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Abstract: Agrivoltaics (Agri-PV, AV)—the joint use of land for the generation of agricultural products
and energy—has recently been rapidly gaining popularity, as it can significantly increase income per
unit of land area. In a broad sense, AV systems can include converters of solar energy, and also energy
from any other local renewable source, including bioenergy. Current approaches to AV represent
the evolutionary development of agroecology and integrated PV power supply to the grid, and can
result in nearly doubled income per unit area. AV could provide a basis for a revolution in large-scale
unmanned precision agriculture and smart farming which will be impossible without on-site power
supply, reduction of chemical fertiliser and pesticides, and yield processing on site. These approaches
could dramatically change the logistics and the added value production chain in agriculture, and so
reduce its carbon footprint. Utilisation of decommissioned solar panels in AV could halve the cost of
the technology and postpone the need for bulk PV recycling. Unlike the mainstream discourse on
the topic, this review feature focuses on the possibilities for AV to become more strongly integrated
into agriculture, which could also help in resolution of relevant legal disputes (considered as neither
rather than both components).

Keywords: photovoltaics; biogas; agriculture 4.0; unmanned vehicles; smart grid

1. Introduction

As the humanity population continues to grow, more food needs to be produced. The
intensification of agriculture suggests that farming will become more energy demanding.
During the global energy transition, fossil fuel is being substituted with renewables. The
installed capacity of solar PV power plants across the world and the rates of energy they
generate continue to grow almost exponentially, and the cost of electricity in new projects
has already reached minimum values in many countries, compared with other generation
methods [1]. While there is no developed international infrastructure for the transmission of
electricity over very long distances, in most cases PV power plants are located in populated
areas where treeless land plots are already largely used for economic activity. In addition,
the fastest growing PV power plants are put into operation in economically developed
countries [2], where land is expensive and there are many restrictions on its use [3].

Particularly acute conflicts can arise over the use of agricultural land [4], both in
connection with the growing need to provide food for the growing population, and in
connection with desertification and other types of degradation of such lands at a rate of
approx. 50 million hectares per year (worldwide) [5]. As a result, from 1961 to 2016, there
was a decrease of 48% in the area of arable land per capita. This led to the development of
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the UN FAO concept for the creation of integrated food and energy systems [6]. The solution
to this problem is in the shared use of areas for energy generation and other economic
activities. For these purposes, photovoltaic modules are integrated into buildings [7];
located on waste land or in the right-of-the-way of infrastructure objects [3]; or installed at
a height sufficient for other land use, for example, agricultural [8]. The latter way, known as
agrophotovoltaics, or agrivoltaics (AV), has recently been rapidly becoming popular [9], as
it has been shown that its implementation can significantly increase income per unit area of
land when used together for growing crops or grazing livestock and producing energy for
sale to the grid and for on-site use [10]. The term and principle were proposed in 1981 [11],
but then it was very far from economic feasibility due to the high cost of solar photovoltaic
power plants. The installed capacity of AV plants by 2022 was over 14 GW [12]. If AV were
deployed on just 1% of arable land in Europe, that would give over 900 GW of solar power,
much more than installed [13].

The first research and experimental agrivoltaic systems have been established in Ger-
many, Japan, USA, Italy, Malaysia, Egypt, and Chile. According to available estimates, by
the beginning of 2020, about 2200 AV systems with a total installed capacity of 2.8 GW had
been created globally, which is slightly more than all floating and concentrator PV power
plants combined [14]. Japan, South Korea, China, France, and the USA (Massachusetts)
have already adopted such systems; India and Germany are discussing programs to stimu-
late their introduction [15]. Research is being conducted on the perception of AV systems
by society and an assessment of possible effects in this direction (for example, stopping the
escape of young people from rural areas) [16].

The main advantage of such a tandem is the additional income received from the
generation of energy, and the main problem is the decrease in yield of some crops due to
shading and changes in the soil moisture regime [17]. As a result, the expected income
per unit of farmland area increases on average by 60% [18], but it can also either decrease
or reach a 15-fold increase [19]. Negative effects occur during the cultivation of some
crops due to changes in soil moisture and lighting regimes [18]. The same effects can have
a positive result for other crops [20], dampen the influence of dry or rainy seasons [21]
and other weather hazards [22], and stabilise the income of an agricultural producer
through diversification of revenue sources and guaranteed sales of electricity throughout
the year [16]. The environmental impact of AV is furthermore reduced compared to
traditional agriculture [23,24]. In addition, the output of agricultural products reduces
revenue sensitivity to degradation of photovoltaic converters over time.

The National Renewable Energy Laboratory (NREL) identifies three fundamental
approaches to the creation of AV systems: (1) power generation (continuous rows of PV
modules with minimal gaps are characteristic); (2) agricultural crops (stand-alone PV with
two-axis trackers); (3) joint effect (sparse PV lines). Current research in the field of AV
systems is aimed at determining the effects of changes in the microclimate [25,26]—first of
all, shading [27,28] and moisture redistribution [29,30]—on the productivity of certain crops,
both in open soil and greenhouses, and determination of the final economic effect [31,32],
including the final production of biogas [33]. Thus, it was shown in [34] that the level of
photosynthetically active radiation (PAR) available under the AV is expected to decrease at
midday, while in the morning and evening hours, such a decrease almost does not occur.
The air temperature (dry bulb) under AV systems was lower by 2 ◦C at midday and by
1 ◦C at the beginning and end of the day (on average lower by 1.65 ◦C). At the same time,
the relative air humidity under AV did not differ from the control site at midday—in the
early morning it exceeded it by 7–10%, and in the evening by 3–5%. The greatest effect
from the use of AV with this approach is expected in semi-arid and arid regions [20,35],
and the most obvious direction of energy use is to power pumps for water supply [36,37]
and land reclamation.

A decrease in temperature under AV at night, shown in [34], is an undesirable factor
for northern agriculture, but comparison with other works [25] shows that the temperature
can rise if AV screens more than 50% of the sky (with such an increase, for example, grapes
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bloomed earlier [38]). In general, it has been shown that the temperatures of air, soil, and
shoots are expected to have a complex relationship with the AV parameters, local climatic
conditions, and the characteristics of the cultivated crop [39].

The present focus of research in this area has shifted towards determining the degree
of susceptibility of certain cultures to the influence of AV, and the spatial configuration
of these systems, in order to achieve the maximum total effect [32]. At the same time, it
is known that it is economically most efficient to use the energy on site, and the lack of
direct energy sources in the field largely limits the economic feasibility of most measures
to intensify agriculture. Moreover, there is a seasonal discrepancy between solar power
plants energy output and the need for it in the grid, especially the isolated one, which is
aggravated from the equator to the poles. Agricultural production has a similar seasonality
to solar power plants, which makes the use of energy generated by AV for its intensification
expedient and especially attractive in the Arctic and other remote regions.

