer and the Application Layer, and operates based on the LoRa physical layer.
LoRaWAN is a network standard for telecom operators founded on the LoRa physical layer
(PHY). It enables network services and encourages systems to transfer data to gateways
wirelessly over a long range. LoRaWAN communicates between LoRa gateways and IoT
devices via a star-network topology, and single hopping is allowed between a gateway and
a LoRa device.
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The analysis of LoRa communication in distinct applications can be undertaken
based on the parameters of spreading factor (SF), link budget, signal-noise ratio (SNR),
bandwidth (BW), link budget, receiver sensitivity, bit error rate (BER), and packet error
rate (PER).

3.1.1. Spreading Factor

The initial frequency of the chirp is recognized as a symbol. The encoded bits in a
symbol are configured by a unique parameter known as the spreading factor (SF). This indi-
cates that a chirp with the spreading factor SF represents 2SF bits per symbol, which implies
that one symbol is described by multiple chips that are spread spectrum code pulses. SF is
expressed as:

SF =
Chirp rate

symbol rate
(1)

3.1.2. Signal-To-Noise Ratio (SNR)

SNR is the ratio of transmitted signal powers to the unwanted signal i.e., noise power.
It is preferred that the SNR is minimized to ensure that demodulation at the receiver end is
straightforward and the signal can be decoded correctly. To enhance LoRa performance,
it uses forward error correction (FEC) techniques and the spreading factor, thus allowing
significant SNR improvements. In particular, the SNR range is between −20 and +10 dB.
The received signal is less distorted if the range is around +10 dB. LoRa has an SNR range
of −7.5 to −20 dB.

3.1.3. Link Budget

The link budget cab be determined from transmitted power and node sensitivity,
and is expressed as:

Link Budget(dBm) =

(
Antenna transmitted power

(dB)

)
−
(

Node sensitvity
(dB)

)
(2)

3.1.4. Sensitivity (S)

Sensitivity is defined as the ability of the receiver to amplify the weak signals that
are obtained by the receiver. In LoRa, the spreading factor, noise figure, and bandwidth
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are considered to be inputs for providing the sensitivity as output. Sensitivity (S) is
calculated as:

S = −174 + 10log10 BW + NF + SNR (3)

where BW is the band width of the channel, NF is the noise figure gain in dB, and SNR is
the signal to noise ratio power in dB.

Bit Rate/data rate is defined as the rate at which bits are transferred from one location
to another. The bit rate (Rbit) of LoRa is expressed as:

Rbit = SF ∗ BW
2SF ∗ CR (4)

3.1.5. Bit Error Rate (BER)

BER is the percentage of bits that have errors compared to the cumulative number of
bits received in a transmission. BER is represented as 10−4. If BER is 10−4, then it indicates
that 10,000 bits have been transferred, and one bit has an error. A higher BER indicates that
network performance is poor.

3.1.6. Packet Error Rate (PER)

PER is the total number of received packets divided by the number of error packets
after forward error correction (FEC). A packet is a data unit used in a radio transmission
that is subject to FEC.

3.2. Localization Algorithm

Localization is crucial for identifying the physical locations of sensors in the deploy-
ment area. Concerning the deployment land in agriculture, it is important to identify the
required number of sensor nodes and the distances at which they need to be positioned so
that sensor nodes can establish communication links among themselves. Here, we discuss
localization algorithms to determine a suitable node architecture for farm land. Various pa-
rameters are evaluated using these algorithms, such as accuracy, reliability, and scalability.
Localization algorithms are broadly classified into two types, namely, range-based and
range-free-based, as shown in Figure 2 [23]. Moreover, these two types are classified into
two kinds, namely, fully range-based and hybrid range-based.
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(a) Range-free localization algorithms

These algorithms determine the location of an unknown deployed sensor node [9].
Range-free methods utilize radio connectivity to communicate between nodes to identify
their location. In range-free schemes, the angle of arrival (AOA), specific hardware, and dis-
tance measurement is not considered [31]. Range-free schemes comprise the centroid
system, distance vector (DV) hop, approximate point in triangulation (APIT), and hop
terrain, described as follows:
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• DV—hop localization:
• In DV hop, the distance between the nodes is estimated using hop count, and the hop

count of at least three anchor nodes is distributed across the network [32]. The hop
count of a node is incremented by one when the neighbor node transmits the informa-
tion to another neighbor node. The hop distance is evaluated as the distance between
two nodes/number of hops.

• Centroid localization: This is the most basic scheme that uses anchor beacons, contain-
ing location information (Xi, Yi) [31], where n is the number of the anchor nodes Ai.

(X, Y) =
(

∑n
i=1 xi

n
, ∑n

i=1 Yi
n

)
(5)

• APIT: In APIT, the location information is obtained by anchor nodes through a global
positioning system (GPS) and the unlocalized node receives the location information
via overlapped triangles [33].

• Gradient: In the gradient algorithm, the unlocalized node utilizes the multilateration
method to estimate the position of nodes. Moreover, it utilizes hop counting and the
hop increment while being distributed to neighboring nodes.

(b) Range-based localization algorithms

Range-based localization is based on angle estimation and distance estimation. The main
techniques in this form of localization are time of arrival (ToA), angle of arrival (AoA),
time difference of arrival (TDoA), and received signal strength indication (RSSI):

• ToA localization: This localization algorithm refers to the time of arrival, i.e., ToA,
which refers to the time taken for the signal to travel from the sending node to the
receiving node [34]. The distance is measured using roundtrip-time of flight (RTOF)
to determine the distance between two nodes and is represented in Equation (6) as:

d =
[(T3− T0) + (T2− T1)] ∗ V

2
(6)

Sensor coordinates (x1,y1), (x2,y2), (x3,y3), and (x4,y4) determined using the response
information and the TOA-based distance measurement method can be used to obtain the
distances between them and the moving node S as d1,d2,d3, and d4, respectively. Given the
coordinates of the moving node S, (x, y), the following equation can be used to calculate
the location coordinates of the moving node:

di =

√
(x− xi)

2 + (y− yi)
2 (7)

where i = 1, 2, 3, 4.

• AODV localization: AODV is the routing protocol based on the distance-vector algo-
rithm, which integrates the target serial number of DSDV and the on-demand routing
discovery in DSR [35]. This protocol mainly includes routing discovery and routing
maintenance, where the former is only requested to save the overdue routing.

• AOA: The location of an unlocalized node is estimated through the angles at the
points at which the anchor signals are obtained [36,37]. Here the unlocalized nodes
implement a triangulation procedure for estimating the location.

• RSSI: In this method, the estimation of the distance between receiver and transmitter
is obtained by evaluating the signal strength at the receiver [38,39]. The power of the
signal decreases when the distance between receiver and transmitter decreases.

A comparative analysis of fully range-based and hybrid range-based algorithms is
shown in Table 2. Fully range-based algorithms are used to determine the distances or
angles between nodes to allow an unknown node to be identified easily, whereas hybrid
range-based algorithms use various distance and angle measuring methods. Different pa-
rameters, such as node density, range, scalability, and reliability of algorithms, are shown in
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Table 2. These exploit geometry to improve hybrid AOA/TDOA-based localization (EATL).
Fusion of RSSI and TDOA measurements from the wireless sensor network provides robust
and accurate indoor localization (FRTL). Hybrid range-based algorithms perform better
than fully range-based algorithms. Table 2 shows that hybrid range-based algorithms
perform better in range combinations using TOA, TDOA, and RSSI. Scalability and accu-
racy of the fully range-based algorithms are comparatively lower than those of hybrid
range-based algorithms.

Table 2. Localization algorithms (range free vs. hybrid range-based) [40].

Parameters
Fully Range Free Based Algorithms Hybrid Range Based Algorithm

CA NCA DV-HoP ATPA EATL FRTL

Node
deployment

Both uniform
and random Random Random Random Both uniform

and random Random

Node density Low Low High High Low Medium

Existence of
obstacle Yes Yes Yes Yes Yes Yes

Anchor node
presence Yes Yes Yes Yes Yes Yes

Range
estimation Computational Computational Computational Computational Computational Computational

Range
combination Centroid Centroid TOA, TDOA TOA TDOA RSSI

Localization
co-ordinates RD 3D 2D 2D 2D 2D

Scalability Yes Yes No Yes Yes Yes

Accuracy Low Low Medium Very High Very High High

To design a reliable and scalable sensor network architecture for smart monitor-
ing, we proposed an architecture in which data nodes are deployed on agricultural land
and agricultural field node localization is used to establish proper sensor coordination.
For the deployment of data nodes to establish suitable communication among sensors, i.e.,
temperature, humidity, rainfall, altitude, pressure, and fire sensors in open-field lands,
hybrid range-based localization techniques are preferred. Data nodes transfer information
to the gateway and from the gateway to the cloud platform. A data logger was designed in
which all of the sensor data can be stored. For the storage of data, both the local server and
cloud server are preferred. The user on a remote device can visualize the data. From remote
devices, via the Internet a farmer or any user can operate motors, sprinklers, and blowers
connected to farming land.

4. Methods and Materials
4.1. Hardware

The sensors are interfaced and powered from the solar panel. All data is gathered at
the sink node and is transmitted to the destination via a gateway. The hardware can be
operated on a rechargeable Li-Ion 2200 mAH battery. Figure 3 consists of sensor modules,
ADC, LoRa modem, and a LoRa helical antenna. The device can be deployed to collect
sensor data from the field and transmit it via the Internet to the receiver device through the
gateway, which is a customized ATMEGA 328 p board with an inbuilt Wi-Fi module and it
is shown in the Figure 4.
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Figure 4. LoRa-based gateway.

The block diagram (Figure 2) is a depiction of the components used in the entire
project. The connections were made so that the main component Raspberry Pi board is
connected to the Arduino Uno board through the standard pyfirmata. The remainder of the
sensors are connected with both the Arduino and Raspberry Pi models. The digital sensors
are attached to the Raspberry Pi, and the analog sensors are connected to the Arduino Uno
board. The sensors gather data in real-time. All of the outputs are stored on the Thingspeak
server/Blynk on the cloud, and can be accessed at any point in time.

A circuit diagram of a reference model of the interface connections made in real time
is shown in Figure 5. Firstly, the Arduino is connected to the Raspberry Pi using a USB
cable. The gas sensor is connected to the Arduino at the analog A0 pin. The ultrasonic
sensor is connected to pin no. 9 of the Arduino for trigger, and echo at pin no. 10. DHT11 is
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connected to pin 2 of the Arduino. Soil moisture is connected to analog pin A3 of the
Arduino. The motor pump is connected to pin no. 8 of the Arduino.
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4.2. Proposed LoRa Architecture

A cloud-based agriculture field-monitoring scheme was implemented to precisely
monitor the temperature, humidity, and other required parameters to operate end devices in
an agriculture field. This scheme facilitates the conservation of water and energy in a field.
Here, an open agriculture field was studied. Figure 6 shows the architecture of the LoRa
network. The proposed protocol can be adapted to a greenhouse, hydroponic agriculture,
and vertical farming. Devices provide numerous data on agriculture parameters from the
field, and analysis of the data allows the farmer to work more effectively. A LoRa-enabled
sensor network was deployed in the agriculture field. A LoRa-enabled architecture for
precise irrigation and monitoring has been demonstrated in which LoRa enabled each
sensor node and could establish a communication link with another LoRa-enabled receiver.
LoRa is a low-power operating technique that enables transmission and reception with a
wide range of communication. Although many other protocols exist, they have significant
limitations compared to LoRa.
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5. Simulation
5.1. Localized Algorithm Simulation

A flow diagram of the sensor node localization is illustrated in Figure 7. Initially, the type
of node distribution is chosen as per the application, which may be uniform or random.
Furthermore, node density is determined to check the number of nodes present in the
area (measured in square meters). The algorithm computes these input data and results
in sensor node distribution patterns. After confirming the communication link among
the sensor nodes, a hybrid range-based localization technique was chosen because it
is more effective. Localization is crucial to determine the sensor node target tracking
location. Here, we first grouped the algorithms into free range-based and hybrid range-
based. Furthermore, we analyzed the suitable localization techniques. Range free-based
localization is preferred because of its low power consumption, whereas hybrid range-
based localization is preferred depending on the applications. Because the land is not
uniform in nature, hybrid range-based localization is widely preferred in agriculture.
Most IoT-based applications require sensor node localization because these applications
are easy and convenient to monitor. Simulation studies were carried out to compute the
localization of algorithms. The effect of the node density, data rate, and signal strength was
analyzed to develop the optimal algorithm for our application. Furthermore, we undertook
a comparative analysis of the range-based agriculture applications, and concluded that
range free-based localization was more suitable.
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5.2. Simulation of Energy Harvesting

In agriculture, sensor nodes are deployed in an outdoor environment. Moreover, the sen-
sor node′s battery life represents a challenge because the life of the battery drains due to
distinct environmental conditions. Thus, the optimal solution for implementing energy
harvesting for sensor nodes involves renewable energy sources. Energy harvesting is the
optimal mechanism used to power the activities of the sensor nodes, including sensing,
preprocessing, and transferring data. The evaluation of sensor node battery life using
solar panels and wind turbines was performed using a Cisco packet tracer. The Cisco
packet tracer is a visualized-based simulation tool that encourages the user to implement
distinct network-based simulations. The simulation model for evaluating the sensor node′s
energy through solar panels and wind turbine was implemented in the Cisco packet tracer
environment and is shown in Figure 8.
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Figure 8. Sensor node communication establishment using LoRa link.

The lifetime of the nodes is presented in the simulation, as shown in Figure 10.
Data transmission occurs from end nodes to the hub, the hub to a central server, and from
mobile phones via cell towers. The simulation panel in Figure 9 presents the number of IoT
devices connected to the network. Each renewable resource is connected using a power
meter for calculating the power consumption. Timestamp details of the IoT devices are
represented in the time column; the IoT 2 device is connected to the network with a time
of 0.129 s. Devices IoT0 and IoT1 are currently connected within 1.011 s. Total device
connection time is 77.660 s with a specific time gap or delay. Further power is transferred
to the battery for storage purposes. A sample scenario of power of 11 kWh in the case of a
turbine and 78 watts with 82 Wh was considered.
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The establishment of LoRa-based communication from the sensor node to the mobile
phone is presented in Figure 10. The simulation model shown in Figure 8 signifies the
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communication link established among sensor end nodes and establishes a connection
with the gateway to transmit the data to the central server. In the simulation panel, the data
transmission time in seconds, from the router to the hub and the hub to smartphones,
is displayed. The simulation signifies the on-air data transmission. Three events are noted
as having a time of 218.952 s. Each of the three devices, i.e., wireless router, central office,
and another wireless router, connected to the network at the same timestamp. This signifies,
in LoRa communication, that the device synchronization time gap is extremely small,
which is an additional advantage. As soon as the authentication key matches, the devices
are synchronized and begin communicating.
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5.3. MATLAB Simulation

The MATLAB simulation platform was considered in this study for characterizing the
behavior of the LoRaWAN network. A simulation model was developed in MATLAB for
evaluating the effects of various parameters, such as SNR, bitrate, and SF. A sample LoRa
testbed was developed on the MATLAB simulation platform. The simulation was imple-
mented by considering the following features: a network with 10 to 100 nodes, one gateway,
and one network server. The nodes were distributed both randomly and uniformly with a
minimum period of 100 s. SF, transmission power, and gateway transmission power were
defined as per the protocol. The SNR value was determined from the simulation result.
We classified the simulation into cases as follows:

Case I:

LoRa trades the transmission and reception data rate for sensitivity within a given
channel bandwidth. As shown in Table 3, LoRa implements an adaptive data rate by
the utilization of orthogonal SFs. This allows the user to minimize the power consump-
tion and optimize the network performance for a given bandwidth. The receiver main-
tains the mode of operation downlink, gate power at 27 dB, node sensitivity at −124 dB,
operating frequency at 868 MHz, antenna gain at 10 dB, and node noise and node antenna
gain at 30 dB. After performing the simulation, the obtained results are presented in Table 4.
The results indicate that a change in antenna height from 1 to 7 m leads to significant
changes in the coverage area.
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Table 3. Adaptive data rate of LoRa.

SF Chirps SNR ToA Data Ate

7 128 −8.5 122 ms 6345 bps
8 256 −11 189 ms 4425 bps
9 512 −15.48 235 ms 2118 bps

10 1024 −18.5 381 ms 1233 bps
11 2048 −15.48 235 ms 2118 bps
12 4096 −18.5 381 ms 1233 bps

Table 4. Range and link budget at node sensitivity—124 dBm.

Mode
(Down Link)

Gateway
Height

in Meter

End Node
Height in

Meter

Link Budget
dBm Range in Meter

Down Link 1 1 159 932
Down Link 2 1 159 1318
Down Link 3 1 159 1614
Down Link 4 1 159 1683
Down Link 5 1 159 2083
Down Link 6 1 159 2282
Down Link 7 1 159 2465

For the parameters, such as frequency of 868 MHz, node sensitivity of −124 dBm,
gateway node power of 10 dB, and antenna gain of 27 dB, a relationship between the height
of gateway and node with range is plotted in Figure 11.
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The experimental data shown in Table 5 provides a brief overview of the correlation
between the height of the gateway, the height of end nodes, and the range. During data
reception at the receiver, the data were interpreted; the table′s model signifies the downlink.
The graph concludes that a constant link budget of 159 dBm range is directly proportional
to the height of the end node and gateway. Thus, to achieve greater range coverage, it is
considered that the end nodes should be mounted on cylindrical bars, as shown in Figure 11.
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Table 5. Range and link budget at node sensitivity of −124 dB.