Precision (intelligent) farming, vertical greenhouses, and unmanned electric ma-
chines [40] are being actively developed, and are impossible without IoT [41]. All those
areas require power supply and support structures that AV can provide. Minimising
human labour in such systems can help change agricultural practices in many ways, in-
cluding rethinking the scale of chemical fertilisation, because the need to increase yields
through chemical fertilisers might become less significant, especially given the higher cost
of products with various “eco” labels. The resulting energy can be used for the production
of fertilisers on site, which can be beneficial for hard-to-reach places, for example, the
processing of local natural gas into ammonia fertilisers and phosphates. In Russia, raw
materials are mined in the Arctic, processed in the southern regions, and then shipped all
over the world. Such a complicated logistics process affects cost, carbon footprint, and the
overall sustainability of supplies, making these dependent on too many factors.

High-quality fertilisers can be obtained using agricultural waste in biogas power
plants, and the operation of these is also possible in combination with thermal photoelectric
modules [42]. Furthermore, the production of bio-hydrogen from agricultural waste is
becoming more and more relevant [43]. The importance of hydrogen as an energy carrier
has recently been reconsidered; the global environmental agenda has forced a shift towards
hydrogen in the priorities for energy carriers, moreover, produced in a “green” way using
renewable technologies not fossil fuels.

This review is intended as a “user guide” for researchers and practitioners, referring
to the main concepts and technologies currently proposed and employed to exploit AV
for the intensification of agriculture. We do not duplicate extensive reviews of current
activities reviews given in [9,44–47], so Section 2 of this paper provides contextual un-
derstanding, mainly focusing on several issues poorly covered in the literature, such as
irrigation, aquaculture, and cold storage. The novel aspects of this review are presented in
Section 3—future trends arising from the recent progress in different areas of engineering
and agriculture with potential for significant synergistic effect when coupled with AV.

This approach to using AV energy on site is in line with global trends for the intensi-
fication and robotisation [40] of agriculture, deep processing of products on site, and the
transition to the use of electric transport and renewable energy sources (RES). In many
countries it may be demanded due to the difficulty for agricultural producers to connect
to power grids in general or as prosumers (both consumer and generator), and loss of
agricultural or ‘green tariff’ support since AV may be considered as neither an agricultural
nor a renewable energy enterprise, rather than both. It will also be relevant in places
of decentralised energy supply and risky farming, including Arctic regions (especially
in combination with wind power plants). There, it could drastically change the way of
farming, not only ensuring food security in remote regions, but also significantly improv-
ing the quality of people’s life, creating jobs, and reducing energy bills (by substitution
for expensively delivered fossil fuel). Fresh vegetables and other relatively perishable
products that cannot be frozen are in most cases delivered there by air, which makes their
prices prohibitive.



Energies 2023, 16, 3009 4 of 18

2. Current Activities
2.1. Horticulture

Depending on the climatic conditions, the cultivated crop, and prices in the local
agricultural and energy markets, the introduction of AV can lead to losses or provide
up to a 15-fold increase in income. The present focus of research in this area has shifted
towards changes in irradiation, temperature, and humidity of soil and air, both open and
enclosed, aquaculture pools, and the storage of agricultural products when using heat
pumps powered by AV.

To optimise microclimatic effects from AV, systems with sun tracking have been in-
vestigated, to enable maximum output with minimal shading, or to control the level of
shading [31], which can be especially important in certain periods of crop growth (for
example, when there is a deficit of degree days). However, there are no works investigating
the effects of low-potential concentration of solar radiation including wavelength selec-
tion. In addition to the effect on biomass growth, changes in the nutritional [48,49] and
other commercial [50–52] properties of crops have also been studied, which is especially
important in connection with the general decrease in nutritional value caused by climate
change [53–55]. In [56] it was experimentally shown that under translucent PV there is an
increase in the efficiency of the use of PAR (+68% for spinach); energy during metabolism
was redirected mainly to aerial tissues (+63% for basil); the phenotype of the aboveground
part of plants significantly differed from the control; the amount of protein extracted from
leaves (up to +53.1%), trunk (up to +67.9%), and root (up to +15.5%) increased.

In addition, it was shown that a decrease in the yield of some light-loving crops and a
decrease in the sugar content of grapes, measured at a fixed time due to the slightly slower
development of plants, can be fully compensated by a later (1–2 weeks) harvest [30,38]
or increased share of larger (marketable) tubers for potatoes. Moreover, further results of
this approach may include an increase in the market price of products supplied outside
the traditional high-offer timeframe [50], and a decrease in the cost of harvesting and
transporting crops outside the time of peak demand for machines and labour. Shading
from AV can have a beneficial effect on the cultivation of crops that normally grow in
shaded conditions under a forest canopy [50], without the inconvenience associated with
farming in the presence of trees and shrubs.

Among the crops studied in combination with AV were wheat [14,25], corn [57], rice,
beans, peanuts, potatoes [34,58], sweet potatoes, beetroot [59], grapes [38], lettuce [25,28],
Welsh onion [60], basil [56], spinach [56], celery, fennel, chard, tomato, pepper, zucchini,
cucumber [25], eggplant, watermelon, pumpkin, various cabbages, aloe vera [35], agave,
taro, clover, alfalfa [61] and other pasture crops [39], raspberry, strawberry, cherries, citrus
fruits, and mushrooms.

2.2. Livestock

So far, scarce research has focused on assessing the effects on livestock production,
with published studies available only for lamb [62,63] and rabbit [64]. The mutual influence
of low-lying AV and herbivores has been shown; animals eating the grass remove the cost
of mowing it.

AV constructions reduce the costs of fencing the territory (the highest capital costs
for rabbit farms), and provide protection to animals from predators and adverse weather
conditions (including bright sun), increasing the final productivity of the herd. Moreover,
the estimate of the ratio of income from the sale of electricity and breeding rabbits is
between 4 and 40 to 1, depending on local conditions and process organisation. In addition,
it has been shown that breeding rabbits has less severe environmental consequences (in
particular, carbon footprint, use of water and fertilisers) than breeding cattle (in terms of
total CO2 emissions per 1 kg of meat, the difference is more than an order of magnitude).
In harsh climatic conditions, rabbits are convenient because the production cycle (from
8 weeks) is comparable to the duration of the vegetation season, i.e., there is no need to
keep a large number of animals during the cold season. They provide a high conversion to
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protein (approx. 20 kg/ha of pure meat per cycle only on pasture) and provide fur that is
in demand on site.

For lamb, no difference in liveweight growth was found per pasture ha, indicating
that the farming component was not affected [62]. AV pasture had lower herbage mass,
but it was compensated by the higher nutritive forage value. Sheep preferred to stay in
PV shaded areas at solar irradiation over 800 W/m2 [63] for idling and needed less water.
There are also references to the use of sheep (North Carolina, USA, approx. 15% of the
total livestock) for mowing grass (adds 2 to 8% to income) at PV power plants, and the use
of internal mobile electric fences is recognized as an effective feature. In addition, in this
context, there are fragmentary reports that horses are too selective, cows need too much
space, and goats like to jump on everything, chew wires, etc., which makes these animals
unsuitable for such a task.

In Minnesota (USA), a law (the Pollinator-Friendly Solar Act) was passed, designed to
provide optimal conditions for pollinators at PV sites. As a result, the trademark “Solar
Honey” was created; the licence for its use is in compliance with all the requirements of
this law and should help to increase income. This form of AV seems to have the biggest
share across over 11,000 acres in the USA.

2.3. Harvesting, Storage, and Processing

AV installations include PV systems to power air-conditioning systems at fur farms,
refrigeration machines and auxiliary devices at remote (e.g., alpine) dairy farms, or battery
charging for electric agricultural machinery (with estimates of unit costs kW*h/ha for
different crops) [65].

At present, most agricultural machines are internal combustion engine-powered. It is
possible to making these electric (with batteries), but that would probably lead to higher
capital and operational expenses. Without batteries, the machinery needs either an on-board
power source or connection to the grid. The latter is usually impossible, so options for the
former are generally considered [40], but these still require batteries and the capacity factor
of solar panels is drastically reduced compared with AV. Unmanned agricultural machinery
relies on GPS/GNSS navigation that is sometimes insufficient, and data transmission often
unavailable over public networks [66]. Availability of energy across arable land could
significantly improve travel efficiency for both terrestrial [67] and aerial [68] agricultural
drones and reduce the capacity demand on batteries. Precise navigation signals and data
networks can be provided using the AV structural posts.

Cold storage is the norm in developed countries, but not in developing ones due to lack
of electricity [69]. Cold is responsible for 5% of GHG emissions in the global food system.
Energy-independent ice cellars that were previously widespread over the Arctic are now
degrading quickly due to climate change [70]. On average, 14% of food in the world is lost
at post-harvest to retail. The highest percentage of losses (ca. 25%) is for roots, tubers, and
oil-bearing crops; about 21% for fruits and vegetables; 12% for meat and animal products.
In sub-Saharan Africa, 37% of food products are lost within the “first mile” from harvest to
processing. More than half of tomatoes in Rwanda are lost along the value chain, with lack
of cold storage considered a major factor. Given that solar powered is extremely important
for small agricultural manufacturers since they can ship more processed products at once,
so avoiding multiple middlemen who take the lion’s share of the final cost (also using
‘sell cheap or lose’ pressure). Solar icemanufacture could be a good alternative to battery
storage, using biogas to stabilise cooling capacity [71]. On-site solar-powered processing
such as milling [70], drying [72], extraction (pressing) [73], fermentation [74], prepacking,
sterilisation, cooking, preservation (sealing), etc. [75], can reduce the need for cold storage
capacity and create added value.

2.4. Aquaculture and Irrigation

The first effect of AV is water saving due to reduction in direct sunlight [76]. Water-use
efficiency in arid southwest United States was 157% higher for jalapeno and 65% greater
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for cherry tomato [17], with production doubled for the latter. Soil moisture also remained
up to 15% higher due to the AV shading effect. AV solar panels were ca. 9 ◦C cooler in
daytime than traditional arrays, so working with higher efficiency. The collected rainwater
from AV can be used both for cleaning PV and irrigation [35]. 110 foot-wide PV shades
will be mounted over irrigation canals in California (Project Nexus in Turlock Irrigation
District) coupled with long-term iron–water flow battery storage [77], which is similar to
an earlier project in Gujarat, India [78].

Floating PV (floatovoltaics) [79] is another method to reduce water temperature and
evaporation, in which solar panels are reciprocally cooled by water. This approach could be
also used in arid coastal areas [80] in combination with desalination plants and atmospheric
water harvesting [81] for aquaculture [82]. Floating and above-water PV are used at fish
breeding ponds to meet local needs and to reduce water evaporation (by up to 85%), as
well as at water treatment plants (in China there are 60 MW of such plants).

Power generated by AV can be used for water pumping [36,83]. For this purpose,
highly efficient solar pump inverters have been developed representing a mix of MPPT-
controller and frequency converters, so the pump output can follow the actual PV produc-
tion with no need of a battery buffer. Consider greater demand for water on sunny days,
such a system is very efficient. In India, farmers using solar-powered irrigation reported
50% or more increase in their incomes compared to rain-fed pumping [69]. In Rwanda,
yields were about a third higher and dry-season farming became available. However, it
should always be kept in mind that affordable solar-powered irrigation (with payback
time varying from 6 months to 3 years in Africa depending on crops grown and number
of crop cycles) can lead to exhaustion of ground water sources. In hydroponic [84] and
aquaculture [85] farms, AV could be used to power heat and mass transfer for process
optimisation [86].

3. Future Trends

Energy can be used both in the traditional way to drive agricultural machines and
mechanisms, and less traditionally—to provide optimal conditions and stimulate physi-
ological processes, including converting to other forms of energy, creating conditions for
processing and storing products on site (which reduces transportation costs compared to
raw materials and allows maximum profit at the current level of development of electronic
commerce), or repelling pests [87]. Options for using the obtained energy for electric [88],
thermal [89,90], magnetic [91–93], mechanical [94], and acoustic [95] stimulation of plant
growth will be explored. Research topics include control of temperature and light con-
ditions, chemical composition, humidity, flow of air, water and substrate, power supply
of agricultural machinery and equipment, including for primary processing and storage
of products. In addition to energy, it is also proposed to consider the possibilities of the
associated use of AV structures to create supports for plants, protective fences (e.g., against
insects or hail), and rails for machines and mechanisms. In this report, we do not focus
on passive changes in microclimate associated with the AV, which is the present research
mainstream globally [25].

Currently, the problem is emerging of recycling photovoltaic (PV) modules after their
lifetime expiry [96,97]. Older modules have a specified lifetime of 20 years [98], while
Europe’s first PV power plant TISO-10 in Switzerland is still working with 80% of its
nameplate capacity at 40 years old [99,100] (notably, the inverters have been substituted
five times). Newer solar panels have a guaranteed lifetime of 30 years with potential to
be improved to 50 years [101]. It should be borne in mind that this refers not to technical
failure, but a decrease in productivity, as a rule, 20% of the initial rate. With the continued
fall in the price of PV converters, recycling to recover and reuse materials is not always
cost effective. Therefore, it is becoming popular for such PV modules to be sent for further
use in countries where a decrease in output is not so critical compared to the significant
decrease in capital costs [96]. Usually the criterion is the availability of waste land for the
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placement of solar photovoltaic power plants [33,102]. It is quite possible that this approach
will also be beneficial for a number of AV systems.

AV approaches will make it possible to create the prerequisites for farming at future
extra-terrestrial bases. The nearest planned one is on Mars; there is also the potential for
creating such bases on the Moon.