Mode
(Down Link)

Gateway
Height in Meter

End Node
Height in Meter

Link Budget
dBm Range in Meter

Down Link 1 2 159 1319
Down Link 2 2 159 1863
Down Link 3 2 159 2282
Down Link 4 2 159 2635
Down Link 5 2 159 2946

Case II

The establishment of the LoRa communication link significantly depends on the
gateway height and the end node heights. Experimental data are presented in Table 5.
Here the node sensitivity is −124 dBm and the operating frequency is 868 MHz, and it can
be observed that the signal coverage area changes in addition to the variation in heights of
the gateway and end nodes. The end node height is 2 m from the ground. If the gateway
height is adjusted from 1 to 5 m, the coverage area and signal strength change drastically
change from 1319 to 2946 m. This signifies that maintaining all of the parameters at a certain
value will enhance the link budget strength increases because there is less interference.

Case III:

In this case, the following parameters were considered: node sensitivity at −137 dBm
and operating frequency at 433 MHz. Now, changing the value of the gateway height
significantly impacts the range. Maintained a link budget of 151 dBm, it is observed that
SNR decreases because there is a low possibility of interference. The mode of operation
during the experiment is downlink, i.e., data received at the receiver side. During the
experiment, it was observed that at a fixed node sensitivity of −137 dBm and antenna
gain of 10 dB, the custom-built sensor node varies the value of the link budget (in dB)
with a change in the wide-area range coverage at a frequency of 433 MHz. This is shown
in Table 6 and Figure 10. In Figure 12, a relationship between antenna gain, link budget,
and range is plotted. The blue line graph shows increasing antenna gain increases the
range, whereas the red line shows increasing the range in response to the link budget in
LoRa. By maintaining all of the parameter values, antenna height is directly proportional
to the coverage range. This signifies that deploying the LoRa receiver at a certain height
can enable a strong communication link.

Table 6. Range and link budget at node sensitivity of −137 dBm.

Mode
(Down Link)

Gateway
Height in Meter

End Node
Height in Meter

Link Budget
dBm Range in Meter

Down Link 1 1 151 1681
Down Link 2 1 151 2377
Down Link 3 1 151 2911
Down Link 4 1 151 3362
Down Link 5 1 151 3758
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Case IV:

Transmission signal strength is optimized by setting the antenna gain from 1 to
25 dB. Here, the transmission range and link budget of the LoRa transmitter module were
evaluated with a change in antenna gain. The mode of operation is uplink, as presented
in Table 7. Antenna gain was changed by writing the MATLAB code for interpreting the
signal strength at a frequency of 433 MHz. When gateway noise remains at 10 dB and
node sensitivity at −137 dBm, the link budget increases from 141 to 166 dBm. Hence, it is
concluded that by changing antenna gain, we can improve the coverage area. Thus, it is
preferred to use an antenna with high gain.

Table 7. Link budget in dBm from 141 to 164 dBm for the transmitter LoRa module.

Mode
(Up Link)

Antenna
Tx Gain in dB

Link Budget
dBm

Range in
Meter

Range in
Square KM

Up Link 0 141 945 3
Up Link 1 142 1001 3
Up Link 2 143 1061 3
Up Link 3 144 1123 4
Up Link 4 145 1190 4
Up Link 5 146 1260 4
Up Link 10 151 1681 8
Up Link 15 156 2241 16
Up Link 25 166 3986 28

Experimental parameters are presented in Table 8, and signify the importance of node
sensitivity. We used a helical antenna in the design of the custom sensor node and gateway.
Maintaining the uplink frequency at 433 MHz, by changing node sensitivity from −124
to −130 dBm, the sensor coverage distance increased from 945 to 3986 m. The data from
Table 8 indicates that the change in node sensitivity is directly proportional to the range.

As the height of the gateway and sensor node changes, the range also varies. The varia-
tion in both gateway and end node height changes the range significantly during downlink
mode at the receiver. In Figure 13, the red triangles denote the data rate, and black down-
ward triangles signify the bit rate.

Figure 14a,b shows the relation of bit error rate, packet error rate, and symbol error
rate with the spreading factor. As the spreading rate increases, there is an increase in
the bit error rate. When the spreading factor is changed from 7 to 12, the bit error is
minimized at SF = 6. Thus, there is a loss of data packets. It is preferred to send the data
with the spreading factor so that bit error and packet error rate are minimized. To conclude,
it is preferred to minimize the SF value to reduce the bit rate error. To maintain minimal
collision among data packets, a lower value SF is preferred.
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After computing all of the essential communication parameters of LoRa, it was found
that increasing SNR affects the PER, SER, and BER. At −30 dB of SNR, BER is almost 1,
which is not considered. It was also observed that with a decrease in the value of SNR to
0 dB, the error rate decreases.

Table 8. Range for the node sensitivity from −124 to −132 dBm.

Mode (Up Link) Frequency Node Sensitivity
in dBm Range in Meter Range in

Square KM

Up Link 433 −124 945 3
Up Link 433 −125 1001 3
Up Link 433 −126 1061 3
Up Link 433 −127 1123 4
Up Link 433 −128 1190 4
Up Link 433 −129 1260 4
Up Link 433 −130 1681 8
Up Link 433 −131 2241 16
Up Link 433 −132 3986 28
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To calculate the data rate of LoRa, the input parameters such as CR, SF and BW are
included in the equation. Figure 15 presents the data rate of LoRa from SF 7 to SF 12.
The data rate is denoted in terms of bits per second (bps). In each SF, the data rate increases
at BW 7, then increases exponentially after BW 8, and reaches a limit at BW 10. We can
observe that SF 7 has an inverse effect on the data rate, because the data rate steadily
decreases from SF 7 to SF 12. In SF 7, the data rate of the LoRa reached 22,000 bps, and in
SF 12, the data rate was limited to 2000 bps. An increase in SF will lead to transmission of a
low amount of data; thus, SF 7 is the optimal SF that needs to be considered for sending a
large amount of data.
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6. Results of the Experimental Setup

This section discusses the deployment of sensor nodes and the gateway in a real-time
environment. We also present the sensor data recorded on the cloud server and compare
previous studies with the proposed research in detail. To evaluate the coverage of LoRa,
we deployed the sensor nodes in a testbed located in our university center. The gateway
was placed at a distance of 1 km from the sensor nodes. To analyze the customized sensor
node and gateway for crop field monitoring, the sensor node was deployed in the crop field,
as shown in Figure 16a,b. The sensor node was embedded with sensors for temperature,
humidity, soil moisture, and fire. A 433 MHz-based LoRa was embedded in the sensor
node and gateway. LoRa is a form of transceiver communication. The LoRa-based gateway
was positioned 1 km from the two sensor nodes. The gateway showed effective results in
terms of accurately receiving the sensory data. The gateway was also embedded with an
8266 Wi-Fi modem to communicate the data over the cloud server through the Internet.
The sensory data is visible in Figure 16c.
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Moreover, a hand-held device (or portable device) was also designed and implemented
in real-time scenarios, shown in Figure 16d. This hand-held device will assist farmers in
checking the field from a remote location and is easy to use. A hand-held device integrates
LoRa communication and an ESP 8266 Wi-Fi module. These two communication modules
assist in receiving the crop data regarding from the sensor node and gateway. The hand-
held device is used to visualize the data of the crop field on a color LCD. The hand-held
device shows the sensory data, including temperature, humidity, soil moisture, and fire
detection. The gateway node logs the data on the cloud server through the Internet.
Here, we used the Blynk cloud server to record the sensory data of the sensor node.
The data regarding temperature and humidity can be seen in the Blynk dashboard, and is
presented in Figure 17.
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A comparative analysis of previous research on LoRa link budgets is depicted in Table 9.
Evaluation parameters are the microcontroller unit (MCU), the communication protocol
used, customized hardware designed for the sensor node, the gateway, proof of concepts,
and simulation-based analysis used to validate the proposed study. The proposed study
has the advantages of a communication protocol that uses both LoRa and Wi-Fi. This means
the data can be collected on a local platform and the cloud platform. When designing
sensor nodes, each sensor node and gateway were custom designed and built as per the
requirements. Customization helped us to reduce the dimensions and architecture of
the device. A simulation-based analysis was carried out to validate the proposed study,
and further validated on the LoRa testbed.
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Table 9. Comparison of the LoRa-based agriculture research with the present study.

Research Communication
Protocol

Custom End
Node

Custom
Gateway

Hand-Held
for Farmer

Link Budget
Validation

LoRa
Simulation

Plot of Evaluation
Metrics

[12] LoRa No No No Yes Yes yes

[13] LoRa No No No Yes Yes yes

[41] WiFi No No No Yes Yes yes

[42] WiFi No No No Yes Yes yes

Proposed
study

LoRa + WiFi
(with optimized

embedded
firmware)

Yes
(customized)

Yes
(custom
design)

Yes
(customized) Yes

Simulation +
validation on

hardware
Yes

7. Conclusions

IoT is transforming all applications due to its unique feature of real-time monitoring.
In agriculture, IoT can enhance crop yields by integrating distance sensors and wire-
less communication protocols. In agriculture, implementing internet-based sensor nodes
is challenging due to the unavailability of nearby agriculture fields. To overcome this,
we proposed an IoT-based WSN architecture for real-time monitoring of agricultural fields.
A custom sensor node and gateway were developed and implemented for sensing and
communicating real-time agricultural data. In agriculture, the sensor node′s battery life
plays a significant role. We implemented an energy harvesting mechanism using solar
energy and a wind turbine. A MATLAB simulation was performed to evaluate the correla-
tion of distinct parameters, such as link budget, spreading factor, and receiver sensitivity,
in a custom-built LoRa testbed. Moreover, this article discusses the role of localization
for deploying the sensor nodes in agricultural fields. The MATLAB simulation indicated
that hybrid range-based localization algorithms are more reliable and are scalable for
deployment in agricultural fields. Finally, a real-time experiment was performed to analyze
the performance of the custom sensor node and gateway.
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Abstract: Agrivoltaic (AV) systems increase land productivity through the combined production
of renewable energy and food. Although several studies have addressed their impact on crop
production, many aspects remain unexplored. The objective of this study was to determine the
effects of AV on the cultivation of celeriac, a common root vegetable in Central Europe. Celeriac was
cultivated in 2017 and 2018 as part of an organically managed on-farm experiment, both underneath
an AV system and in full-sun conditions. Under AV, photosynthetic active radiation was reduced
by about 30%. Monitoring of crop development showed that in both years, plant height increased
significantly under AV. Fresh bulb yield decreased by about 19% in 2017 and increased by about 12%
in 2018 in AV, but the changes were not significant. Aboveground biomass increased in both years
under AV, but only increased significantly in 2018. As aboveground biomass is a determinant of root
biomass at harvest in root vegetables, bulb yields may be further increased by a prolonged vegetation
period under AV. Compound analysis of celeriac bulbs did not show any clear effects from treatment.
As harvestable yields were not significantly reduced, we concluded that celeriac can be considered a
suitable crop for cultivation under AV.

Keywords: agrivoltaic; agrophotovoltaic; Agri-PV; shading; crop performance; yields; product
quality; organic agriculture; biodynamic agriculture; land productivity

1. Introduction

Agrivoltaic (AV) systems are currently being implemented in a number of countries
as an approach for the dual use of arable land for renewable energy and agricultural
production [1,2]. It has been shown that both land productivity and farm income can be
increased by the additional energy generated through AV [1–5]. Recently, first concepts for
the integration of AV into prospective farming systems—e.g., in combination with farming
robots—have been proposed [6]. However, considering the land use conflict between food
and energy production, a sustained adequate agricultural yield needs to be guaranteed if
AV systems are to be used. This necessitates further field studies on the performance of
agricultural crops under AV. The implementation of AV is currently being investigated in
field trials by several researchers [2,5,7–9]. So far, a number of crops have been assessed
for their suitability for cultivation underneath AV, including lettuce [8], corn [10], potatoes,
winter wheat [9], and fruit vegetables (such as cherry tomatoes and chili peppers) [7].
Additionally, grass-clover has been investigated as a perennial forage crop [9]. These
studies have shown that sufficient crop yields can be achieved in the partial shade of the
photovoltaic (PV) modules of AV systems, but agricultural yield reductions of up to 20%
can occur [8,9,11]. By contrast, in hot and dry weather conditions, reduced solar radiation
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and microclimatic alterations under AV (e.g., lower soil [8,9] and air temperatures [9] and
potential advantages in water use efficiency [12]) can be beneficial for crop production and
lead to increased yields [7,9].

The present study was conducted on-farm within a field trial with four different crops
(celeriac, grass-clover, potato and winter wheat) cultivated underneath an AV system.
The crops were cultivated as part of a crop rotation under organic management. This
setup was chosen because, to date, no AV studies have been conducted under organic
field management conditions. Furthermore, organic farming generally strives to reduce
external inputs “by reuse, recycling and efficient management of materials and energy
in order to maintain and improve environmental quality and conserve resources”, as a
matter of principle—as described by the International Federation of Organic Agriculture
Movements (IFOAM) [13]. Thus, organic farming also addresses energetic self-sufficiency
and the replacement of fossil energy resources. As such, AV would appear an appropriate
approach in this context. Further details on the field trial were reported by Weselek et al. [9].
Harvestable crop yields decreased by 18.7% (wheat), 18.2% (potatoes) and 5.3% (grass-
clover) in 2017, but increased by 2.7% (wheat) and 11% (potatoes) in 2018. Grass-clover
yields in 2018 were reduced by 7.8% [9]. The results were linked to quite distinct climatic
differences between the years; 2018 brought lower precipitation, higher temperatures and
greater solar irradiance. In the same time frame, 246 MWh of energy were generated by
the AV facility in the first cropping year, which corresponds to about 83% of the electrical
yield a conventional ground-mounted PV installation covering the same area would have
achieved [14]. Hence, even with a reduction of harvestable crop yield of 18.7% for winter
wheat in 2017, overall land productivity was increased by about 56% in comparison to
single crop and PV production [14]. The results further emphasized findings from previous
studies [3] on the benefits of AV regarding land use and land productivity.

As a recent study showed, long term land productivity and market certainty are often
seen as the main arguments favoring the implementation of AV from farmers’ perspec-
tive [15]. This emphasizes the need for agricultural field trials. However, experimental
data on the impact of AV on crop production are scarce; few data are available for field
vegetables and, in particular, root vegetables. In 2017, vegetables were cultivated on a
total area of 2.2 million hectares in Europe [16]. As comparatively high market revenues
can be achieved with vegetables, the impacts of AV on cultivation and harvestable crop
yields will be of major interest. Celeriac (Apium graveolens L. var. rapaceum), also known as
turnip-rooted celery or knob celery, is a celery variety cultivated primarily in Central and
Eastern Europe [17,18]. In contrast to common celery (Apium graveolens var. graveolens) and
leaf celery (Apium graveolens var. secalinum), this biennial crop forms large bulbs in the first
cropping year—which consist of hypocotyl, tap root and stem in equal proportions [17].
Celeriac bulbs have white flesh and can be used both cooked and raw. In 2018, organic
celeriac was cultivated on a total of about 219 hectares in Germany, producing 6853 tons of
harvested celeriac bulbs [19].

The aim of our study was to investigate how celeriac (a common field vegetable) would
be affected if it were cultivated underneath the solar panels of an AV system (Figure 1).
In addition to examining parameters such as crop development and yields, the study
examined, for the first time, how altered microclimatic conditions in the partial shade of the
AV facility affected the chemical composition—and consequently, the quality—of celeriac.

194



Agronomy 2021, 11, 733
Agronomy 2021, 11, x FOR PEER REVIEW 3 of 18 
 

 

 
Figure 1. Celeriac plants growing underneath the agrivoltaic (AV) facility in 2017. The reference 
site is located behind the facility. (source: Bauerle/University of Hohenheim). 

2. Material & Methods 
2.1. Site Description & Field Experiment  

Celeriac was cultivated as part of an on-farm field experiment using a four-year crop 
rotation (along with winter wheat (Tricticum aestivum), potato (Solanum tuberosum) and 
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to biodynamic principles (Demeter) as described in [9]. Details on the design of the AV 
facility were described by Trommsdorff et al. [14]. In both 2017 and 2018, celeriac was 
grown on a strip 24 m long and 19 m wide under an AV system, with a total size of 0.3 ha. 
Additional celeriac was grown on an adjacent reference area (REF) without solar panels 
(Figure 2). To avoid any shading of the REF site, it was located at a distance of 20 m from 
the AV facility. On both sites, four trial plots of 1 m² were defined. To reduce border ef-
fects—in particular under the AV facility—the plots were located at least 4 m from the 
sites′ borders. Celeriac plantlets (Apium graveolens L. var. rapaceum, Goliath variety) were 
sown in seed trays and planted out around development stage 13 (according to BBCH 
(Biologische Bundesanstalt, Bundessortenamt und CHemische Industrie) scale for root 
and stem vegetables [20]) at a density of 45,000 plants per hectare. In both years, planting 
took place on 5 May. The celeriac cropping area was fertilized with 15 t composted cow 
manure per hectare between mid-February and mid-March. Biodynamic preparations (20 
l per hectare each of horn manure and horn silica) were sprayed according to Demeter 
guidelines twice a year. Weed control was mainly conducted by currycombing before 
planting (twice) and hoeing after planting (up to four times). Additional hand weeding 
was performed if weed pressure became high within the rows. In 2017, the preceding crop 
was perennial grass-clover; in 2018, it was potato. For further information on field man-
agement, see [9]. 