3.1. Conversion to Biogas

In order to utilise agricultural organic waste and obtain highly efficient fertilisers, the
introduction of anaerobic bioconversion systems (biogas plants) has great potential. Con-
version of agricultural waste allows harnessing CO2 otherwise released to the atmosphere
at putrescence. The main disadvantage in this case is the need for energy to maintain the
conversion processes—substrate heating, driving electric mechanisms, production process
monitoring, etc. These are normally powered by burning the resulting biogas. With AV, it
is possible to convert solar radiation both for heating the substrate of biogas plants using
solar thermal collectors, and for powering equipment using solar panels [103]. It is also
possible to obtain both thermal and electric energy in one solar module (PV/T), as well as
high temperatures for various technological processes of anaerobic bioconversion systems
using solar concentrators. Using energy from AV allows higher biogas net output, and
biogas becomes a store of energy to be used for dispatchable power supply in stand-alone
systems [104–106]. Such combinations are also used in trigeneration systems that include
an internal combustion engine and an adsorption heat pump [107]. PV panels can also be
used in biogas plants for DC power supply of small power microbial electrolysis cells to
intensify the process of anaerobic digestion [108].

The use of photovoltaic modules in anaerobic bioconversion systems occurs in a fairly
narrow segment of system energy supply, due to the specific distribution of the shares of
electricity and heat consumption when the use of thermal energy for local needs prevails
over the use of electrical energy. Heating of the substrate during anaerobic treatment
of organic waste to 35–55 ◦C with the help of solar thermal collectors is used in many
locations. The designs of such systems can be unusual, such as the installation of solar
thermal collectors on top of a tank where fermentation takes place thus forming a sealed
structure below ground level [109]. Solar thermal collectors are used in systems that
involve active mixing of the substrate [110], as well as with heat recovery systems [111].
Adding heat pumps to such systems also increases their efficiency. To solve the problem
of unavailability of solar radiation at night, a hybrid system (solar, thermal, and electric)
is proposed, which provides the necessary mesophilic conditions for the operation of a
biogas plant [111]. Thermal energy obtained from solar thermal collectors can be stored in
thermally insulated tanks, which provide a continuous supply of an anaerobic reactor with
warm water [111]. Thermal energy storage can also take place with a phase change heat
storage device, making solar anaerobic bioconversion systems more efficient in winter [111].
In thermostatic anaerobic bioconversion systems, the use of solar thermal collectors is also
relevant to meeting the needs of farmers for cooking fuel in cold rural areas [112]. Efficient
and stable operation of biogas plants in mesophilic and thermophilic conditions can be
ensured when the plant is supplied with heat using solar thermal collectors, even in cold
and arid regions [113], but optimization plays an important role in operating conditions
and anaerobic digestion temperature [114,115].

Thus, along with photovoltaic modules and solar photovoltaic roofing panels, thermal
converters of solar radiation are of great interest. Their shape in the form of roofing panels
will also reduce roofing costs, and the use of recycled plastic will improve the ecological
state of the environment. Due to the absence of expensive photovoltaic converters in the
design of thermal solar roofing panels, the cost of such panels is low and even the most
remote and low-budget households can afford to install such solar modules. The solar
thermal roofing panel is designed to supply heat to agricultural facilities in an autonomous
mode or in parallel with the existing heat network, and is built into the structural elements
of the roofs of buildings and structures.
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The most promising and valuable development from the point of view of cost and
optimization of energy flow is the simultaneous introduction of photovoltaic and thermal
converters of solar radiation into anaerobic bioconversion systems, which will allow si-
multaneous electricity supply to various components as well as thermal heating of the
substrate. Such systems have shown their techno-economic feasibility of integration and
operation [116]. The photovoltaic module and solar thermal collector can be constructed
as a single solar photovoltaic thermal module, which can be fabricated in the form of a
solar photovoltaic thermal roofing panel, the base of which is made of recycled plastic [117].
The structure itself provides protective and energy-generating functions with an electrical
rating of about 40–50 years due to the use of a two-component polysiloxane compound
in the sealing of high-efficiency photovoltaic converters, the electrical efficiency of which
can reach 20%. The use of such planar solar photovoltaic thermal modules is advisable
as a finishing material for agricultural buildings and facilities (cowshed, poultry house,
greenhouse, etc.), which will increase the generation of electrical and thermal energy with-
out using land for the location of solar modules. However, the optimal slope of solar
modules when located above ground on a certain geographical area of the farm can also
provide high production throughout the year. When growing crops under solar modules at
a ground-based location, the allocation of land for the construction of a solar installation is
offset from an economic point of view by the sale of agricultural products.

Moreover, for the heat supply of anaerobic bioconversion systems and agricultural
facilities, it is advisable to use heat pumps (air, in particular), the power supply and heated
coolant for which can be provided by air-cooled solar photovoltaic thermal modules in the
form of siding panels that function as building materials for the walls of buildings. Such a
disposition of the solar module will provide high levels of energy production on less sunny
days, improve dust and precipitation removal from the surface of the module, and ensure
cooling of the building walls during periods of high solar irradiation. It will provide better
thermal insulation in winter, which will reduce energy consumption for air conditioning
and heating of indoor space. The heated air of air-cooled photovoltaic thermal modules can
also be used for drying agricultural products, while air cooling of photovoltaic converters
increases their electrical efficiency.

3.2. Growth Stimulation

A wealth of data has been accumulated by agricultural science in terms of managing
the timing of growth, flowering, and fruiting, productivity, commercial properties of
various crops, methods of tillage, and harvest, and the storage and processing of products.
This requires analysis from the point of view of technical and economic feasibility of use in
combination with AV, which is absent from the published literature.

The methods considered are: (1) increasing the intensity and duration of exposure to
photosynthetically active radiation when converting solar radiation into a yield photon flux
(YPF) using LEDs and luminescent concentrators, as well as the use of organic photovoltaic
cells and facet concentrators that skip ranges of maximum YPF, for converting other
sections of the spectrum into electricity; (2) changes in the speed of movement and air
composition, including sequestration of gases [118], fertiliser production [119], saturation of
nutrient media, support of plant-growth-stimulating microorganisms [120]; (3) electric [121],
thermal [90], magnetic [91], acoustic [95], and mechanical [94] stimulation of plant growth;
(4) power supply for agricultural machinery, mechanisms, instruments, and equipment;
(5) incidental use of structures to create pest barriers, plant supports, and equipment.

The efficiency of solar energy conversion in modern PV is much higher than photo-
synthesis [122] and the PAR flux can be higher than natural lighting [123]. Accordingly, if
the electricity generated by the AV could be imparted in some way to the plants, this could
contribute to an increase in yield [124]. This is especially interesting to initiate with the
help of energy processes involving additional sources of energy from the environment. The
efficiency of electricity conversion in narrow-band LEDs exceeds 50%. The balance between
respiration and photosynthesis is achieved at a PAR level of about 125 µmol/m2/s [125]. A
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decrease in the PAR level under AV for potatoes [34] and lettuce [28] naturally led to an
increase in the foliage area, representing an economically significant result for the latter.

Next, we make a simple estimate: The nutritional value of potatoes is 770 kcal/kg
(0.32 GJ/100 kg), and the average yield is about 5 t/ha, then the potential yield is (16 GJ/ha,
or 4.44 MWh/ha) in 120 days. The specific installed capacity of a typical AV system is
about 330 kW/ha. Focused on the joint effect, during the period of potato ripening with an
installed capacity utilisation factor of 0.2 (in summer it is higher than the annual average),
the generation will be 190 MWh/ha. Obviously, if at least some of this energy can be
imparted to the plants, this will significantly increase yields. At the moment, conversion of
solar energy to proteins appears even more realistic [126].