Figure 1. Celeriac plants growing underneath the agrivoltaic (AV) facility in 2017. The reference site
is located behind the facility. (source: Bauerle/University of Hohenheim).

2. Material & Methods
2.1. Site Description & Field Experiment

Celeriac was cultivated as part of an on-farm field experiment using a four-year crop
rotation (along with winter wheat (Tricticum aestivum), potato (Solanum tuberosum) and
grass-clover) [9]. The field trial was performed on a commercial farm managed according to
biodynamic principles (Demeter) as described in [9]. Details on the design of the AV facility
were described by Trommsdorff et al. [14]. In both 2017 and 2018, celeriac was grown on a
strip 24 m long and 19 m wide under an AV system, with a total size of 0.3 ha. Additional
celeriac was grown on an adjacent reference area (REF) without solar panels (Figure 2). To
avoid any shading of the REF site, it was located at a distance of 20 m from the AV facility.
On both sites, four trial plots of 1 m2 were defined. To reduce border effects—in particular
under the AV facility—the plots were located at least 4 m from the sites′ borders. Celeriac
plantlets (Apium graveolens L. var. rapaceum, Goliath variety) were sown in seed trays and
planted out around development stage 13 (according to BBCH (Biologische Bundesanstalt,
Bundessortenamt und CHemische Industrie) scale for root and stem vegetables [20]) at
a density of 45,000 plants per hectare. In both years, planting took place on 5 May. The
celeriac cropping area was fertilized with 15 t composted cow manure per hectare between
mid-February and mid-March. Biodynamic preparations (20 l per hectare each of horn
manure and horn silica) were sprayed according to Demeter guidelines twice a year. Weed
control was mainly conducted by currycombing before planting (twice) and hoeing after
planting (up to four times). Additional hand weeding was performed if weed pressure
became high within the rows. In 2017, the preceding crop was perennial grass-clover; in
2018, it was potato. For further information on field management, see [9].

2.2. Microclimate

Microclimate was monitored via eight microclimate stations (i.e., four per treatment)
on the celeriac cropping area, each assigned to one of the trial plots. Each microclimate
station was equipped with different sensors and recorded various microclimatic parameters.
Air temperature and humidity were measured at a height of 2 m using a VP-4 sensor. Soil
temperature and moisture were measured at a depth of approximately 25 cm using a
5TM sensor. Due to tillage operations, soil sensors were only installed during the celeriac
cropping period from 8 June to 10 October in 2017, and from 9 May to 22 October 2018.
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Photosynthetic active radiation (PAR) was estimated by photosynthetically active photon
flux density (PPFD) using a QSO-S sensor. All parameters were recorded with data
loggers (EM50G). Data loggers (and the sensors mentioned above) were obtained from
METER Group AG (Munich, Germany). In addition to the data collected in the field
trial, meteorological data for comparison were obtained from Agricultural Meteorology
Baden-Wuerttemberg, published by the Agricultural Technology Centre Augustenberg
(LTZ) [21]. The weather station nearest to the field trial was located at Billafingen (47.83◦

latitude 9.13◦ longitude), 2 kilometers away. Mean monthly temperature and accumulated
precipitation are shown in Figure 3 (data taken from Billafingen weather station [21]). Note
that values recorded in the field trial cannot be directly compared with those recorded at
the weather station, as they are located at different spots and their instruments have not
been calibrated. Furthermore, in 2018, no values were recorded at our field trial from 11 to
13 December due to a power outage.
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Climatic conditions varied greatly between the two years. In 2017, annual accumulated
precipitation was 1351 mm, annual solar was radiation 1180 kWh/m2, and mean annual
temperature was 8.6 ◦C. In 2018, accumulated precipitation was 916 mm, annual solar
radiation was 1204 kWh/m2, and mean annual temperature was 9.7 ◦C.

2.3. Crop Monitoring & Harvest

Crop development was monitored over two growing seasons, beginning in May (both
years) immediately after the celeriac was planted and lasting until shortly before final
harvest. The last monitoring dates were 26 September in 2017 and 18 October in 2018. In
each of the defined plots, 12 individual plants were selected and tagged. Of these, 10 plants
were monitored and two were kept as backup in case of plant losses. Crop development
was monitored every two weeks. Crop height was measured using a folding rule. Leaf area
index (LAI) was measured using a plant canopy analyzer (LAI-2200C, LI-COR Biosciences,
Lincoln, Dearborn, MI, USA). On each monitoring date, twelve single measurements were
taken per plot: six measurements between plants within the rows, and six measurements
between rows. The final harvest was performed on the farm’s actual harvest dates. The
12 selected plants in each plot were harvested manually. Each celeriac plant was separated
into aboveground and belowground biomass. Remaining roots were roughly removed from
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the bulbs. The aboveground biomass from each plot was weighed and subsequently dried
for 48 h at 60◦C to determine dry matter yield. Diameter and weight of each celeriac bulb
was measured. For the analysis of chemical composition, bulbs were peeled, washed with
distilled water and ground (Thermomix, Vorwerk, Wuppertal, Germany). The resulting
fibrous pulp was freeze-dried at 0.34 mbar and−32◦C until completely dry and then stored
at −20◦C for further analysis.
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Figure 3. Monthly mean temperature (red curve) and monthly accumulated precipitation (cyan bars) in 2017 and 2018. Data
from Agricultural Meteorology Baden-Wuerttemberg, Billafingen weather station.

2.4. Analysis of Chemical Composition

For chemical analysis, the freeze-dried samples were ground to a fine powder (MM400,
Retsch, Haan, Germany) using ceramic grinding jars to avoid any heavy metal contamina-
tion. Before analysis by ICP-OES and ICP-MS, samples were digested by microwave pres-
sure digestion (UltraCLAVE III, MLS, Leutkirch, Germany) according to method 10.8.1.2 of
the Association of German Agricultural Analytic and Research Institutes (VDLUFA) [22].
For analysis of Al and Si, samples were additionally digested with 0.5 M hydrofluoric
acid to avoid silicate formation. The minerals Al, B, Ba, Ca, Cu, Fe, K, Mg, Mn, Na, P, Zn,
and Si were analyzed by ICP-OES (5100 ICP-OES, Agilent, Santa Clara, USA) according
to EN standard 15621:2017-10 [23]. The trace elements and heavy metals Cd, Co, Cr, Mo,
Ni, Pb, Se, Fe, Cl, and I were analyzed by Inductively Coupled Plasma Mass Spectrometry
ICP-MS (NexION 300X ICP-MS, PerkinElmer, Waltham, MA, USA) according to the VDL-
UFA (Verband deutscher landwirtschaftlicher Untersuchungs- und Forschungsanstalten)
method 17.9.1 [24]. For Cl analysis, samples were extracted in simmering water according
to VDLUFA method 2.2.2.2 [25]. For iodine analysis, samples were extracted with 0.5%
ammonium hydroxide according to VDLUFA method 2.2.2.3 [26]. Carbon and sulfur were
analyzed based on the Dumas combustion method [27]. Crude protein, crude fat and
crude fiber were determined (using a Fibertherm apparatus, C. Gerhardt, Königswinter,
Germany) following the European Commission (EC) regulation No. 152/2009 III [28]. For
the calculation of crude protein, the N concentration was multiplied by a conversion factor
of 6.25. Neutral detergent fiber (amylase treated, after ashing; aNDFom), acid detergent
fiber (after ashing; ADFom), and acid detergent lignin (ADL) were determined according to
VDLUFA methods 6.5.1, 6.5.2 and 6.5.3 [29–31], respectively, using a Fibertherm apparatus
(Fibertherm, C. Gerhardt, Königswinter, Germany). In 2017, aNDFom, ADFom and ADL
were not analyzed due to insufficient sample material.

2.5. Statistical Analysis

Statistical analysis was conducted according to the method of Weselek et al. [9]. The
experimental setup can be considered a single replicate of a strip-plot design with two
treatments, AV and REF. Note that a true replicate for the treatment would require another
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AV system. The data analysis was carried out with SAS software version 9.4 (SAS Institute
Inc., Cary, NC, USA) using the following model for crop development:

yijkl = µ + bkij + τi + ϕj + (τϕ)ij + eijkl , (1)

where bkij is the fixed effect of lane k in treatment i at day j, τi is the i-th treatment effect, ϕj
is the j-th day effect and (τϕ)ij is the interaction effect of day j and treatment i. eijkl is the
repeated measurement error of observation yijkl with a first-order autoregressive variance-
covariance structure of error effects from the same measuring point. Note that the variance
of repeated measurements on the same plot underestimates the true error variance, and
thus all tests are too liberal.

As harvestable crop yield was measured in two successive years but only once per
year, an analogous model to (1) can be fitted replacing day j by year n:

yinkl = µ + bkin + τi + ρn + (τρ)in + einkl , (2)

where ρn and (τρ)in are the effects of the n-th year and its interaction effects with treatment.
All other effects are defined analogously to model (1).

Analysis of chemical composition was conducted accordingly for each parameter:

yinkl = µ + bkin + τi + ρn + (τρ)in + einkl (3)

where significant differences were found via an F test, a multiple t-test (Fisher′s LSD test)
was performed. Results of multiple t-tests are presented as a letter display.

3. Results & Discussion
3.1. Microclimate

An overview of the results of microclimate monitoring is presented in Table 1. Pho-
tosynthetic active radiation was, on average, reduced by about 29.5% under AV, which is
within the range of the results from previous modeling and field studies, where reductions
of irradiance ranged from 12% up to more than 60%, depending on the setup of the AV
system [3,32,33]. Soil temperature was reduced by 1.2 ◦C in 2017 and 1.4 ◦C in 2018. This
is in accordance with findings from Marrou et al. [32], who also found soil temperature
to be reduced under AV. In 2017, yearly mean soil moisture was 1.9% higher under AV,
while it decreased by about 3.1% in 2018. In both years, yearly mean air humidity was 2.8%
higher in AV compared to REF. No differences between the treatments were found in yearly
mean air temperature. In contrast, Marrou et al. [32] did not find any differences in aerial
microclimate (temperature and humidity) between AV and unshaded control. The results
also reflect the differences between the years—as also shown by the weather data recorded
at the weather station in Billafingen (see Section 2.2.)—with comparably high temperatures
and dry conditions in 2018. The yearly mean air temperature was 1.7 ◦C higher in 2018
compared to 2017. Air humidity and soil moisture were lower in both treatments compared
to 2017. Additionally, photosynthetic photon flux density was slightly increased in 2018.
Further details on microclimate monitoring have been reported [9].

Table 1. Yearly averages of air temperature and humidity, soil temperature and moisture as well as photosynthetic active
radiation expressed by photosynthetic photon flux density (PFD) under the agrivoltaic system (AV) and on the reference
site (REF) in 2017 and 2018.

Air Temperature
[◦C]

Humidity
[%]

Soil Temperature
[◦C]

Soil Moisture
[%]

PPFD
[µmol/m2s]

2017
REF 8.7 79.1 18.4 25.2 469.4
AV 8.7 81.9 17.2 27.1 336.7

2018
REF 10.4 71.6 19.2 20.9 497.9
AV 10.4 74.4 17.8 17.8 344.5
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3.2. Crop Development

Celeriac growth and development was monitored on 10 days in 2017 and 11 days in
2018 (due to later harvest date).

After planting in May, the plantlets established quite slowly in 2017 in both treatments,
which may be explained by the subsequent low precipitation of about 50 mm in May
(Figure 4a). This also led to a certain amount of plant loss (not quantified). Consequently,
crop development was delayed for several weeks until shoot growth started: mean plant
height remained constant on the first four monitoring days and had even decreased slightly
at the end of June. After the pronounced period of drought in May, monthly precipitation
was between 150 and 250 mm from June to August. Nevertheless, it took until the middle
of July before the celeriac plantlets had recovered, at which point shoot height gradually
increased, reaching a maximum crop height of 35.7 cm under AV and 29.4 cm for REF
130 days after planting (DAP).
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By contrast, in 2018, plants had already doubled their height by the second monitoring
date in mid-June (Figure 4b). At this point, the celeriac cultivated under AV was 30%
higher than on the REF site, while in 2017 growth had just begun in both treatments. The
mean maximum crop height of 26.6 cm in AV and 16.7 cm in REF was recorded at 66 DAP.
Plant height then decreased until final harvest. In May 2018, accumulated precipitation
was 100 mm—more than twice as high as in May 2017. After that, however, monthly
precipitation in 2018 remained below 100 mm until December (Figure 2) and consequently
aboveground plant growth had stopped by mid-July in both treatments.

As a result, final plant development was better in 2017 than in 2018, although plantlet
establishment was less problematic in 2018. The potatoes, which were planted shortly
before the celeriac, were also found to have a lower initial plant height during the first
weeks after emergence in 2017 than in 2018 [9].

In addition to year-related effects, crop height was also affected by treatment: celeriac
plants were significantly higher under AV than in REF on three monitoring dates in 2017
and ten of the eleven dates in 2018 (Figure 4a,b). Differences in crop height between the
treatments were more pronounced in 2018 than in 2017: averaged over all monitoring dates,
crop height in AV was 30.6% higher than REF in 2018, but only 14% higher in 2017. In
2017, the mean difference in crop height between the treatments slowly increased from the
5th monitoring date (67 DAP) onwards, reaching a maximum (at final harvest, 144 DAP)
of +7.2 cm in AV. In 2018, mean difference in crop height between the treatments was
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highest on the 6th monitoring date (94 DAP) at +9.5 cm in AV and then slowly decreased
to +5.4 cm at final harvest (166 DAP). These treatment-related differences within the years
corresponded to the general crop development, as described above. In 2017, crop height
(and also difference between the treatments) increased from July onwards; meanwhile, in
2018, the crop reached maximum height by the middle of the growing season and then
decreased until final harvest. However, the results show that crop height was increased
by AV in both years. Similar results have been found for potatoes and winter wheat [9],
where crop height was significantly increased by AV in both 2017 and 2018. As discussed
by [9], increases in crop height are most probably due to shading; under AV, PAR was
reduced by 30% on average in both years [9] (Table 1). These findings are in line with results
from experiments with artificial shading, in which the canopy height of wheat [34,35] and
potato [36] was increased by shading. Increased elongation growth under decreased light
intensities can be interpreted as a shade-adaptive response by the plants in order to capture
more light [37,38].

Leaf area index (LAI) was measured on seven monitoring days in 2017 and ten
monitoring days in 2018. In 2017, no measurements were possible until the end of June as
the plantlets were too small. LAI values differed only slightly between the years (Figure 5).
As discussed above, the LAI values also indicated delayed development of the plantlets
in 2017, which began to grow slowly from the end of June onwards (Figure 5a). On the
other hand, in 2018, LAI values of approximately 2.5 had already been recorded in June
(Figure 5b). Variations in LAI between the monitoring dates may be explained as an artifact
caused by the occasional occurrence of weeds and the senescence of outer leaves—which
may have led to lower LAI values being recorded from time to time. In 2017 in particular,
leaves showed clear signs of Septoria leaf spot infection caused by the fungus Septoria
apiicola, which led to early leaf senescence and consequently to a certain amount of loss
of outer, older leaves. This explained the trend of declining LAI values from September
onwards. As a similar effect of premature leaf senescence was observed in both treatments,
the impact of uneven rain distribution under AV [9] can be excluded as the cause of the
infestation by fungal leaf disease, based on the present data. However, infestation and
pathogenesis were not monitored explicitly, and should be addressed in more detail in
future—particularly as humidity was shown to be slightly higher under AV (Table 1). In
2018, celeriac leaves were still green at final harvest and did not show any signs of Septoria
leaf spot infection. This can be seen from the LAI values, which were more or less constant
until harvest. Similarly to crop height, LAI increased under AV, but the increase was only
significant on one monitoring date in 2017 (166DAP) and four monitoring dates in 2018 (66,
94, 136 and 166 DAP). An increased leaf area under AV has also been found in lettuce [8],
winter wheat, potatoes and grass-clover [9]. In lettuce, changes in total leaf area were
linked to an increment in individual leaf area (width and length), as well as to altered leaf
angles. However, the number of leaves was reduced by shading and depended on the level
of shading applied [8]. In our experiment, the determinants of increased LAI could not
be clearly specified, as leaf number and other leaf morphology characteristics were not
monitored. In general, an increase in leaf area can be interpreted as a further physiological
adaptation to diminished light availability under AV, in addition to increased crop height.
Both strategies focus on intercepting more light to maintain sufficient photosynthetic
performance [37].

As discussed above, both crop height and LAI of celeriac cultivated under AV were
increased. Enhanced vegetative growth, as a consequence of decreased light intensities, can
be interpreted as a shade-adaptive response aimed at enhancing light adsorption [37,38].
At the same time, increased elongation growth in response to shading is considered a
shade-avoidance strategy, predominantly found in species less adapted to shaded environ-
ments [37,38]. Increased specific leaf area and leaf area ratio—both of which describe the
relation of leaf area to plant biomass—can enhance the shade tolerance of plants [37,39].
Although the specific leaf area and leaf area ratio could not be deduced from the LAI mea-
surements in our trial, the results indicated that the celeriac—and also crops like potatoes
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and wheat [9] —adapted to the reduced irradiation underneath the PV panels of the AV
facility through a combination of shade-adaptive mechanisms.
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3.3. Bulb Yields and Yield Components

The celeriac was harvested on 10 October in 2017 and 22 October in 2018 in both
treatments. The early harvest date in 2017 was due to the fact that no further yield increases
were to be expected on account of early leaf senescence (see also Section 3.2.). However,
the date was still within the common celeriac harvest period. Aboveground biomass was
increased by AV in both years, but only significantly in 2018 (Figure 6a). Dry matter yield
of aboveground biomass was 0.37 t ha−1 in REF and 0.55 t ha−1 in AV (+48%; p = 0.082) in
2017, and 1.1 t ha−1 in REF and 1.4 t ha−1 in AV in 2018 (+31.9%; p = 0.0045). Interestingly,
aboveground biomass was higher in 2018, although crop height was higher in 2017. We
postulate that this was caused by the very distinct weather conditions in the two years,
which affected both aboveground biomass and crop height in different ways. First, initial
shoot growth was virtually zero in the first few weeks after planting in 2017. We assume
that this period conferred a crucial growth advantage in 2018, leading to higher final shoot
biomass in that year. Second, the dry weather conditions in summer 2018 may have led
to a decrease in turgor pressure as a response to drought stress, leading to more wilting
of leaves. As crop height was measured without lifting up individual leaves, this will
also have led to lower crop heights being recorded. This explanation is supported by the
finding that, in 2018, crop heights had decreased by the middle of July with the onset
of drought stress. Furthermore, hanging leaves will also have led to an enlarged leaf
rosette, explaining why LAI was higher in 2018 despite lower crop heights. The third—and
presumably most crucial—factor was disease; aboveground biomass was lower in 2017
due to infection with Septoria leaf spot, leading to early leaf senescence and consequently
a certain loss of matured leaves.

Celeriac bulb yield was 11.9 t ha-1 in REF and 9.7 t ha−1 in AV (−18.9%; p = 0.15)
(Figure 4) in 2017, and 9.6 t ha−1 in REF and 10.8 t ha-1 in AV (+11.8%; p = 0.49) in 2018
(Figure 6b). Neither the differences between the treatments nor those between the years
were significant. The yields in both years and treatments were low in comparison with
the national average for organically cultivated celeriac, which was 29.6 t ha−1 in 2017 and
31.1 t ha−1 in 2018 [19]. In general, celeriac is considered drought-sensitive, with drought
stress leading to small, poorly developed bulbs [17,18]. Therefore, it can be assumed
that the dry weather conditions in spring 2017 and especially summer 2018 probably led
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to comparatively low bulb yields. This is particularly probable given that the celeriac
plants in our trial were not irrigated. The bulbs were poorly developed in both years and
treatments (Figure 7). Average individual bulb weight was 196 g (REF) and 158 g (AV) in
2017, and 186 g (REF) and 197 g (AV) in 2018. Average bulb diameter was 7.3 cm (REF) and
6.6 cm (AV) in 2017 and 7.5 cm (REF and AV) in 2018. Both average weights and diameters
can be considered undersized. To meet the criteria of the wholesaler the farm supplies,
celeriac must fulfill the class 1 UNECE (United Nations Economic Commission for Europe)
standard for root and tubercle vegetables [40]. In addition, the bulbs must have a minimum
weight of 350 g if only the bulbs are sold, or a minimum size of 60 mm if whole plants
(bulb including leaves) are sold. Taking these criteria into consideration and assuming
only bulbs (without leaves) are sold: of the 48 bulbs harvested from each treatment in 2017,
only one (AV) and four (REF) were actually marketable. In 2018, the respective numbers
were zero (AV) and one (REF). Extrapolated to a hectare, marketable bulb yields would
consequently have been only 0.5 t ha−1 (AV) and 2 t ha−1 (REF) in 2017, and 0 t ha−1 (AV)
and 3.6 t ha−1 (REF) in 2018. If sold as whole plants, marketable bulb yield would have
been 7.8 t ha−1 (AV) and 10.6 t ha−1 (REF) in 2017, and 10.3 t ha−1 (AV) and 8.8 t ha−1

(REF) in 2018.

Figure 6. Celeriac aboveground biomass (t dry matter ha−1) (a) and bulb yield (t fresh matter ha−1) (b) in REF and AV in
2017 and 2018. Significant differences are indicated by stars (* p < 0.005).

As mentioned above, yield variations within the years differed between the treatments.
Averaged over both treatments, bulb yield was higher in 2017 (10.8 t ha−1) than 2018
(10.2 t ha−1). While bulb yields from the REF site were 2.3 t ha−1 lower in 2018 than
2017, yields on the AV site actually increased by about 1.1 t ha−1. Lower yields under
AV in 2017 were most probably caused by the reduction in solar radiation (about 30%)
(Table 1). In contrast, the yield increases under AV in 2018 indicate that the celeriac plants
benefitted from shading that year. It can be assumed that, in 2018, drought, intensive solar
radiation, and high temperatures counterbalanced the adverse effects of shading on celeriac
productivity. However, it remains unclear whether this was caused directly (by attenuating
irradiation) or indirectly (by altering microclimatic conditions to provide a more favorable
microclimatic environment for celeriac growth). It was expected that soil moisture would
increase under AV, as a reduction in evapotranspiration in the partial shade of AV panels
was already reported [12]. However, soil moisture under AV only increased in 2017; it was
actually reduced in 2018 (Table 1). Therefore, soil moisture can be excluded as a potential
explanation for increased crop yields under AV in 2018.
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fitted from shading that year. It can be assumed that, in 2018, drought, intensive solar 
radiation, and high temperatures counterbalanced the adverse effects of shading on celer-
iac productivity. However, it remains unclear whether this was caused directly (by atten-
uating irradiation) or indirectly (by altering microclimatic conditions to provide a more 
favorable microclimatic environment for celeriac growth). It was expected that soil mois-
ture would increase under AV, as a reduction in evapotranspiration in the partial shade 
of AV panels was already reported [12]. However, soil moisture under AV only increased 

Figure 7. Celeriac harvested in 2017. The plants all come from one plot. In each treatment, four
plots (with 12 plants each) were harvested. Most bulbs are comparatively small and some leaves are
already senescent. (Source: Bauerle/University of Hohenheim).

As shown, soil temperature was reduced by AV (Table 1). Although this was the case
in both years, we assumed that reduced soil temperature and a direct reduction in solar
radiation under AV were the determining factors that diminished the adverse effects of
excessive irradiation, heat, and drought on crop yields in 2018. Furthermore, increases in
aboveground biomass, as mentioned above, may also have led to higher bulb yields in 2018
through higher amounts of assimilates being translocated from the shoots to the bulbs.

While no comparable data is available for celeriac, studies with other root vegetables
(e.g., carrot, parsnip, radish and beetroot) have shown that shoot and storage-root weights
are linearly correlated, with slight differences between species [41–43]. Biologically, celeriac
is comparable to beetroot and radish, species in which the storage organ also develops
from the hypocotyl. We therefore hypothesized that the significantly higher aboveground
biomass under AV in 2018 was a determining factor for the higher bulb yield compared
to REF. As the vegetation period in 2018 was prolonged due to the later harvest date,
the period for the translocation of assimilates from the shoot to the storage root was also
extended. This raises the question of whether delaying the harvest could have facilitated
mobilization of the full assimilate potential stored in the shoot, increasing bulb weights
and yields under AV. A study with lettuce cultivated underneath an AV system found that
a delayed harvest date led to yields comparable to the unshaded control [44]. However,
in the case of celeriac, a further increase in bulb yields through a prolonged vegetation
period would be limited by environmental conditions. Mild autumnal temperatures are
required for translocation of assimilates to the storage organ to continue. In addition, the
2017 results showed that infestation with fungal diseases can also become a limiting factor,
leading to premature leaf senescence and preventing further yield increases.

Relative changes in harvestable yields of winter wheat and potatoes cultivated under
AV were comparable to those of celeriac in the present study. While in 2017, yields de-
creased by about 18–19%, they increased by about 3% (wheat) and 11% (potato) in 2018 [9].
Accordingly, all annual crop species investigated in the field trial showed comparable
responses to cultivation in the altered environment underneath the AV facility. Moreover,
yield fluctuations between the years were less pronounced under AV, as was the case with
celeriac. This supports the hypothesis that cultivation under AV can be advantageous in
dry weather conditions and may have yield-stabilizing effects in the long term [9,33], but
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further trial years are needed for validation. The results indicated that—outside of dry
climates where a general reduction in sun exposure can be beneficial and certain crops
adapted to shaded conditions—leaf vegetables may be particularly suitable for cultivation
under AV [2]. The increases found in above ground biomass and in growth parameters like
crop height and LAI will become directly relevant for harvestable yields. This is supported
by findings in lettuce, where cultivation under AV led to increased yields of some cultivars,
and was also linked to increased leaf area [8].

3.4. Chemical Composition

Chemical composition analysis of celeriac bulbs revealed that most of the parameters
analyzed were affected more by year than by treatment (Tables 2 and 3). The test of
fixed effects revealed that all determined parameters were significantly affected by year,
except S, Mg, Mn, and Se. No significant differences were found for Si, Co, and I, as the
concentrations were below the detectable thresholds of 150 mg kg−1 (Si), 0.02 mg kg−1

(Co), and 0.5 mg kg−1 (I) given in Table 3. Dry matter (DM) content was significantly lower
(p < 0.0005) in 2017 than in 2018 (9.9% (both AV and REF) in 2017 compared to 14.4% (AV)
and 13.6% (REF) in 2018). In 2018, DM content was significantly lower in REF (p = 0.002)
than in AV. No significant differences between treatments were found for crude protein and
crude fat (Table 2). Crude protein was slightly higher in AV than in REF in 2017. However,
crude protein in AV was lower than in REF in 2018, which may be explained by a dilution
effect, as yields in AV were lower in 2017 and higher in 2018. Crude fat was affected by
year, but virtually unaffected by treatment. Both crude fat and protein were significantly
higher in 2018 than in 2017. Fresh matter (FM) protein content (2017: 0.99% AV, 0.94%
REF; 2018: 1.17% AV, 1.20% REF, data not shown) was lower than the reference values of
1.2–1.5% stated in the literature [17,18]. FM crude fat content (2017: 0.22%, AV and REF;
2018: 0.28% AV and REF) was also slightly lower than literature values (0.3–0.4%) [17,18].
Carbon content was significantly lower under AV in both years, indicating that less carbon
was allocated from the shoots to the bulbs, despite higher shoot biomass. This may be
due to generally lower photosynthetic assimilation of carbon dioxide as a consequence
of lower irradiance and/or diminished translocation to the storage organs, which would
support the hypothesis that maturation is delayed under AV (see Section 3.3). This would
also explain the higher C content in 2018: prolongation of the vegetation period, increased
irradiation (and consequently photosynthetic performance), and increased aboveground
biomass (and consequently translocation potential) may have led to higher amounts of
assimilates being translocated to the bulbs. The C/N ratio was higher in 2017 than in 2018
in both treatments (data not shown), which can be explained by the higher N content in
2018. The C/N ratio under AV was at 24.7, significantly lower (p = 0.012) than in REF (26.6),
in 2017, and at 21.7, slightly higher (p = 0.45) than REF (21.3) in 2018.

Table 2. Concentration of crude protein, crude fat, neutral detergent fiber (aNDFom), acid detergent fiber (ADFom), acid
detergent lignin (ADL) and macroelements C, S, Ca, K, Mg, Na, P (in % dry matter DM). Significant differences (p < 0.05)
are indicated by different letters. p-values correspond to the test of fixed effects year, treatment (Trt) and their interaction.
SEM = Standard error of means.

Treatment
[% DM]

Crude Protein Crude Fat aNDFom ADFom ADL C S Ca K Mg Na P Cl

2017
AV 10a 2.25a - - - 39.5a 0.09a 0.31a 4.09a 0.2 0.31a 0.58a 0.08a
REF 9.4a 2.18a - - - 40.1b 0.09a 0.34b 3.9a 0.21 0.31a 0.59a 0.08a

2018
AV 11.7b 2.78b 13.3 9.5a 2.06 40.7c 0.08b 0.28c 2.19b 0.19 0.16b 0.33b 0.05b
REF 12.1b 2.83b 16.1 10.5b 3.0 41.1d 0.08ab 0.3ac 2.25b 0.18 0.22c 0.3b 0.06ab
SEM 0.196 0.075 1.348 0.072 0.327 0.149 0.002 0.005 0.076 0.01 0.018 0.01 0.009

p-value
Year <0.0001 <0.0001 - - - <0.0001 0.0612 0.0001 <0.0001 0.082 <0.0001 <0.0001 0.0152
Trt 0.6643 0.8713 0.1918 0.0002 0.0985 0.0048 1.0 0.0021 0.4225 0.9 0.0844 0.3628 0.7760

Trt∗Year 0.0397 0.4254 - - - 0.6843 0.3166 0.2009 0.1221 0.7071 0.1065 0.1832 0.2694
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Table 3. Concentration of microelements (ppm dry matter (DM)). Significant differences (p < 0.05) are indicated by different
letters. p-values correspond to the test of fixed effects year, treatment (Trt) and their interaction. SEM = Standard error
of means.

Treatment
[ppm DM]

Al B Ba Cu Fe Mn Zn Si Cd Co Cr Ni Mo Pb Se I

2018
AV 3.16a 33a 8.04a 16a 21.3a 36.4a 29.3a <150 0.67a <0.02 0.23a 0.92a 0.05a 0.08a 0.03 <0.50
REF 3.02a 30.8a 11.1b 17.4a 21a 60.2b 31.2a <150 1.33b <0.02 0.08ab 1.49b 0.04a 0.11b 0.03 <0.50

2017
AV 1.28b 27b 2.47c 14.1b 30b 42.1ac 25.9b <150 0.5a <0.02 0.02b 1.19a <0.02b 0.06c 0.02 <0.50
REF 2.7ab 24.6b 3.8c 12.8b 28.4b 48.1c 25.7b <150 0.96c <0.02 0.03b 2.15c <0.02b 0.1ab 0.02 <0.50
SEM 0.53 1.02 0.876 0.515 1.404 2.462 1.069 - 0.079 - 0.059 0.089 0.003 0.006 0.007 -

p-value
Year 0.0626 0.0001 <0.0001 <0.0001 0.0001 0.2261 0.0019 - 0.0064 - 0.0484 0.0004 <0.0001 0.0029 0.163 -
Trt 0.2705 0.0467 0.0299 0.8685 0.6533 0.0001 0.4452 - <0.0001 - 0.2875 <0.0001 0.2872 0.0002 0.9202 -

Trt∗Year 0.1818 0.8578 0.3487 0.0225 0.6657 0.0046 0.3385 - 0.231 - 0.1996 0.0521 0.2872 0.4191 0.7898 -

Fiber content (aNDFom, ADFom, ADL) was lower under AV, but only significantly
for ADFom (1.0% absolute decrease). For aNDFom and ADL, the standard error between
the plots was comparatively high. As data on aNDFom, ADFom and ADL only exist for
one year, the results should be treated with care; year or yield effects cannot be excluded.
However, this may provide further evidence that carbon metabolism is affected by AV
through altered carbon assimilation as well as delayed translocation to the bulbs. Apart
from Na and Ca, none of the macroelements were significantly affected by treatment.
Concentration of Ca was increased by 0.03% (absolute) in 2017 and Na by 0.06% (absolute)
in 2018 on the REF site. Concentration of all macroelements was higher in 2017 than 2018
in both treatments. This effect was significant for all elements, except S and Mg. As the
trace elements Si, Co, I, and Mo (2018 only) were under the detectable thresholds (Table 3),
no differences were detected. Al, B, Ba, Cu, Fe, Zn, Cr, Mo, and Cl were affected by year,
but not by treatment. In 2018, lower concentrations were found throughout, except for
Fe, which increased. No differences were found in Se concentrations. Mn content was
lower in AV in both years but only significantly so in 2017. Ni decreased in AV in both
years. Both Cd and Pb content were significantly lower under AV in both years. In general,
celery is known to accumulate heavy metals such as Cd and Pb [45]. However, the detected
concentrations were far below the acceptable maximum concentrations (0.20 mg kg−1

FM (Cd) and 0.1 mg kg−1 FM (Pb)) [46]. The treatment-related differences in Cd and Pb
concentrations may be explained by differences in soil levels. Soil sample analyses showed
that Cd and Pb soil levels were slightly lower on the AV site (data not shown). Overall,
concentrations of most minerals and elements analyzed for both treatments were within
the range stated in the literature [18].