Two recent master theses have reported techno-economic analysis of AV application
in greenhouses in Sweden and Spain [127,128]. It has been shown that unfavourable condi-
tions in Sweden in terms of electricity prices and lack of subsidies for renewable energy
and solar irradiation in winter are making AV greenhouses economically unattractive.
In northern regions, it is advisable to combine greenhouse heating with the costly ther-
mal stabilisation of permafrost [129] under buildings and structures (which is especially
important in connection with climate warming) by heat transfer from the latter to the
former using heat pumps, and in winter time to heat storage facilities without freezing. We
performed such an experiment in Arkhangelsk, Russia (unpublished data, using a facility
similar to that described in [130]) and obtained nearly double yields of cucumbers and
tomatoes (compared to a conventional unheated greenhouse). Considering the cost of
aerial delivery of fresh vegetables to remote northern settlements, such a combination is
certainly profitable.

3.3. Electric and Unmanned Agricultural Vehicles, Robotisation

As manual labour in the field had mainly been substituted with agricultural machines,
operators of these machines are now being substituted with computers [131,132]. Modern
agricultural robots can provide more than merely substitution for traditional machinery
(land preparation, sowing, planting, plant treatment, harvesting) [133], with new functions
including mapping, insect pest monitoring, artificial pollination, yield estimation, and
phenotyping [134]. Major problems remain to be solved in the use of unmanned agricultural
vehicles [133] (market worth of USD 10Bs), including navigation [135], stability [136],
power, and data [137]. AV structures could ensure precise navigation and provide railings
to ensure stability of the vehicles, as well as safe piping for irrigation and spraying. Ideally,
the new agricultural vehicles should be electric, but their performance would be dependent
on battery capacity or their ability to recharge. AV provides energy over arable land to
ensure minimal battery use with wireless power supply [138] and multiple recharge points
available. In rural areas the quality of electricity is often very poor, with voltage drops
and blackouts the most frequent troubles that affect the operation of complex electronic
devices. Introduction of local AV sources will resolve this issue. The availability of power
supply also gives virtually unlimited possibilities for monitoring, data transmission, and
on-site analysis.

3.4. Internet of Things and Digital Transformation of Agriculture

Digital transformation of agriculture [139,140] is ongoing mainly in well developed
areas, while greater effect is expected in remote unpopulated areas with a lack of skilled
staff. One of the problems for obtaining that advantage is the availability of power and
data transmission networks [141]. These are missing because they are not in demand on
sufficient scale, thus forming a closed loop. When infrastructure for agriculture 4.0 [139] is
missing on site, the investment needed is restrictively high.

Currently, satellite-based information technologies (navigation and remote sensing)
appear to be the most widespread since they can serve multiple clients. The insufficient
spatial and temporal resolution of these for precision farming has often been discussed, but
there is another less obvious but potentially hazardous issue—destruction of satellites due
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to global conflict or the Kessler syndrome progress [142]. Loss of space communication
and navigation technologies would definitely induce an economic shock, and if that also
strongly affects food production technologies, the consequences will be much harder.
This means that navigation, data acquisition, and transmission systems should have local
backups, for the sake of food security. The same applies to energy, since bulk production
power plants and oil refineries are priority targets in case of war. AV provides possibilities
to establish the necessary distributed and highly resilient systems [143].

IoT in agriculture is represented by various sensors, from traditional agrometeorology
to individual plant or animal physiology monitoring devices. This topic has been well
covered elsewhere [137]. The vast available array of such sensors uses WiFi or CAN
networks for data transmission that limits distance to within 100 m. That means not only
network nodes but power sources for these should be available within this or double the
range, which is tolerable for greenhouses but economically unreasonable for the fields.
LoRa networks are becoming more popular and could resolve these issues to some extent,
particularly considering their low energy consumption, but the data rate is low compared
to the potential number of sensors in the covered area.

3.5. Added Value Redistribution

The agricultural product supply chain basically consists of supplier, farmer, processor,
distributor, retailer, and customer, with logistics agents in between. Value chains differ
greatly depending on the product, but added value is over 100% farmer to retailer invariably,
even for apples. Therefore, there are great possibilities for farmers to obtain a share of
profit. The important stages in that chain are bulking, cleaning, grading, processing, and
packaging, which were formerly cheaper to be implemented on a large scale. The advent of
retail food markets and human-less technologies has shifted many of these processes to the
farm or neighbourhood scale, in order to reduce the logistics expenses for raw products
and long-distance delivery. Availability of electricity is the main obstacle for many rural
communities to set up even cold storage. For this reason, AV could make a great change
in possibilities for storage, processing, and packaging. The development of e-commerce
allows farmers to reduce the number of middlemen to the final customer, following the
C2C business model.

The value chain could be also changed to the farmers’ favour at the point of input
supply. We have already mentioned the possibility of manufacturing nitrogen fertilisers
using AV energy, as well as lower demand for these with their precise supply to plants.
P2V use of AV energy can reduce the delivery costs not only for farmers’ own e-vehicles,
but also for contractors whose vehicles could be charged during loading/unloading at
the farm.

3.6. Suggestions for Future Work

For power supply, a combination with kW-class wind turbines is also to be considered.
The northern regions are well provided with wind resources, relatively evenly distributed
throughout the year, while on a daily timescale there is a negative correlation between
production from PV and wind turbines [144]. The use of wind turbines will increase the
intensity and reliability of power supply, and the cost of their installation should be reduced
due to the shared use of AV supports and other infrastructure.

Since DC is generated by PV, stored in batteries, consumed by electronic equipment
and motor wheels, and the inverter is quite expensive and not especially reliable for use
outdoors, it is reasonable to use direct current as much as possible on site where long-
distance transfer losses are negligible [145,146]. These trends must also be taken into
account in the development of methods for the local use of energy obtained from AV.

The possibilities of using low-potential solar concentrators should be investigated in
the context of shading, increase in electricity generation, and the cost of concentrators and
PV panels (particularly with selective transmission) [147]. At the current level of technology
development, in such concentration systems (selective and holographic concentrators of
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solar radiation) it is easier to implement wavelength selection with the aim of minimising
PAR shielding. This also suggests a feasibility study of a ground-based PV in combination
with plastic Fresnel lenses.

When PV installations are located on the ground, it is easier to divert heat from them to
the soil, to reduce and localise shading [148], and the above-ground location of lighter and
more flexible concentrators facilitates supporting structures and increases their resistance
to wind loads, enhancing the greenhouse effect for open ground. In such concentrators, it
is also possible to implement a dependence of the refractive index on the wavelength in
order to reduce the YPF loss.