However, this was only the case in 2017; in 2018 significant reductions were found, as
described above. It is generally known that nutrient uptake (and, consequently, concentra-
tions of various minerals and trace elements) is reduced under drought [47]. Hence, the
significantly lower mineral content in 2018 was most probably caused by low soil water
status as a consequence of dry weather conditions in summer, leading to impaired root
uptake and translocation to the shoots.

The results show that cultivation underneath an AV system had only a slight effect
on the chemical composition of celeriac. Concentrations of C, Ni and Mn were decreased
by AV; all other parameters were mainly affected by year. The fiber fractions aNDFom,
ADFom and ADL were only measured in 2018. Apart from the results shown here, no
comparable data on the effects of microclimatic alterations (particularly shading) on the
quality characteristics of celeriac are available. Most studies featuring celeriac and celery
focus on the accumulation of furanocoumarins [48–50] and quality parameters such as
content of vitamins and secondary plant metabolites [51–54]. These were not the subject
of our study. In general, celery is considered to be nitrate-accumulating [55]. Nitrate
is thought to have a negative effect on human health [55,56]. Nitrate concentrations in
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crops are affected by a number of factors, including N fertilization and environmental
factors (e.g., light intensities) [55,57,58]. In several crops, including blade celery (Apium
graveolens L. var. dulce), nitrate concentrations have been shown to be correlated with
shading intensity [57–59]. In celeriac, nitrate accumulation is also cultivar-dependent [60].
Therefore, future trials should investigate whether nitrate concentrations in vegetables like
celeriac are affected by cultivation underneath AV. Our results show that crude protein
content was affected by AV, indicating that protein and N metabolism were altered in some
way. However, this effect was not significant and differed between the years. Carbohydrate
concentration, as a relevant constituent with respect to the nutritional quality of celeriac
bulbs, should also be analyzed in the future. This could offer further evidence on how
carbon assimilation is affected by AV. According to the values stated in the literature,
total carbohydrate content in celeriac ranges from approximately 2.0% to 3.0% of fresh
matter [18,61]. Apart from celeriac, no other studies on the effects of AV on crop production
have addressed their impact on the chemical composition of the harvested crops. In wheat,
cultivation under AV was found to shift grain size distribution towards smaller classes [9].
Although the chemical composition of the grains was not analyzed, alterations in quality
parameters can be assumed to be a consequence of an altered bran/endosperm ratio [9].

4. Conclusions

The production of celeriac was found to be affected in several ways by cultivation
underneath an AV system. Under AV, photosynthetic active radiation was reduced by
about 30% in both years studied. Both crop height and leaf area index increased in response
to shaded conditions, leading to significantly higher aboveground biomass in 2018. Neither
bulb yields nor their chemical composition were significantly affected by AV. In 2017, yields
tended to be lower under AV, whereas in 2018 they increased slightly. The results were
linked to lower soil temperatures and reduced PAR under AV, which may have become
advantageous in the hot and dry weather conditions of 2018. We therefore conclude that
celeriac can be considered a suitable crop for cultivation under AV. However, as climatic
conditions were quite extreme in both years, leading to comparably low yield levels in
general, further field trials are necessary to investigate how yields would develop under
more optimal conditions and over a longer term. Chemical analysis of C and fiber content
provided evidence of an altered carbon metabolism and potentially delayed ripening under
AV. Thus, further studies are required to examine whether a prolongation of the celeriac
vegetation period can be beneficial for final bulb yields through exploitation of the full
potential stored in the increased shoot biomass under AV. Furthermore, quality parameters
such as carbohydrate and nitrate content should be assessed. The impact of altered water
distribution and increased humidity under AV on infestations with fungal disease should
be examined. As a coproductive system, the advantages of AV clearly predominate:
increased income through additional energy production, conservation of limited land
resources through increased land productivity, and potential benefits for crop production
in dry climates. Nevertheless, in view of the land use conflict between energy and food
production, these benefits need to be weighed up against potential losses in agricultural
productivity. This emphasizes the need to define criteria for assessing the extent to which
potential drawbacks in agricultural use can be tolerated in such dual-use systems.
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Abstract: Agrivoltaic systems are a strategic and innovative approach to combine solar photovoltaic
(PV)-based renewable energy generation with agricultural production. Recognizing the fundamental
importance of farmer adoption in the successful diffusion of the agrivoltaic innovation, this study
investigates agriculture sector experts’ perceptions on the opportunities and barriers to dual land-use
systems. Using in-depth, semistructured interviews, this study conducts a first study to identify
challenges to farmer adoption of agrivoltaics and address them by responding to societal concerns.
Results indicate that participants see potential benefits for themselves in combined solar and agriculture
technology. The identified barriers to adoption of agrivoltaics, however, include: (i) desired certainty of
long-term land productivity, (ii) market potential, (iii) just compensation and (iv) a need for predesigned
system flexibility to accommodate different scales, types of operations, and changing farming practices.
The identified concerns in this study can be used to refine the technology to increase adoption among
farmers and to translate the potential of agrivoltaics to address the competition for land between solar
PV and agriculture into changes in solar siting, farming practice, and land-use decision-making.

Keywords: agrivoltaics; solar energy; agriculture; energy innovation; technology adoption; photovoltaics

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) Carbon and Other Biogeochemical Cycles
report [1] reveals the predominant sources of anthropogenic greenhouse gas (GHG) emissions are the use
of fossil fuels as sources of energy and land use changes, particularly agriculture. Agrivoltaics, the strategic
codevelopment of land for both solar photovoltaic (PV) energy production and agriculture, can meet
growing demands for energy and food simultaneously while reducing fossil fuel consumption [2–4].
Integrated energy and food systems have the potential to increase global land productivity by 35–73% [2]
and to minimize agricultural displacement for energy production [5–7]. Agrivoltaic systems are a
strategic and innovative approach to combine renewable energy with agricultural production, effectively
addressing the predominant sources of anthropogenic GHG emissions as identified by the IPCC.

The viability of emerging agrivoltaic innovation has been investigated in various contexts.
In conjunction with solar PV, there are emu farms in Australia [8] as well as sheep grazing [6,9,10]
and pollinator-friendly sites proliferating in the U.S. (e.g., [11]). There is also the potential to use
agrivoltaics with rabbits [12] and aquaponics (aquavoltaics) [13]. Experimental agrivoltaic research is
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occurring in diverse locations and climates. Examples include cultivation of corn and maize [14,15],
lettuce [16,17], aloe vera [18], grapes [19], and wheat [20]. Mow [6] describes agrivoltaics as low-impact
solar development that can alleviate agricultural displacement and assume varied designs: a solar-centric
design that prioritizes solar output while growing low-lying vegetation; a vegetation-centric design
that prioritizes crop production but incorporates solar panels and a colocation design that integrates
both solar and agriculture for equal maximum dual output. Colocation designs have produced an
estimated 3–8% per watt reduction in overall installation cost during site preparation due to cost
reductions in land clearing and grubbing, soil stripping and compaction, grading and foundation for
vertical supports, when compared to conventional solar industry development practices [6]. Further,
Mavani et al. [4] found over a 30% increase in economic value for farms deploying such systems.
Previous studies demonstrated that the dual-use of land for both PV and agriculture generates a mutually
beneficial partnership that provides unique market opportunities to farmers and reduced operation and
maintenance fees to solar developers, particularly in the case of grazing livestock [3,6,21–23].

The growing land footprint of solar PV presents social and spatial challenges, which are
exacerbating the competition for land between agriculture versus energy production [5,23–25]. The U.S.
Department of Energy Sunshot Vision Study forecasts that solar energy capacity will be nearly 329GW
by 2030, which will necessitate approximately 1.8 million acres of land for ground-mounted systems [26].
Guerin [23] posits that the colocation of energy and agriculture will be stunted if there is absence
of support from farmers and rural landowners, as the potential of agrivoltaic systems to address
land-use competition will be contingent on farmer acceptance of agrivoltaics as a sociotechnological
innovation. Brudermann et al. [27] found that PV adoption by farmers is primarily driven by
environmental and economic considerations, which suggests factors that will be critical in agriculture
sector decision-making concerning agrivoltaics.

Diffusion is a spatial and temporal phenomenon by which an innovation disseminates amongst
adopters through a gradual process of filtering, tailoring and acceptance [28–30]. Rogers’ [28] diffusion
of innovations theory explains how and why some technological innovations are widely accepted while
some are not, specifically referring to the adoption of an innovation by farmers over time in a rural
diffusion model. The diffusion of innovations theory has been used to study diffusion of an innovation
among physicians [31], among industrialized firms [32] and in terms of policy diffusion [33], among many
other applications. Wilson & Grübler [34] applied the theory distinctly to energy innovations and
described four phases of diffusion in which agrivoltaics can be categorized as existing in the first stage of
an extended period of experimentation, learning, diversity of designs and small unit and industry-scale
technologies. Grübler [30] warns that the existence of an innovation in itself does not promise proper
diffusion, and while innovations have the capacity to induce change, it is the process of diffusion that
realizes this potential as changes in social practice. By applying the diffusion of i theory to the agrivoltaic
innovation, this study seeks to offer insight into potential refinements to the innovation of agrivoltaics
in terms of its social acceptance to enable continued diffusion. This study uses Rogers’ theory [28]
as a practical framework for informing the diffusion of agrivoltaic innovation to discern the future
potential and challenges for this technology to diffuse sufficiently to address energy and agricultural
demands sustainably. While the technical viability of colocating solar PV and agriculture has been
demonstrated [2,3,16,17], research in this field is incomplete with regard to placing the innovation
within a social context to determine barriers to diffusion as perceived by industry experts.

Recognizing the fundamental importance of farmer adoption in the successful diffusion of
agrivoltaics, this study investigates agriculture sector experts’ perceptions on the opportunities and
barriers to dual land-use agrivoltaic systems. Using in-depth, semistructured interviews, this study
seeks to further the potential of agrivoltaics by identifying challenges to farmer adoption in an effort to
address them by responding to societal concerns. In the following sections, the results are discussed,
and conclusions are drawn on barriers to be overcome for agrivoltaic diffusion as identified by industry
experts. The organization of the results and discussion are based on concepts from the diffusion of
innovations theory [28], with a focus on relevant innovation characteristics (observability, relative
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advantage and compatibility), stages of the adoption process and categories of adopters. Finally,
the implications of these findings for the future development of agrivoltaics and farmer adoption
are considered.

2. Materials and Methods

This study investigates agriculture sector experts’ perceptions of the opportunities and barriers
to agrivoltaics using in-depth, semistructured interviews. Interview methodology is exploratory by
nature and, most appropriately, collects and analyzes data about perceptions, opinions and attitudes of
people [35]. Aimed at providing an inclusive and nuanced perspective of the phenomenon under study,
interviews were employed to directly engage relevant informants related to agriculture and agrivoltaics.

Prior to commencement, this research obtained approval from Michigan Technological University’s
Institutional Human Subjects Review Board (code: 1524021-1) to ensure compliance with institutional
ethics in human subjects research. The initial interview protocol can be found in Appendix A. Email was
used to introduce the agrivoltaic concept and the study while inviting prospective participants to
video conferencing discussions, which resulted in 10 online interviews lasting between 30 to 90 min.
All participants provided informed consent for the recording of conversations, which were anonymized
for the protection of their privacy. Data collection occurred between February and July 2020 until
saturation was attained, known as the point when no new additional insight is derived from conversations
with participants and stabilization of data patterns occur [36,37].

A total of 10 interviews were conducted with 11 agriculture sector professionals (one interview
engaged two individuals simultaneously), including livestock and crop farmers, solar grazers
(individuals who graze their livestock underneath solar panels) and an agriculture policy expert.
Sampling for logical representativeness, variance, diversity, and relevance to agriculture, participants
were pursued based on their potential to provide insight into the opportunities and barriers to
agrivoltaics because they have direct experience in the agricultural sector. Both theoretical and snowball
sampling methods are nonprobability techniques that were employed to construct a sample capable of
representing a wide range of perceptions. Theoretical sampling intentionally captures individuals with
certain characteristics [38,39], whereas snowball sampling progressively follows a chain of referrals
from study participants to other potential contributors [40,41]. Table 1 details the sample of participants
that was generated using these sampling methods, ranging in profession, geographic location and
gender. While credible and valuable, samples constructed through nonprobability sampling do not
lend themselves to generalization [42], nor are the findings generated through interview methodology
suitable for statistical generalization or analysis. However, all of the themes discussed as findings
were raised by the majority of participants and identify the primary opportunities and barriers to
agrivoltaics according to this sample but cannot be quantified or suggested to represent a broader
population. Therefore, the findings are not discussed quantitatively to steer clear from suggesting
these results are statistically generalizable to the entire agriculture sector.

Table 1. Interview Participant Characteristics.

Profession Geographic Region (United States) Gender

Livestock farmer: 5 North East: 4
Crop farmer: 1 South East: 1 Male: 5
Solar grazer: 4 Midwest: 5 Female: 6

Policy: 1 South West: 1

Drawing from grounded theory methodology [41,43], data collection and data analysis occurred in
parallel to strategically shape subsequent inquiry. Responses that emerged in initial interviews instructed
the development of ensuing questions, allowing for gradual pursuit and refinement of relevant issues.
Interview themes were generally organized around: (1) the participants’ experience in agriculture and
details of their current operation; (2) experience with and perceptions of agrivoltaics (e.g., attitudes,
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opinions, perceived opportunities and barriers); (3) willingness to engage in an agrivoltaic project (e.g.,
perceived benefits and challenges). Interview protocol matured over time to explicate what agriculture
sector professionals perceived as relevant opportunities and barriers to agrivoltaic development.

All interviews were recorded, manually transcribed and analyzed using the qualitative data
analysis program NVivo 12 Pro (QSR International, Melbourne, Australia) [44]. Data were studied on
a line-by-line basis using a series of coding and analytic induction to explore relationships, patterns
and processes. Line-by-line coding is the fundamental step in interview analysis that moves beyond
concrete statements to make analytic interpretations [41]. Coding in grounded theory methodology
helps anchor analysis to participants’ perspectives, explore nuances of meaning, identify implicit and
explicit issues, as well as cluster similarities and observe differences among responses [41]. As outlined
by Znaniecki [45] and Robinson [46], analytic induction involves identifying patterns, themes and
categories in qualitative data in preparation for comparison amongst the varied findings. Employing
rigorous, iterative and comparative grounded theory techniques, analysis of these data has captured
and condensed the most relevant opportunities and barriers to agrivoltaics according to this sample of
agriculture sector professionals.

3. Results

This section organizes findings based on frequency and expressed magnitude of the barriers and
opportunities to agrivoltaics as defined by study participants. Both direct quotations (italicized) and
analysis of results are presented jointly. Sections 3.2 and 3.3 are aligned with three of the five innovation
characteristics defined by Rogers’ diffusion of innovations theory [28] (observability, relative advantage
and compatibility), which were identified by participants as the most critical when considering the
adoption of agrivoltaic technology. These results offer insights into the main challenges to farmer
adoption of agrivoltaics and suggest opportunities for interested stakeholders to further diffuse this
innovation. A discussion considering the implications of these results is followed in Sections 4 and 5.

3.1. Long-Term Land Productivity and Planning

The underlying fundamental challenge of agrivoltaic systems, as perceived by participants,
concerns long-term land viability. Land viability is intrinsically proportionate to the livelihood of
agriculturalists, as farmers explained that the quality of their land is of critical importance and cannot
be compromised. Interviews with farmers revealed their temporal approach to decision-making as
they prioritize the protection of long-term land viability above all. One farmer expressed this concern
when considering the use of an agrivoltaic system:

I’m concerned too, if you’re pouring a bunch of concrete and putting in permanent structures,
what does this look like in the end of 20 or 30 years?

Encompassed within concerns of long-term land viability are more nuanced challenges related to
land productivity in the presence of permanent solar panel structures. Participants explained that in
order to maintain their agricultural land status and thrive in their farming venture, land must stay
actively agricultural. The challenge that permanent solar structures could potentially impose on land
productivity was unsettling:

Given the permanency of all of the solar panels and the permanency of the size of the plot, maintaining
it to be continually productive for the animals would be a challenge. One of the challenges that I
foresee is learning how to get the production that you want navigating around all of those structures.

When considering an agrivoltaic system, participants’ concerns were largely technical and
economic in nature, reflecting their dependence on land productivity. Considerations about long-term
land use and farmland preservation constituted the basis for decision-making, suggesting that anything
that jeopardizes land viability will not be tolerated by farmers. Thinking beyond protecting the soil
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itself, various participants expressed potential opportunities that agrivoltaic systems could bring
to agriculturalists:

When we talk about farmland preservation, it’s not just about preserving the physical ground, it’s also
about preserving the viability of the farm. If a farmer is going to go under because of lack of revenue,
why wouldn’t you want them to open up an additional revenue stream to be able to actually preserve
that land?

There’s going to be ground that goes into the solar panels and I think the idea that here you can
integrate mixed-use with this makes a lot of sense. I think you have to have the right farmers and the
right producers that are committed to making some of these things work.