Feasibility studies are needed for the use of special PV designs—transparent with a
sparse arrangement of PV cells (to minimise shielding of scattered radiation and homoge-
nization of soil illumination) with luminescence centres introduced into the panels’ cover
and underlying layers to convert solar radiation into the most efficient YPF and compensate
shading losses.

Certainly, power availability across agricultural sites opens great opportunities for
plant physiology and agrochemistry experiments that previously appeared impractical
and expensive.

In addition to science and engineering, great legal work should be undertaken to make
agrivoltaics attractive and easy to implement. The first national standard for this (DIN
SPEC 91434) was developed in Germany in 2021. It establishes the priority of agricultural
use over power generation. On-site energy use can make this approach stronger and
more sustainable, as green tariffs become less applicable considering the current and
future scale of solar power in the world and its LCOE compared to traditional methods of
generating power.

4. Conclusions

The current form of AV implementation as a shared use of land both for farming
and energy generation, totalling over 15 GW across the world, is able to increase farmers’
revenue and make it more sustainable in different ways. The benefits include better
environmental conditions, more marketable production, shared construction costs, and
diverse sources of income. It has already been shown that AV could increase the income of
low-margin farming multi-fold.

However, the current approach does not use the full potential of this symbiosis in
terms of using generated energy on site for agricultural output improvement. Areas
for improvement include powering intellectual farming, growth stimulation, fertilisers,
pesticides, reduction of fuel use, on-site manufacturing, storage, and processing to obtain
higher added value and reduce logistics costs, further reduction of human labour, and
the expansion of agriculture in high-risk and remote areas. It should be stressed that AV
makes implementation of agriculture 4.0 possible only in unpopulated areas that still hold
considerable reserves of arable land. Distributed AV also makes precision agriculture and
machinery less dependent on satellite data, and remote fuel and power supply in case of
war or other major disasters affecting the centralised infrastructure.

A higher share of energy use on site should remove legal disputes when farmers’
subsides are stopped because they are using their land for energy generation. Reuse in
AV could be a better option for older solar panels not optimised for recycling (estimated
8M t by 2030 and 80M t by 2050). In Table 1, we summarise our estimates of potential AV
benefits with its different methods of use.

We suggest that AV concept designers should also consider using small vertical-axis
wind turbines and conversion to biogas to make power output less intermittent.
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Table 1. The concluding estimates of AV benefits.

Agriculture PV

Total Benefits
Yield Income Increase Electricity Income Share Infrastructure

Sharing Savings

Horticulture −30 . . . +60% −30 . . . + 75% 50 . . . 90% 0 . . . 10% 60 . . . 1000%
Livestock 0 . . . +50% 0 . . . + 50% 50 . . . 95% 0 . . . 80% 50 . . . 4000%
Water use 10 . . . 30%

Growth stimul. 50 . . . 500%
On-site process. 30 . . . 300%
GHG emission 10 . . . 50%

Robotics and IoT 30 . . . 100%
Old PV utilis. 50 . . . 200%
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22-49-02002, http://www.rscf.ru/en/project/22-49-02002/, accessed on 25 March 2023).
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Nomenclature

AV agrivoltaics
C2C customer-to-customer
DC direct current
GHG greenhouse gases
IoT internet of things
LCOE levelized cost of energy
LED light emitting diode
MPPT maximum power point tracking
P2V power-to-vehicle
PAR photosynthetically active radiaton
PV photovoltaics
PV/T PV-thermal module
RES renewable energy sources
UAV unmanned aerial vehicle
UGV unmanned ground vehicle
YPF yield photon flux

References
1. IRENA. Renewable Power Generation Costs in 2019; International Renewable Energy Agency: Abu Dhabi, United Arab Emirates, 2020.
2. Scognamiglio, A. ‘Photovoltaic landscapes’: Design and assessment. A critical review for a new transdisciplinary design vision.

Renew. Sustain. Energy Rev. 2016, 55, 629–661. [CrossRef]
3. Asanov, I.M.; Loktionov, E.Y. Possible benefits from PV modules integration in railroad linear structures. Renew. Energy Focus

2018, 25, 1–3. [CrossRef]
4. Kim, B.; Kim, C.; Han, S.; Bae, J.; Jung, J. Is it a good time to develop commercial photovoltaic systems on farmland? An

American-style option with crop price risk. Renew. Sustain. Energy Rev. 2020, 125, 109827. [CrossRef]
5. IPCC. Climate Change and Land: An IPCC Special Report on Climate Change, Desertification, Land Degradation, Sustainable Land

Management, Food Security, and Greenhouse Gas Fluxes in Terrestrial Ecosystems; The Intergovernmental Panel on Climate Change:
Geneva, Switzerland, 2019.

6. Bogdanski, A.; Dubois, O.; Jamieson, C.; Krell, R. Making Integrated Food-Energy Systems Work for People and Climate: An Overview;
Food and Agriculture Organization of the United Nations (FAO): Rome, Italy, 2011.

7. Ballif, C.; Perret-Aebi, L.-E.; Lufkin, S.; Rey, E. Integrated thinking for photovoltaics in buildings. Nat. Energy 2018, 3, 438–442.
[CrossRef]

8. Agostini, A.; Colauzzi, M.; Amaducci, S. Innovative agrivoltaic systems to produce sustainable energy: An economic and
environmental assessment. Appl. Energy 2021, 281, 116102. [CrossRef]

http://www.rscf.ru/en/project/22-49-02002/
http://doi.org/10.1016/j.rser.2015.10.072
http://doi.org/10.1016/j.ref.2018.02.003
http://doi.org/10.1016/j.rser.2020.109827
http://doi.org/10.1038/s41560-018-0176-2
http://doi.org/10.1016/j.apenergy.2020.116102


Energies 2023, 16, 3009 13 of 18

9. Chalgynbayeva, A.; Gabnai, Z.; Lengyel, P.; Pestisha, A.; Bai, A. Worldwide Research Trends in Agrivoltaic Systems—A
Bibliometric Review. Energies 2023, 16, 611. [CrossRef]

10. Giri, N.C.; Mohanty, R.C. Agrivoltaic system: Experimental analysis for enhancing land productivity and revenue of farmers.
Energy Sustain. Dev. 2022, 70, 54–61. [CrossRef]

11. Goetzberger, A.; Zastrow, A. Kartoffeln unter dem Kollektor. Sonnenenergie 1981, 3, 19–22.
12. Fraunhofer ISE. Agrivoltaics: Opportunities for Agriculture and the Energy Transition. A guideline for Germany; Fraunhofer ISE:

Freiburg im Breisgau, Germany, 2022.
13. Solar Power Europe. Agricolar Best Practices Guidelines; Solar Power Europe: Brussels, Belgium, 2021.
14. Schindele, S.; Trommsdorff, M.; Schlaak, A.; Obergfell, T.; Bopp, G.; Reise, C.; Braun, C.; Weselek, A.; Bauerle, A.; Högy, P.; et al.

Implementation of agrophotovoltaics: Techno-economic analysis of the price-performance ratio and its policy implications. Appl.
Energy 2020, 265, 114737. [CrossRef]

15. Xue, J. Photovoltaic agriculture—New opportunity for photovoltaic applications in China. Renew. Sustain. Energy Rev. 2017, 73, 1–9.
[CrossRef]

16. Irie, N.; Kawahara, N.; Esteves, A.M. Sector-wide social impact scoping of agrivoltaic systems: A case study in Japan. Renew.
Energy 2019, 139, 1463–1476. [CrossRef]

17. Barron-Gafford, G.A.; Pavao-Zuckerman, M.A.; Minor, R.L.; Sutter, L.F.; Barnett-Moreno, I.; Blackett, D.T.; Thompson, M.;
Dimond, K.; Gerlak, A.K.; Nabhan, G.P.; et al. Agrivoltaics provide mutual benefits across the food–energy–water nexus in
drylands. Nat. Sustain. 2019, 2, 848–855. [CrossRef]

18. Sekiyama, T.; Nagashima, A. Solar Sharing for Both Food and Clean Energy Production: Performance of Agrivoltaic Systems for
Corn, A Typical Shade-Intolerant Crop. Environments 2019, 6, 65. [CrossRef]

19. Proctor, K.W.; Murthy, G.S.; Higgins, C.W. Agrivoltaics Align with Green New Deal Goals While Supporting Investment in the
US’ Rural Economy. Sustainability 2021, 13, 137. [CrossRef]

20. Majumdar, D.; Pasqualetti, M.J. Dual use of agricultural land: Introducing ‘agrivoltaics’ in Phoenix Metropolitan Statistical Area,
USA. Landsc. Urban Plan. 2018, 170, 150–168. [CrossRef]

21. Leon, A.; Ishihara, K.N. Assessment of new functional units for agrivoltaic systems. J. Environ. Manag. 2018, 226, 493–498.
[CrossRef]

22. Cuppari, R.I.; Higgins, C.W.; Characklis, G.W. Agrivoltaics and weather risk: A diversification strategy for landowners. Appl.
Energy 2021, 291, 116809. [CrossRef]

23. Giri, N.C.; Mohanty, R.C. Design of agrivoltaic system to optimize land use for clean energy-food production: A socio-economic
and environmental assessment. Clean Technol. Environ. Policy 2022, 24, 2595–2606. [CrossRef]

24. Wagner, M.; Lask, J.; Kiesel, A.; Lewandowski, I.; Weselek, A.; Högy, P.; Trommsdorff, M.; Schnaiker, M.-A.; Bauerle, A. Agrivoltaics:
The Environmental Impacts of Combining Food Crop Cultivation and Solar Energy Generation. Agronomy 2023, 13, 299. [CrossRef]

25. Marrou, H.; Guilioni, L.; Dufour, L.; Dupraz, C.; Wery, J. Microclimate under agrivoltaic systems: Is crop growth rate affected in
the partial shade of solar panels? Agric. For. Meteorol. 2013, 177, 117–132. [CrossRef]

26. Marrou, H.; Dufour, L.; Wery, J. How does a shelter of solar panels influence water flows in a soil–crop system? Eur. J. Agron.
2013, 50, 38–51. [CrossRef]

27. Cossu, M.; Murgia, L.; Ledda, L.; Deligios, P.A.; Sirigu, A.; Chessa, F.; Pazzona, A. Solar radiation distribution inside a greenhouse
with south-oriented photovoltaic roofs and effects on crop productivity. Appl. Energy 2014, 133, 89–100. [CrossRef]

28. Marrou, H.; Wery, J.; Dufour, L.; Dupraz, C. Productivity and radiation use efficiency of lettuces grown in the partial shade of
photovoltaic panels. Eur. J. Agron. 2013, 44, 54–66. [CrossRef]

29. Elamri, Y.; Cheviron, B.; Mange, A.; Dejean, C.; Liron, F.; Belaud, G. Rain concentration and sheltering effect of solar panels on
cultivated plots. Hydrol. Earth Syst. Sci. Discuss. 2017, 22, 1285–1298. [CrossRef]

30. Elamri, Y.; Cheviron, B.; Lopez, J.M.; Dejean, C.; Belaud, G. Water budget and crop modelling for agrivoltaic systems: Application
to irrigated lettuces. Agric. Water Manag. 2018, 208, 440–453. [CrossRef]

31. Valle, B.; Simonneau, T.; Sourd, F.; Pechier, P.; Hamard, P.; Frisson, T.; Ryckewaert, M.; Christophe, A. Increasing the total
productivity of a land by combining mobile photovoltaic panels and food crops. Appl. Energy 2017, 206, 1495–1507. [CrossRef]

32. Dupraz, C.; Marrou, H.; Talbot, G.; Dufour, L.; Nogier, A.; Ferard, Y. Combining solar photovoltaic panels and food crops for
optimising land use: Towards new agrivoltaic schemes. Renew. Energy 2011, 36, 2725–2732. [CrossRef]

33. Amaducci, S.; Yin, X.; Colauzzi, M. Agrivoltaic systems to optimise land use for electric energy production. Appl. Energy 2018,
220, 545–561. [CrossRef]

34. Willockx, B.; Herteleer, B.; Cappelle, J. Combining photovoltaic modules and food crops: First agrovoltaic prototype in Belgium.
Renew. Energy Power Qual. J. 2020, 18, 266–271. [CrossRef]

35. Ravi, S.; Macknick, J.; Lobell, D.; Field, C.; Ganesan, K.; Jain, R.; Elchinger, M.; Stoltenberg, B. Colocation opportunities for large
solar infrastructures and agriculture in drylands. Appl. Energy 2016, 165, 383–392. [CrossRef]

36. Campana, P.E.; Li, H.; Zhang, J.; Zhang, R.; Liu, J.; Yan, J. Economic optimization of photovoltaic water pumping systems for
irrigation. Energy Convers. Manag. 2015, 95, 32–41. [CrossRef]

37. Jones, M.A.; Odeh, I.; Haddad, M.; Mohammad, A.H.; Quinn, J.C. Economic analysis of photovoltaic (PV) powered water
pumping and desalination without energy storage for agriculture. Desalination 2016, 387, 35–45. [CrossRef]

http://doi.org/10.3390/en16020611
http://doi.org/10.1016/j.esd.2022.07.003
http://doi.org/10.1016/j.apenergy.2020.114737
http://doi.org/10.1016/j.rser.2017.01.098
http://doi.org/10.1016/j.renene.2019.02.048
http://doi.org/10.1038/s41893-019-0364-5
http://doi.org/10.3390/environments6060065
http://doi.org/10.3390/su13010137
http://doi.org/10.1016/j.landurbplan.2017.10.011
http://doi.org/10.1016/j.jenvman.2018.08.013
http://doi.org/10.1016/j.apenergy.2021.116809
http://doi.org/10.1007/s10098-022-02337-7
http://doi.org/10.3390/agronomy13020299
http://doi.org/10.1016/j.agrformet.2013.04.012
http://doi.org/10.1016/j.eja.2013.05.004
http://doi.org/10.1016/j.apenergy.2014.07.070
http://doi.org/10.1016/j.eja.2012.08.003
http://doi.org/10.5194/hess-22-1285-2018
http://doi.org/10.1016/j.agwat.2018.07.001
http://doi.org/10.1016/j.apenergy.2017.09.113
http://doi.org/10.1016/j.renene.2011.03.005
http://doi.org/10.1016/j.apenergy.2018.03.081
http://doi.org/10.24084/repqj18.291
http://doi.org/10.1016/j.apenergy.2015.12.078
http://doi.org/10.1016/j.enconman.2015.01.066
http://doi.org/10.1016/j.desal.2016.02.035