Participants explained that long-term land viability and productivity implies required long-term
planning. When discussing the prospect of engaging in an agrivoltaic project, participants proposed that
incorporating some type of land-use agreement or long-term plan would relieve concerns around the
future of their farm. Providing certainty of farmland preservation surfaced as a recurring consideration
of agrivoltaic adoption, as articulated by one participant:

Restoring the land back to what it was having the right land agreements to where when that lease is
up, they have to return it to prelease form.

To address the need for long-term planning and prioritization of agricultural interests, agrivoltaic
project contracts are widely used by current stakeholders. As described by interviewees who identify as
solar grazers, agrivoltaic contracts provide certainty and prevent against loss for both parties involved.
The temporal concerns of agriculturalists with regards to long-term land viability can be reassured by
agreement and engagement on both sides, as a solar grazer explains:

You can’t have any business planning when you have that degree of uncertainty. So, it was getting
people to have contracts. What the contract did is give certainty to both sides. It meant the farmers
could plan their businesses, because there is a whole bunch of this remote targeted grazing, there’s tons
of mechanics, tons of money, staffing, and planning around breeding schedules, you name it. And then
on the other side you got people wanting to make sure that the insurance is okay, and that their wiring
is going to be okay, and how they’ll interface with all their service work, the whole picture. I just knew
the contract was the first key to the puzzle.

If you don’t have a real contract and if you don’t have someone really interested engaging in a 10-year
kind of way on both sides, the whole thing is not going to work.

The majority of participants communicated that to the extent that the solar infrastructure of
an agrivoltaic project does not threaten long-term land productivity, there are opportunities for
increased revenue to farmers and mutually beneficial land-use agreements. These interviews reveal
that addressing concerns about the viability of land after project decommissioning and protecting the
livelihoods of farmers will involve long-term planning and partnership between agriculture and solar
industries. The establishment of agrivoltaic contracts has proven valuable to current solar grazers and
provides a direct way to alleviate uncertainties in land-use planning.

3.2. Market (Un)certainty and Observability of Benefits

When considering barriers to farmer adoption of agrivoltaics, economic concerns were raised
by participants only second to concerns described above regarding long-term planning for technical
considerations. At a basic level, farming is a business, and is thus accompanied by a set of risks,
uncertainties and investments. Participants explained that risk is especially unwelcome in the business
of farming and that certainty in productivity and security in investment are vital. One participant
articulated that the market unknowns are potentially more critical than the technical unknowns
of agrivoltaics:
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There’s a lot of unknowns for the producer in this as well. Having established markets, alleviating some
of the unknowns and the risks are probably as much of a piece of this as anything. So, sketching out
the long-term financial return of like, “Here’s what these markets look like for livestock production.”
And what the guaranteed revenue is for solar panels, for instance. In terms of just making it happen
out there in the field, there’s some requirements to make that happen, but they aren’t insurmountable,
I wouldn’t imagine.

Others stressed the need for a secure market for an agrivoltaic system to be successful:

You would probably want to package it more as, “Do we have a food and farm system in place that
allows somebody to have solar and grow these crops that are tolerant to that condition?” And then
importantly, “Do we have a market to send that stuff to?” Because then all of a sudden it becomes this
closed loop, kind of circular economy feel to it. But without that end market side of it, I think people
would say, “That’s great if you want to grow that stuff.”

As long as the market is there, I would think a lot of these things could work.

As business owners, considerations of financial return and security in the marketplace are at the
forefront of decision-making for farmers. For the majority of participants, the agrivoltaic innovation
is unfamiliar and imposes constraints on business planning borne of unknowns and uncertainties.
Building flexibility into the system to accommodate for changes in market conditions and farming
practice could potentially alleviate some of the concern of uncertainty, as explained:

If we’re looking at a 25-year kind of investment with the solar panels and when you’re talking about
integrating them within the livestock species too, that market for livestock might look totally different
within 10 years. So, implementing some flexibility there that if we’re not going to run rabbits, maybe
we’re running something else in there in 20 years. But having some flexibility in the system that you
could respond to the livestock markets in there as well, I think is important.

Flexibility and adaptation to changing market conditions emerged as key elements to be
incorporated into planning for an agrivoltaic system, highlighting again the temporal component to
farmer decision-making and identifying concerns to be addressed for successful adoption. While the
future unknowns of market acceptance of a product are difficult to ascertain, participants suggested
that integrating flexibility into system design would reduce financial unease.

Coupled with concerns of a stable and reliable market for their product, were expectations for just
compensation and tangible benefits from participation in an agrivoltaic project. When considering
the adoption of the agrivoltaic innovation, participants also questioned if such an endeavor would be
justified in terms of monetary gains. Participants perceived the adoption of such technology as an
increased labor commitment and thus expected to reasonably gain from it. When asked if they would
engage in an agrivoltaic project, one participant answered:

Essentially, they would have to pay me if they wanted me to be there because it’s so much work to
remediate soil and bring it up to a productive level, especially if this has been formally row cropped
conventionally. So, it would really depend on what it had been earlier, how much I trusted the people
who were starting this operation, and how much I felt that there would be ease of incorporating it into
my schedule. I also think that it’s not free pasture, you know what I mean? Even if they didn’t charge
me a single thing, there would be a lot of investment. So, I’d be going for like- I don’t even know-
I almost want to see like co-ownership, we own this land together, you get the profits from the solar
and I get whatever everything else is. Or putting the solar panels on my own farm and then I get the
revenue from the solar panels.

When judging the adoption of agrivoltaic innovation, participants expressed critical valuations
of its worth and asserted that observable and substantial benefits would have to be derived in order
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for them to commit. Of the 10 farmers interviewed, four were already engaging with the technology
and five others said they would get involved if they would derive more benefit than cost from it.
Thus, the vast majority (nine of 10) of the farmers interviewed were open to using or already using
agrivoltaics. Improving the agrivoltaic innovation to increase diffusion to these interested farmers will
require establishment of just compensation for farmers, as explained by two solar grazers:

The biggest misconception to clear up immediately when people start thinking about this is that it can
be anything like free grass. Because there’s so much commitment on my end, and the cost of setting
up all that equipment is very high. The time and labor of going there and servicing the sheep is a
big commitment.

I’m really trying to get out of is the idea that the farmer should be doing all this work for free. The solar
firms are making—maybe not tons of money—but reasonable amounts of money off these investments.
For them, they need to know that the performance guarantee is there, the sun has to shine on their
panels, there shouldn’t be interference with that. They need that steady assurance. And the farmers
need to get paid for recognizing that there is a performance guarantee to meet.

Participants explained that their willingness to be involved with the agrivoltaic innovation
would be contingent on the near-term observability of direct benefits to them and the long-term
certainty and security in the marketplace for their product. Observability is an innovation characteristic
explained by Rogers (1962) that concerns the degree to which the results of an innovation are visible to
potential adopters. When assessing their potential adoption of agrivoltaics, agriculture sector experts
framed their considerations in terms of direct and tangible benefits, suggesting that observability
of benefits is a characteristic of the agrivoltaic innovation that is of decisive importance to adopters.
As discussed by participants in Section 3.1, agrivoltaic contracts are currently recognizing the rights
and duties of involved parties, and provide opportunity to establish legitimate, mutually beneficial
partnerships. With nine of 10 farmers inclined to partake in an agrivoltaic partnership, the above
concerns about economic uncertainty and gains are active considerations for all involved stakeholders
in project development.

Relative Advantage

The degree to which agrivoltaics are perceived by participants to be advantageous to current
practice was identified as important when considering adoption. While participants expressed that
financial compensation for farmers is both necessary and attractive, they also spoke of other benefits
they anticipate as a result of engaging with the agrivoltaic technology. Participants discussed potential
marketing advantages:

It’s got a great story; it’s got a wonderful marketing edge from that perspective. So, your advantage is
a great story to tell from a marketing standpoint.

I think that’s where you have a very unfair advantage for whoever would be doing this rabbit production,
you might be getting paid for land maintenance and then have rabbits for free. So, your profitability
could be way up or your price could be way lower because you wouldn’t have land expenses. There’s a
lot of opportunity to create some advantage from a production standpoint. From that perspective they
may sell better or have an [edge] in the marketplace because of that aspect.

Another participant expressed other technical synergies when grazing animals underneath
solar panels:

I think it sounds like a great idea. It sounds like a great way to maintain, and not have to mow. I can
see the panels providing shade and protection from the rain in a way that seems very valuable.
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Perceiving a multitude of potential benefits, participants speculated how the adoption of the
agrivoltaic innovation could provide them benefits and competitive advantages in the marketplace.
Foreseeing a unique opportunity to derive a revenue stream from land maintenance, some participants
postulated that there were economic gains associated with combined solar and agriculture systems.
Rogers’ (1962) innovation characteristic, relative advantage, explains that innovations that are perceived
to be superior to business as usual have higher potential for adoption. Participants described the
relative advantage of agrivoltaics worthwhile, and thus identified this innovation characteristic as
critical when considering the adoption of the innovation, suggesting that if an agrivoltaic system could
provide an advantage to a farmer, the likelihood of adoption would be greater.

3.3. Compatibility with Current Practice

A considerable opportunity for farmers in agrivoltaic projects is the potential for integration of
the innovation into their current practice. Participants expressed disinterest in increased complications
in their business, and rather actively seek ways to reduce labor through harnessing the synergies
of innovative practices. The ease of integration and compatibility of solar with current production
was frequently considered amongst participants, highlighting the opportunity to plan overlapping
operations to increase farmer acceptance. The attractiveness of agrivoltaic integration was explained
by two participants:

Most of my exposure to this is from sheep, and I think that it’s a great idea. For my own particular
system, it would definitely reduce the amount of labor for one aspect of the system, which is moving
the fencing. So, I’m all for it. I think it’d be a really nice mesh.

Alternative energy is expensive to people like us. But it’s something that I guess, if it could be
integrated into something I’m already doing and could potentially help protect the animals, or do
whatever, and then also run the homestead, it’s just another perk of having something like that.
It’s another reason to have it besides just having the electricity.

As elucidated by participants, compatibility of the agrivoltaic innovation with current practice
could reduce labor and create an incentive to engage in the technology. When considering the value
of agrivoltaics to them personally, farmers offered calculated and context-dependent perspectives,
making judgments on the benefits in terms of their own operation rather than speaking generally about
dual-use solar systems. Speaking from a place of personal considerations and interests, participants
revealed that there is a context-dependent nature of success for agrivoltaic projects. Reflecting their
own practices, one participant stated:

I’ve also heard them say in meetings the fact that we’re going to farm soybeans underneath solar
panels, which is just asinine. Like, it’s not going to happen. The size of our equipment doesn’t permit
that kind of thing. Putting livestock under, kind of a grazing operation, seems to make sense.

Compatibility with current practice not only includes size of equipment, but also scale of the
farming operation, as explained by one participant:

The work that would be involved with that, I think, or potentially having to hire someone to manage
them, it would decrease our profit so much that it wouldn’t make sense. I could see how that would be
to someone’s benefit though, but not at our scale.

To justify the labor involved in engaging in an agrivoltaic project, farmers evaluated their
own enterprise by mentally applying the innovation and determining the potential compatibilities.
As suggested by participants, the benefits of agrivoltaics are noteworthy, but will only be fully realized
if there is ease of integration into their current farming practice. Compatibility is an innovation
characteristic defined by Rogers (1962) that explains the degree to which an innovation is perceived to
be consistent with needs, norms and sociocultural values is decisive to potential adopters. The theme
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of compatibility among most participants was viewed as an opportunity rather than a barrier for
agrivoltaics, suggesting that the innovation’s context-dependent nature provides flexibility and potential
to leverage the solar system to derive synergistic benefits to compliment current farming practices.

4. Discussion: The Opportunities & Barriers for Agrivoltaic Diffusion

This research provides insight from the agricultural sector into the challenges and opportunities
for farmer adoption of the agrivoltaic innovation. Results indicate that participants see potential
benefits for themselves in combined solar and agriculture technology and identify barriers to adoption
including desired certainty of long-term land productivity, market potential and just compensation,
as well as the need for predesigned system flexibility to accommodate different scales of operation and
adjustment to changing farming practice. The findings suggest that these barriers to adoption are not
insurmountable and can be sufficiently addressed through prudent planning and mutually beneficial
land agreements between solar and agriculture sector actors. Table 2 below organizes the identified
barriers and opportunities to address them. All of the participants of this study assented to agrivoltaics
as a synergistic and innovative approach to combined land-uses, while nine of the 10 participants
who are currently active farmers stated they would engage in the use of a dual-use system given the
discussed concerns are considered (four of the nine already are). Interviews with industry professionals
informed the current state of diffusion of the agrivoltaic innovation and identified opportunities to
further stimulate farmer adoption of the technology. These findings may be used to translate the
potential of agrivoltaics to address the competition for land between solar PV and agriculture into
changes in solar siting, farming practice and land-use decision-making.

Table 2. Barriers, opportunities, and directions for future work regarding the diffusion of agrivoltaics.

Barrier Opportunity Future Work

End-of-life impacts from solar
infrastructure

-Driven piles (constructed of galvanized steel
I-beams, channel-shaped steel or posts), helical piles
(galvanized steel posts with split discs welded to the
bottom at an angle) and ground screws (galvanized
steel posts with welded or machined threads) can be
removed and recycled [47,48].
-Photovoltaic (PV) racking can be put on removeable
ballasted foundations or skids of precast or
poured-in-place concrete ballasts to minimize land
disturbances [47].
-Impacts from modules such as leaching of trace
metals [49–51] and compromised future agricultural
productivity [52] have been proven highly unlikely.
-Contracted agreements that establish plans to return
land back to prelease form after decommissioning of
solar system.

-Empirical research investigating
the magnitude of long-term
impacts of solar infrastructure on
land (e.g., [53]), soil, and
pasture-grass productivity.

Permanent structures interfering
with agricultural production and

future farming practice

-A variety of plants have proven to maintain higher
soil moisture, greater water efficiency, and experience
increase in late season biomass underneath PV
panels [54].
-Improvements in water productivity and additional
shading are projected to increase crop production in
arid regions experiencing climate change [55].
-Semitransparent PV [56] (Thompson et al., 2020) or
vertical bifacial PV [57].
-Raised racking systems provide clearance for
agricultural equipment, which could allow for nearly
any crop to be used in agrivoltaic production [58].
-Design flexible open source racking systems [59,60]
that have adjustable panel height, tilt angle and
spacing [61], as well as a combination of permanent
and portable fencing.
-East-west tracking array configurations allow
optimal conditions for plant growth when compared
to conventional south-facing designs [62].

-Empirical research aimed at
understanding the implications of
solar PV infrastructure on
perennial pasture grass
maintenance.
-Optimized agrivoltaic PV
-Cost-benefit analysis of open
source PV racking systems
designed with adjustable panel
height, tilt angle and spacing.
-Cost-benefit analysis of
permanent and portable fencing
for animal grazing agrivoltaics.
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Table 2. Cont.

Barrier Opportunity Future Work

Uncertainties in operation and
business planning

-Legitimate partnerships and contracts that establish
up-front costs and compensation for both parties
-Local government policy aimed at supporting
development of solar PV [63,64]
-Education and outreach from PV industry to farming
industry to reduce barriers to knowledge and
increase trust.

-Policy research focused on market
mechanisms to incentivize
agrivoltaic systems for both solar
and agriculture sector.
-Increased efforts from university
extension programs to increase
information sharing and
partnership between energy and
agriculture.

4.1. Diffusing the Agrivoltaic Innovation—Where Are We Now?

The diffusion of innovations theory [28] identifies five stages in the process of technology adoption.
Participants of this study predominantly fell into the decision or evaluation stage of adoption, which is
understood as the stage in which an individual mentally applies an innovation to their present and
perceived future circumstances to arrive at a decision to try it or not. Beyond the initial knowledge or
interest stages of Rogers’ adoption model [28], the majority of participants (six of 11) considered their
potential adoption of agrivoltaics beneficial but dependent on factors related to context. Speaking from
a place of receptivity, these participants saw value in the innovation and felt inclined to engage with it,
while voicing a few concerns about compatibility with their practice and uncertainties about long-term
land productivity. Four of the 11 participants were already functioning in the confirmation or adoption
stage of the adoption process, making full use of the innovation. Based on these findings, it is observed
that the current state of the diffusion of agrivoltaics is advancing towards wider implementation and
has surpassed initial phases of information gathering and persuasion. Participants in the decision or
evaluation stage of adoption identified barriers to their engagement with agrivoltaics, giving interested
stakeholders the ability to directly respond to these concerns by improving the technology to enable
further diffusion.

Further, most participants of this study were early majority adopters, characterized by wanting
proven and reliable applications, reference from trusted peers and being prudent in financial risk
and uncertainty. Rogers [28] asserts that an innovation must meet the needs of all categories of
adopters, making clear in the context of agrivoltaic adoption where efforts should be focused to
successfully move early majority adopters into acceptance of the innovation. Technological diffusion is
a process of filtering, tailoring and accepting [30], and the identified concerns of the agriculture sector
professionals in this study can be used to tailor or refine the technology to increase adoption among
farmers. The following section will elaborate upon the critical characteristics of agrivoltaic systems
as identified by participants and suggest recommendations for improvement with the intention of
facilitating accelerated diffusion.

4.2. Diffusing the Agrivoltaic Innovation—What Needs to Happen?

Rogers [28] posited that there are five distinct innovation characteristics that help explain why
some innovations are widely accepted and some are not. Understanding the characteristics of the
agrivoltaic innovation is valuable for interested stakeholders when assessing areas for improvement
and pursuing further acceptance of the technology. The results of this study identify the most critical
characteristics of agrivoltaics and point to opportunities to directly respond to farmers concerns.

Of these five characteristics, observability of benefits, relative advantage and compatibility
with current practice were identified by participants as the most critical when considering their
personal adoption of the agrivoltaic technology. What this means for further diffusion is that the solar
industry actors involved in the development of agrivoltaic systems must devise mutually beneficial
land agreements with farmers that establish compensation for their labor, articulate plans for land
restoration after the decommissioning of the system and be sensitive to contextual differences among
agriculturalists by designing a system that is flexible enough to meet the needs of the current and
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future users. Participants in this study saw immediate value in personal adoption of the technology
but sought long-term security in terms of farmland preservation and financial return.

There are a handful of practical actions to be taken to enable further diffusion of agrivoltaics.
Table 2 presents a summary of the identified barriers, existing opportunities to overcome them and
directions for future work. First, the establishment of agrivoltaic contracts has proven valuable to
current solar grazers. Robust and forward-thinking land use agreements will provide a direct way to
alleviate uncertainties in land-use planning and secure compensation for farmer’s labor. Second, system
designers need to integrate flexibility in design by accommodating current land practices and allowing
for future changes. Concerns about market uncertainty and rigid systems can be addressed by crafting
a combined solar and agricultural project that is adaptable to changing market and farming conditions.
Third, agrivoltaics systems should be designed with compatibility in mind. By strategically harnessing
the synergy of compatibility with current practice, these results suggest that farmers would be more
inclined to engage with a project if it generated advantages in their operation. Being sensible in scaling
a system to current practice, rather than creating increased labor burden on farmers, will increase the
likelihood of their participation with the technology.

The potential for increased utilization of the agrivoltaic technology is ripe. While previous research
has demonstrated its technical viability, this study recognizes that technology innovations exist within
a social context and thus depend upon social acceptance and adoption. It is concluded that continued
farmer adoption of agrivoltaics is likely, yet contingent on observable benefits in farming practice
and assurance of financial gain. Future research should investigate how perceptions vary across
geographic regions and agriculture professions (i.e., animal versus crop farming) to study the unique
opportunities and barriers for agrivoltaics in the context of local climate and agricultural practice.
Increased education and outreach concerning the end-of-life impacts, negligible effects of solar PV
on agricultural productivity and potential for agrivoltaic systems to protect crop production during
climate change, is necessary to inform and stimulate further farmer adoption. Empirical experimental
research should investigate the long-term impacts of solar PV infrastructure on perennial pasture
grasses to better understand the possible effects of agrivoltaic systems on future grazing productivity.
Economic cost-benefit analysis will be valuable for quantifying the potential cost disadvantages
of designing flexible PV arrays that can be adjusted to accommodate different panel heights and
spacing requirements. Future policy research can investigate the role of market mechanisms, such as
incentives, in prompting further development of agrivoltaics. Based on these findings, policy makers
should consider implementing financial instruments that stimulate both solar and agriculture sector
adoption of the technology, while building flexibility into such policies to allow diverse, innovative
and contextually appropriate system designs. To do this, agrivoltaic proponents can model their efforts
on the successful diffusion of wind farm/solar farm integration that focuses on local support [65,66].
Previous research examining diffusion of solar as an innovation among residential adopters highlighted
the role of communities of information sharing for promoting adoption [67]. The study presented here
is unique in examining the diffusion of agrivoltaic solar innovation as a community level consideration,
but also demonstrates how diffusion of innovation can occur within a social context. Moving forward,
placing the agrivoltaic technology in a social context will be essential to identify the barriers to its
diffusion and will offer relevant solutions to increase its adoption.

5. Conclusions

Agrivoltaic systems are a strategic and innovative approach to combine renewable energy
with agricultural production. Recognizing the fundamental importance of farmer adoption in the
successful diffusion of agrivoltaics, this study investigates agriculture sector experts’ perceptions
on the opportunities and barriers to dual land-use systems. Results indicate that participants saw
potential benefits for themselves in combined solar and agriculture technology and identified barriers
to adoption including desired certainty of long-term land productivity, market potential and just
compensation, as well as the need for predesigned system flexibility to accommodate different scales
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and types of operations and adjustment to changing farming practice. The identified concerns of
the agriculture sector professionals in this study can be used to refine the technology to increase
adoption among farmers and to translate the potential of agrivoltaics to address the competition for
land between solar PV and agriculture into changes in solar siting, farming practice and land-use
decision-making. Ultimately, building integrated energy and food systems can increase global land
productivity, minimize agricultural displacement and reduce greenhouse gas emissions from fossil
fuels. Informed and concerted efforts at enabling further diffusion of this innovation are imperative for
meeting growing demands for energy and food simultaneously.
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Appendix A

Initial interview protocol as approved by IRB

1. Please tell me about your experience as a farmer.

a. What is your geographic location?
b. How long have you been doing it?

2. Who [markets, restaurants] are your biggest customers?

a. How do you go about opening new accounts with potential customers?
b. What is your greatest barrier to gaining access to new markets/customers?

3. How large is your operation? Would you consider it small-medium-large?
4. Are you familiar with both crop and animal farmers that incorporate solar panels on their land?

a. If so, what are your thoughts on this?

5. Would you ever consider embracing the mixed-use of solar on your farm to harness co-benefits of
solar energy generation and agricultural production?

a. If so, why?

i. What is your minimum acceptable rate of return?

b. It not, why?

i. What type of barriers are there?
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6. Would you consider renting land on a prefenced solar-farm meant for agricultural production?

a. If so, why?

i. What is your minimum acceptable rate of return?

b. It not, why?

i. What type of barriers are there?

7. What is needed to make a mixed-use solar farm more attractive to you?
8. A new study that is sponsored by the D.O.E. has shown an opportunity to incorporate rabbit

farming with solar photovoltaic farms that make electricity. This study has shown substantial
economic opportunity from this mixed-use scheme: upwards of 24% increase in site revenue.
Now I would like to ask you specifically about mixed-use solar involving farmed meat rabbits.

a. What do you think are the biggest opportunities for this kind of mixed-use solar development?
b. What do you think are the biggest barriers for this kind of mixed -use solar development?

9. Do you anticipate solar farm pasture-raised livestock selling for a premium or increasing sales?
10. Is there anything else you would like to tell me about your perspectives of mixed-use solar

PV development?
11. Do you have suggestions of other experienced farmers I should speak with?
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Abstract: This paper presents the field measured data of the ambient temperature profile
and the heat stress occurrences directly underneath ground-mounted solar photovoltaic (PV) arrays
(monocrystalline-based), focusing on different temperature levels. A previous study has shown that a
1 ◦C increase in PV cell temperature results in a reduction of 0.5% in energy conversion efficiency; thus,
the temperature factor is critical, especially to solar farm operators. The transpiration process also
plays an important role in the cooling of green plants where, on average, it could dissipate a significant
amount of the total solar energy absorbed by the leaves, making it a good natural cooling mechanism.
It was found from this work that the PV system’s bottom surface temperature was the main source of
dissipated heat, as shown in the thermal images recorded at 5-min intervals at three sampling times.
A statistical analysis further showed that the thermal correlation for the transpiration process and heat
stress occurrences between the PV system’s bottom surface and plant height will be an important
factor for large scale plant cultivation in agrivoltaic farms.

Keywords: transpiration; PV heat conversion; plant heat stress; agrivoltaic system;
sustainable integration; thermal analysis

1. Introduction

Dramatic changes and increasing public interest in solar photovoltaic (PV) landscapes show that
the dual beneficial use of land may have better impacts on energy production and future agriculture
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transdisciplinary design. Some highlights and recent research in solar PV projects by higher education
institutions show that the solar industry has broadened its stakeholders and interest in the future,
reflecting a significant shift in the dynamics of the market [1,2]. The PV industry for large scale solar
projects is dominated by energy companies but, based on the effort above, it is shown that experts
in higher education within the research environment have the capabilities to compete with energy
companies in the solar PV industry. This trend has been transferred to ecological efficiency and positive
effects, consequently upscaling the number and size of PV systems installed on the land. Rapidly
decreasing price of PV modules in the world market in line with the increasing demand of fresh
produce promotes the idea of agro-PV integration, commonly known as an agrivoltaic system.

This type of solar power system is a power generation system that incorporates several parts,
namely PV modules, solar inverters, mounting, cabling and other electrical components, which are
integrated in the balance of systems (BOS) [3,4]. This PV device absorbs rays from sunlight and translates
them into a direct current (DC) via semiconductor materials. Malaysia, a tropical country in
Southeast Asia, has given years of commitment to culturing green initiatives, especially PV systems
and applications. This statement is evidenced by the increasing quota specifically for large scale solar
(LSS) PV systems and the commitment by the Ministry of Energy, Science, Technology, Environment
and Climate Change (MESTECC) [5] to persistently aim for a 20% energy mix by the year 2025 with
multiple initiatives [6].

Generally, based on PV projects in University Putra Malaysia, where the size and ground conditions
are put into a factor that generates empty areas under the panels, 1 kWp solar PV arrays may occupy
roughly 8 to 12 square meters of land [7,8]. Based on their high demand, solar PV models in the market
nowadays are ground-mounted arrays and require a fixed PV panel arrangement. There is a call for
futuristic features from the market, with application in large-scale areas by enhancing their design
while maintaining cost-effective deployment [9]. Temperature plays an important role in DC generation
via PV modules. Park et al. [10], in their research on building-integrated PV (BIPV), defined such
significant effects of the PV module’s thermal characteristics, where approximately a 0.5% reduction in
energy is generated based on a 1 ◦C increase of the module temperature. This statement is supported
by Kim et al. [11], with additional information on the energy efficiency from a common PV module
that can be increased due to a drop in surface temperature, especially on the highest heated portions of
PV cells and ribbons.

The concept of agrivoltaics, or solar farming, aspired to creatively convert agriculture to
photovoltaics, applied on the same land to maximize the yield [12]. The agrivoltaic system, as shown in
Figure 1, contemplates specific plant attributes: height, productivity, water consumption and shading
resistance. The figure demonstrates the idea of the agrivoltaic method employed in several countries
by plotting vacant land with various types of crops. This method of farming under the solar panel is an
innovation of incorporating green energy into agriculture and it is a part of introducing modern aspects
to the agricultural community [13]. Some of the published results in [9,12–14] relating to agrivoltaic
projects summarized the importance and successful integration of the systems by assessing whether:

• The AV system improved environmental efficiency.
• The AV system promoted effective usage of light and space for concurrent energy and food output.
• The AV system boosted the technological capacity for PV and agricultural production conjointly

by implementing a hybrid simulation model.
• The AV system yielded more crop as compared to the period before the deployment.

This integrated system will maximize crop production, enhancing the system’s performance while
addressing land management and sustainability issues. The integration of these two resources would
optimize the yield, improve clean system efficiency and solve the issue of land resource sustainability.
The issue of the agrivoltaic concept implemented in ground-mounted PV systems and the shading
effect of the PV arrays on crop canopy have been discussed by [15] recently.
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The group suggested that the density of the PV arrays should be reduced adequately to enable
ample amounts of light penetration while also maintaining a respectable production of DC electricity.
The concept of agrivoltaics is in line with the Kyoto Protocol [16] and the United Nations Sustainable
Development Goals (UN-SDG) [17,18], which promote the usage of clean and affordable energy
towards sustainable urban infrastructure and further reducing the usage of fossil fuels.

In Malaysia, most planned and retrofitted agrivoltaic facilities are based on existing
ground-mounted solar PV farm infrastructures where the primary activity is to sell the electricity
generated to the National Grid. The issue of ground-mounted photovoltaic systems can be explained
based on several factors, namely:

• The fact that existing solar PV farms do not allow any intervention or disturbance to any wiring,
operation, structure or subsurface of the PV systems.

• The difficulties and hazards for farmers working under PV arrays result in lower production yield.
• Semi-confined working spaces, as workers have to bend down and inspect plants under PV array

structures for growth monitoring and harvesting activities.
• The need for some tools to ease the process of planting, harvesting and post-harvest under

agrivoltaic farming (most crop yields four cycle harvest per annum).

Heat stress normally occurs when temperatures rise above a certain level for a certain period
and bear deleterious and permanent effects on a crop cycle, thus affecting yield [19,20]. Generally, heat
stress is set to occur when a transient temperature rises over the average temperature of 10–15 ◦C [20–25].
The degree to which it happens in a particular climate zone relies on the frequency and amount of
extreme temperatures happening during the day and/or the night. Some general definitions by [20]
have also discussed the tendency of plants to grow with good economic yield under high temperature
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conditions. The extent to which this occurs in specific climatic zones depends on the probability
and period of high temperatures occurring during the day and/or the night.

The transpiration process plays an important role in the cooling of green plants where, on average,
it could dissipate around 32.9% of the total solar energy absorbed by the leaves, making it a good natural
cooling mechanism [26–28]. However, the magnitude of its impact varies from species to species.
Increased transpiration levels do have an impact on water stress because the increase in ambient
temperature increases the water evaporation from ground soil, thus, some plants have a tendency
to grow slowly or even die at an early stage. Orthosiphon stamineus was chosen as the herbal plant
for a project where, based on field evaluation (40 days under tropical climate), remarkably, the crop
proved growth sustainability [29]. Compared to the four other types of herbal plants in the assessment,
Orthosiphon stamineus showed healthy growth and its morphological aspects were enhanced compared
to the normal conditions. The roots and fresh branches showed aggressive growth, mostly due to
the soil’s moisture content, thus, it could be harvested on time. The method of cultivation underneath
solar PV arrays used a drip fertigation system (DFS) directly to polybags, to maintain the soil’s moisture
level and to prevent any disturbances to the electrical cablings and trenches. This method also eased
the process of harvesting and replanting under such restricted conditions.

Herbal plants tend to possess valuable bioactive chemical compound reserves with an abundance
of possible applications in pharmaceutical and agrochemical industries. [30] explained the basic concept
of microclimate conditions as a set of climate parameters assessed in a specified area near the surface
of the planet, including a variation of temperature, light, wind intensity and relative humidity (RH),
which are significant measures for habitat selection and other ecological practices. One of the critical
elements calculated based on these parameters was the vapor pressure deficit (VPD), which is defined
as the discrepancy between the volume of moisture in normal settings with saturated condition
(VPD in a greenhouse range of 0.45 kPa to 1.25 kPa with an idle of 0.84 kPa) [30]. Leonardi, Guichard
and Berlin, in [31], explained that during daylight hours, where the high VPD condition was enhanced,
the transpiration rates were better for plants to grow because the VPD exerted a substantial rise of
soluble solids but lowered the fruits’ fresh weight and internal fluid levels. A plant’s transpiration,
and the correct VPD under a controlled environment, can effectively help to optimize the plant’s ideal
growth and plant health [32,33]. Hot and dry surrounding air under shade can produce high VPD
and causes stress to the plant.

In agrivoltaic systems, plants, or crops, are one of the crucial elements that need to be considered.
The transpiration process in plant growth takes place when water is biologically released from the aerial
parts of the plants in the form of water vapor. During the process of transpiration, as illustrated
in Figure 2, water molecules are transmitted from roots to stomata, the small pores underneath
the leaves, where vaporization takes place, and the molecules are transpired through the surrounding
air. The effect of vaporization increases with the number of plants being deposited under the PV panels,
which results in an increased RH value.

Crawford et al., in [28], explained that extreme temperatures multiply the risk of plant damage
due to the heat and, simultaneously, water shortage, which enhances the plant cooling capability, as
shown in Figure 3. The increase in transpiration rate is directly correlated with the increased in stomata
opening thus, this increases photosynthesis activities.

The transpiration characteristics of plants in different surrounding temperatures and relative
humidities portray a significant heat dissipation value (transpirative heat transfer through leaves).
In relation to this, a study by [27] in Wuxi, China, during the summer and winter seasons reflected a
55.8% and 24.3% transpiratory heat flux for each season, respectively, accounting for the total heat
dissipation of the cinnamon. Temperature difference, ∆T, is a crucial factor to be analyzed in agrivoltaic
conditions, especially the effect of plant height for each growth cycle. Mittler, in [35], explained that
heat is one of the prominent elements in the abiotic stress effect on plant growth where, during heat
stress, plants open their stomata to cool their leaves by transpiration. If the condition is prolonged
or under an increasing rate, this will eventually create a greater detrimental effect on the plant’s

230



Agronomy 2020, 10, 1472

growth and productivity. Therefore, this study aims to measure the ambient temperature profile
and the impacts of heat stress occurrences directly underneath ground-mounted solar PV arrays,
focusing on different temperature levels.
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Figure 3. Crop responses at high temperatures indicate an increase in transpiration and enhanced leaf
cooling capacity. (A) shows the plant at two different temperature levels and the thermal image of
this condition is shown in (D), (B) proves the increasing number of leaves at lower temperature with
respect to the lower value of water loss as shown in (C).
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2. Methodology

This work was carried out based on a straightforward process so as to study the actual effects of
temperature on planting cultivations under agrivoltaic conditions, comprising site setup, installation
of sensors, data loggers, weather stations and thermal imagers, with an emphasis on the statistical
analysis of the field temperature parameters.

2.1. Site Setup

The site setup was located at the Hybrid Agrivoltaic System Showcase (HAVs), Faculty
of Engineering, University Putra Malaysia. A weather station was installed on site to measure
the environmental factors. The location of the station was near the PV array at a 2 m height to negate
any ground disturbances, whilst the PV structure height ranged from 1 m to 1.5 m. The Arduino-based
data acquisition (DAQ) compartment, type-K thermo sensor and wind sensor are shown in Figure 4a.
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Figure 4. (a) Installation of the data acquisition (DAQ) compartment, thermo sensor and other
environmental sensors; (b) Data plots for relative humidity (RH) and wind speed for agrivoltaic plots.

Based on 24 h data monitoring, shown in Figure 4b, a total of 3956 data samples were recorded
for temperature value (◦C), wind speed (m/s) and RH. It was observed that the average wind speed
was only 0.098 m/s, due to the stagnant condition most of the time and the location of the wind sensor
under the PV array (approx. 4 feet from ground level). The maximum recorded wind speed was
3.3 m/s. The maximum value for RH was 80.71%, with an average reading of 65.67% throughout
the three-day duration.

The ambient temperature surrounding the plant leaves was the main component to be recorded
and analyzed in this project. A Fluke thermal imager was used to record videos and images of
surrounding temperatures and it was located at a 2 feet distance from the edge of the PV array, with an
infrared lens focusing on the leaves (middle angle), as shown in Figure 5.
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Figure 5. Agrivoltaic system with a Fluke thermal imager on a tripod for video recording.

2.2. Calculation for Vapor Pressure Density

Vapor pressure density (VPD) in kilopascals (kPa) can be measured by subtracting the actual
vapor pressure of the air with the saturated vapor pressure (VPsat − VPair), as shown in Equation (1).

VPD = VPsat − VPair (1)

where:

VPsat = Ta/1000
VPair = VPsat × RH/100

The value for VPD was also summarized and simplified by the University of Arizona’s College
of Agriculture and Life Sciences [36] using their online VPD calculator, where the user only inserts
the values for air temperature (Ta) and relative humidity. The information related to the microclimate
for a specified location reflects the ecological processes and wildlife behavior, covering some elements
of plant regeneration and growth which depict their unique spatial and temporal responses to
change [37,38]. It is also a crucial measure to identify permutations in the local environment for
tracking and evaluating the results of various management regimes.

Extreme high-temperature events affect the demand for atmospheric water vapor, which could be
represented by the energy balance of a leaf, shown in Equation (2).

St(1− aι) + Ld − εσT4
ι =

pCp (Tι − Ta)

ra
+

pCp(e∗ − ea)

r(rs − ra)
(2)

where:

St is the incoming solar radiation,
aι is the albedo of the leaf or canopy,
Ld is the incoming longwave radiation,
ε is the emissivity of the leaf or canopy,
σ is the Stefan–Boltzmann constant,
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Tι is the leaf canopy temperature,
Ta is the ambient temperature,
p is the density of dry air,
Cp is the volumetric heat capacity of dry air,
ra is the aerodynamic conductance,
rs is the canopy conductance,
e∗ is the saturation vapor pressure,
ea is the saturation ambient pressure.

Saturation vapor pressure (e∗) is exponentially relative to air temperature, thus, the changing of
the e∗ value would affect the energy balance. Based on this correlation, an increase in VPD causes more
water to be transpired by a leaf, leading to a reduction in photosynthesis [39].

Thermal images using the Fluke device are shown in Figure 6, where all the thermal images
were taken using the same device and the same PV panel arrangements at different times of shooting
(Figure 6 shows the thermal conditions at 11 a.m. and 3 p.m.). The images show a much higher
temperature below the PV panels, which was reflected in the surrounding temperature condition
and in the scope directly underneath the PV panels. A sample video clip of the thermal conditions
underneath the PV array is enclosed with the document.
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The thermal imager provided some insight into the temperature under agrivoltaic conditions,
although the readings might not be too precise because they only showed one spot value at a time.
Figure 6 and Video S1 show the temperature values at different locations, i.e., below the PV panel,
the surrounding air underneath PV, the surrounding air at plant level, around the leaves and the ground
surface temperature taken randomly at different times (5-min intervals). Assumptions were made for
the temperature values at each location and level based on the color indicator on the right side.

3. Results and Discussion

The contribution from this work can be shown in the temperature elements plotted in Figure 7,
where the actual temperature pattern for six different heights under agrivoltaic conditions is portrayed,
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using 3600 data samples for five consecutive days from 7 a.m. to 7 p.m., daily. Each temperature value
came from a thermal sensor (Type K: DS18B20, Maxim Integrated, San Jose, CA, US), starting from
Tg, which was the ground surface temperature, up to the bottom of the PV array, (Tb, pv) which was
directly glued to the PV array’s bottom surface. The other four temperature locations (T1ft,2ft,3ft,4ft)
were based on readings from a hanging sensor to measure the surrounding air temperature.
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Figure 7. Temperature trends under agrivoltaic conditions at 1 min intervals (12 h daily). Abbreviations:
Tg: Ground temperature; T1ft,2ft,3ft,4ft: Temperature at 1 foot intervals; Tb, pv: PV panel’s bottom
surface temperature.

Based on the temperature values in Table 1, the maximum recorded temperature for T1ft,
T2ft and T3ft was 34 ◦C, 36.5 ◦C and 36.5 ◦C, respectively, where, at this height, the plant started growing
under agrivoltaic conditions. The value for ∆Tmax was increasing with the plant height–temperature
difference (1–2 feet) ranging below 3 ◦C. The ground temperature (Tg) was considered as the reference
value based on its effect on plant seedlings, and Tb (the bottom surface of PV module) as the maximum
plant height. Hatfield and Prueger [39] explained that the rate of plant growth and development is
heavily dependent on the surrounding temperature (min, max and optimum temperature values)
and the annual temperature increment due to global warming over the next 50 years is likely to reach
1.5 ◦C between 2030 and 2052 [40].

Table 1. Values of temperature difference, ∆T, (in ◦C) based on a 1 foot height distribution.

Tg T1ft T2ft T3ft T4ft Tb, pv

Average 27.14 29.06 29.78 29.83 33.47 40.97
Max 30 34 36.5 36.5 44.88 70
Min 25 23.5 22.5 22 23.33 21.5

∆Tave 1.92 2.64 2.69 6.33 13.83
∆Tmax 4 6.5 6.5 14.88 40
∆Tmin −1.5 −2.5 −3 −1.67 −3.5

Abbreviations: Tg: Ground temperature; T1ft,2ft,3ft,4ft: Temperature at 1 foot intervals; Tb, pv:
PV panel’s bottom surface temperature.

Based on Equation (1) and an online calculator software, the values for VPD are summarized
in Table 2. The value for T1ft was used to represent the designated surrounding air temperature (Ta)
because the location was at par with the plant at a 1 foot height and touching the polybags and soil.
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Table 2. Vapor pressure density (VPD) calculations based on 1 foot height under agrivoltaic conditions.

Reading Ta (◦C) % RH SVP (kPa) VP (kPa) VPD (kPa)

Average
Value 27.24 70.36 3.618 2.546 1.072

Max Value 34 89.7 5.324 4.776 2.005
Min Value 23.5 30.77 2.897 0.891 0.548

Abbreviations: Ta: Ambient temperature; % RH: Relative humidity; SVP: Saturated vapor pressure; VP: Vapor pressure;
VPD: Vapor pressure density.

The optimum value for VPD under a greenhouse condition ranges from 0.45 kPa to 1.25 kPa,
ideally sitting at around 0.85 kPa [31]. For agrivoltaic conditions, the VPD value ranged between
2.005 kPa (max) to 0.548 kPa (min), with an average value of 1.072 kPa.

For the temperature analysis, the field data measured were segregated into five sampling hours
(daily) with different temperature levels, as shown in Table 3.

Table 3. Analysis of temperature distributions based on sampling hours.

Measure Early Sun
Moderate

Sun
(Morning)

Peak Sun
Moderate

Sun
(Afternoon)

Mild Sun
(Evening)

Time 7:00–8:59 9:00–10:59 11:00–14:59 15:00–16:59 17:00–18:59

Temperature

Tg (◦C)
Average 25.5409 26.5125 27.9233 28.2828 26.3924

Min 25.0000 25.5000 26.5000 25.5000 25.5000
Max 26.5000 27.5000 29.5000 30.0000 27.5000

T1ft (◦C)
Average 25.1210 27.8650 31.4333 30.7819 26.9340

Min 23.5000 25.0000 28.0000 24.0000 23.5000
Max 27.5000 30.5000 33.5000 34.0000 29.0000

T2ft (◦C)
Average 25.2473 28.7383 32.6763 31.6755 26.4902

Min 23.0000 25.0000 28.5000 23.0000 22.5000
Max 29.5000 31.5000 35.5000 36.5000 29.5000

T3ft (◦C)
Average 25.0249 28.6808 32.8779 31.8989 26.3888

Min 23.0000 25.0000 28.5000 23.0000 22.0000
Max 28.0000 31.5000 36.5000 36.5000 29.5000

T4ft (◦C)
Average 26.0758 32.0005 38.4923 35.7665 27.9299

Min 24.0000 26.1000 31.9500 26.9100 23.3300
Max 30.1600 37.6400 44.8800 43.0300 31.1700

Tb, pv (◦C)
Average 24.6806 39.9392 53.6071 42.3635 26.0416

Min 21.5000 26.0000 35.0000 23.0000 22.0000
Max 35.5000 55.0000 70.0000 66.5000 30.5000

Abbreviations: Tg: Ground temperature; T1ft,2ft,3ft,4ft: Temperature at 1 foot intervals; Tb, pv: PV panel’s bottom
surface temperature.

Based on Table 3 and R programming, the heat stress contour throughout the five sampling hours
was plotted as shown in Figure 8.

An illustration of heat stress occurrences in % value with respect to the 1 foot height–temperature
level under agrivoltaic conditions is shown in Figure 8. These field data were further analyzed as
shown in Figure 9, where dependencies on the bottom of the PV panel and at a 4 foot height can
be observed.
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Figure 9. Field observation for heat stress directly underneath the PV arrays. Abbreviations: Ta: Ambient
temperature; Tg: Ground temperature; T1ft,2ft,3ft,4ft: Temperature at 1 foot intervals; Tb, pv: PV panel’s
bottom surface temperature.

Based on Figure 8, the percentage of heat stress occurrences shows at what specific time in
the day the plant will possibly experience a high surrounding temperature, above the normal ambient
temperature. Based on the data sample, the highest heat stress occurred at a 4 foot height during peak
sun and moderate sun (afternoon), with more than 23% heat stress points, as shown in Table 4. This is
due to the bottom of the PV panel producing a much higher temperature after the photonic conversion
and heat dissipation process. The ground heat’s effect in this agrivoltaic condition was relatively low
due to the PV array shading, as per temperature values for Tg until T2ft, thus, it can be assumed that
no heat stress was caused by this.
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Table 4. Percentages of heat stress (Th) occurrence across sun level and height.

Temperature
Level Early Sun

Moderate
Sun

(Morning)
Peak Sun

Moderate
Sun

(Afternoon)

Mild Sun
(Evening)

Time 7:00–8:59 9:00–10:59 11:00–14:59 15:00–16:59 17:00–18:59

Percentage of
Occurrence (%)

Tg 0 0 0 0 0

T1ft 0 0 0 0 0

T2ft 0 0 0 0 0

T3ft 0 0 0 0 0

T4ft 0 0 25.9167 23.2270 0

Tb, pv 0 26.5000 10.3333 9.3972 0

A two-sample proportion test and a Chi-square test were used as the statistical approaches as
shown in Tables 5 and 6, respectively.

Table 5. Count of heat stress (Th) cases across temperature–height levels during peak sun.

Heat Stress Status Total

Heat Stress Non Heat Stress

Temperature–Height
and Sun Level

T4ft_PeakSun 311 889 1200

Tbpv_PeakSun 124 1076 1200

Table 6. Chi-square test for difference in proportions of heat stress (Th) occurrence during peak sun.

Value df Asymptotic Significance
(2-Sided)

Asymptotic Significance
(1-Sided)

Pearson Chi-Square 98.184 1 0.000 0.000

Based on the Chi-square test, T4ft had a higher percentage of heat stress occurrence than Tb,pv

during peak sun at 99% confidence level (p < 0.00001). The same test was conducted for height level
during moderate sun (afternoon) and these results also proved that T4ft had a higher percentage of heat
stress occurrence than Tb,pv during moderate sun (afternoon) at 99% confidence level (p < 0.00001).

Based on the correlations of Tb,pv and T4ft towards heat stress (Th) under agrivoltaic conditions,
a summary of the findings of both the minimum and maximum values of heat stress, Th,min and Th,max,
is modelled as shown in Table 7. Some preliminary assessments were conducted to assess the fitness of
data for regression modelling and the findings are displayed in Figures S1a–d, S2a–d, S3a–b, S4a–b
and Table S7. Since all assumptions were fulfilled, regression models were developed and detailed
findings are presented in Table S1–S6 which were simplified into Tables 7 and 8. The coefficient of
determination (R squared) was 0.739, which indicates that 73.9% of the variation in Th,min and Th,max

could be explained by the variation in both Tb, pv and T4ft, and both the Th,min and Th,max models were
significantly fit at a 99% confidence level (F = 4724.462, p-value < 0.001).

Table 7. Regression statistics and analysis of variance (ANOVA).

df SS MS F Significance F

Regression 2 13,722.334 6861.167 4724.462 0.000
Residual 3332 4838.944 1.452

Total 3334 18,561.278

Multiple R = 0.860; R Square = 0.739; Adjusted R Square = 0.739; Standard Error = 1.205; Observation Counts = 3335.
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Table 8. Individual t-test on independent variables.

Coefficients Standard Error t Stat p-Value Lower 95% Upper 95%

Th,max Intercept 21.553 0.232 93.023 0.000 21.098 22.007
Th,min Intercept 16.553 0.232 71.442 0.000 16.098 17.007

Tb,pv −0.293 0.005 −57.141 0.000 −0.303 −0.283
T4ft 0.987 0.013 78.155 0.000 0.962 1.011

A t-test on independent variables, as shown in Table 8, confirmed that both Tb,pv and T4ft

significantly affected the Th,min and Th,max at 99% confidence level (tTb, pv = −57.141, tT4ft = 78.155;
p-value < 0.001). Hence, both were significant predictors of Th,min and Th,max. Meanwhile, a unit
increase of Tb, pv, Th,min and Th,max would decrease by 0.293 ◦C, and a unit increase in T4ft would
increase Th,min and Th,max by 0.987 ◦C.

Th,min and Th,max could be expressed by the following new equations:

Th,min = 16.553 − 0.293Tb, pv + 0.987T4ft (3)

Th,max = 21.553 − 0.293Tb, pv + 0.987T4ft (4)

Or both equations could be simplified into a heat stress temperature model:

Th (Heat stress temperature) = [16.553, 21.553] − 0.293Tb, pv + 0.987T4ft (5)

4. Conclusions

As a major source of renewable energy, many photovoltaic farms have now been constructed in
the world. The agrivoltaic system is a further concept that aims to combine commercial agriculture
and photovoltaic electricity generation in the same space, in order to maximize crop production while
addressing land management and sustainability issues.

This paper has presented the field measured data of ambient temperature profile and the heat
stress occurring directly underneath solar photovoltaic (PV) arrays (monocrystalline-based) in a
tropical climate condition (in Malaysia). With reference to the plant heat stress at 10 ◦C to 15 ◦C above
the ambient temperature, the percentage of heat stress occurrences was the highest at a 4 foot height
during peak sun and moderate sun (afternoon), with more than 23% heat stress points. It has also been
found that the ground heat effect in this agrivoltaic condition was relatively low due to the PV array
shading. A heat stress model for ground-mounted agrivoltaic conditions has been developed. It has
been found that the coefficient of determination (R squared) for the model is 0.739, indicating that 73.9%
of variation in Th,min and Th,max could be explained by the variations in both Tb, pv and T4ft. Both
Th,min and Th,max models were significantly fit at 99% confidence level. This paper has contributed to
the understanding of plant physiological processes in response to environmental conversion factors.
The model developed could also be used for further exploring the integration of crop cultivation
and PV energy generation for optimum land use.
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(a) Tb,pv; (b) T4ft; (c) Th,min; (d) Th,max, Figure S2: Scatter plots between dependent and independent variables
for linearity. (a) Tb,pv against Th,min; (b) T4ft against Th,min; (c) Tb,pv against Th,max; (d) T4ft against Th,max,
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