Energies 2023, 16, 3009 14 of 18

38. Cho, J.; Park, S.M.; Park, A.R.; Lee, O.C.; Nam, G.; Ra, I.-H. Application of Photovoltaic Systems for Agriculture: A Study on the
Relationship between Power Generation and Farming for the Improvement of Photovoltaic Applications in Agriculture. Energies
2020, 13, 4815. [CrossRef]

39. Weselek, A.; Ehmann, A.; Zikeli, S.; Lewandowski, I.; Schindele, S.; Högy, P. Agrophotovoltaic systems: Applications, challenges,
and opportunities. A review. Agron. Sustain. Dev. 2019, 39, 35. [CrossRef]

40. Santhana Krishnan, R.; Lakshmi Narayanan, K.; Golden Julie, E.; Boopesh Prashad, V.A.; Marimuthu, K.; Sundararajan, S. Solar
Powered Mobile Controlled Agrobot. In Proceedings of the 2022 Second International Conference on Artificial Intelligence and
Smart Energy (ICAIS), Coimbatore, India, 23–25 February 2022; p. 9742856.

41. Huang, K.; Shu, L.; Li, K.; Yang, F.; Han, G.; Wang, X.; Pearson, S. Photovoltaic Agricultural Internet of Things Towards Realizing
the Next Generation of Smart Farming. IEEE Access 2020, 8, 76300–76312. [CrossRef]

42. Kharchenko, V.; Panchenko, V.; Tikhonov, P.V.; Vasant, P. Cogenerative PV Thermal Modules of Different Design for Autonomous
Heat and Electricity Supply. In Handbook of Research on Renewable Energy and Electric Resources for Sustainable Rural Development;
Valeriy, K., Pandian, V., Eds.; IGI Global: Hershey, PA, USA, 2018; pp. 86–119.

43. Mikheeva, E.R.; Katraeva, I.V.; Kovalev, A.A.; Kovalev, D.A.; Nozhevnikova, A.N.; Panchenko, V.; Fiore, U.; Litti, Y.V. The Start-Up
of Continuous Biohydrogen Production from Cheese Whey: Comparison of Inoculum Pretreatment Methods and Reactors with
Moving and Fixed Polyurethane Carriers. Appl. Sci. 2021, 11, 510. [CrossRef]

44. Mamun, M.A.A.; Dargusch, P.; Wadley, D.; Zulkarnain, N.A.; Aziz, A.A. A review of research on agrivoltaic systems. Renew.
Sustain. Energy Rev. 2022, 161, 112351. [CrossRef]

45. Khele, I.; Szabó, M. Microclimatic and Energetic Feasibility of Agrivoltaic Systems: State of the Art. Hung. Agric. Eng. 2021,
102–115. [CrossRef]

46. Kumpanalaisatit, M.; Setthapun, W.; Sintuya, H.; Pattiya, A.; Jansri, S.N. Current status of agrivoltaic systems and their benefits
to energy, food, environment, economy, and society. Sustain. Prod. Consum. 2022, 33, 952–963. [CrossRef]

47. Reasoner, M.; Ghosh, A. Agrivoltaic Engineering and Layout Optimization Approaches in the Transition to Renewable Energy
Technologies: A Review. Challenges 2022, 13, 43. [CrossRef]

48. Dufour, L.; Metay, A.; Talbot, G.; Dupraz, C. Assessing Light Competition for Cereal Production in Temperate Agroforestry
Systems using Experimentation and Crop Modelling. J. Agron. Crop Sci. 2013, 199, 217–227. [CrossRef]

49. Artru, S.; Garré, S.; Dupraz, C.; Hiel, M.-P.; Blitz-Frayret, C.; Lassois, L. Impact of spatio-temporal shade dynamics on wheat
growth and yield, perspectives for temperate agroforestry. Eur. J. Agron. 2017, 82, 60–70. [CrossRef]

50. Lobos, G.A.; Retamales, J.B.; Hancock, J.F.; Flore, J.A.; Romero-Bravo, S.; del Pozo, A. Productivity and fruit quality of Vaccinium
corymbosum cv. Elliott under photo-selective shading nets. Sci. Hortic. 2013, 153, 143–149. [CrossRef]

51. Gauthier, M.; Pellet, D.; Monney, C.; Herrera, J.M.; Rougier, M.; Baux, A. Fatty acids composition of oilseed rape genotypes as
affected by solar radiation and temperature. Field Crops Res. 2017, 212, 165–174. [CrossRef]

52. Li, X.; Cai, J.; Li, H.; Bo, Y.; Liu, F.; Jiang, D.; Dai, T.; Cao, W. Effect of Shading from Jointing to Maturity on High Molecular
Weight Glutenin Subunit Accumulation and Glutenin Macropolymer Concentration in Grain of Winter Wheat. J. Agron. Crop Sci.
2012, 198, 68–79. [CrossRef]

53. Smith, M.R.; Golden, C.D.; Myers, S.S. Potential rise in iron deficiency due to future anthropogenic carbon dioxide emissions.
GeoHealth 2017, 1, 248–257. [CrossRef]

54. Myers, S.S.; Wessells, K.R.; Kloog, I.; Zanobetti, A.; Schwartz, J. Effect of increased concentrations of atmospheric carbon dioxide
on the global threat of zinc deficiency: A modelling study. Lancet Glob. Health 2015, 3, e639–e645. [CrossRef]

55. Zhu, C.; Kobayashi, K.; Loladze, I.; Zhu, J.; Jiang, Q.; Xu, X.; Liu, G.; Seneweera, S.; Ebi, K.L.; Drewnowski, A.; et al. Carbon
dioxide (CO2) levels this century will alter the protein, micronutrients, and vitamin content of rice grains with potential health
consequences for the poorest rice-dependent countries. Sci. Adv. 2018, 4, eaaq1012. [CrossRef]

56. Thompson, E.P.; Bombelli, E.L.; Shubham, S.; Watson, H.; Everard, A.; D’Ardes, V.; Schievano, A.; Bocchi, S.; Zand, N.; Howe, C.J.;
et al. Tinted Semi-Transparent Solar Panels Allow Concurrent Production of Crops and Electricity on the Same Cropland. Adv.
Energy Mater. 2020, 10, 2001189. [CrossRef]

57. Grubbs, E.K.; Imran, H.; Agrawal, R.; Bermel, P.A. Coproduction of solar energy on maize farms—experimental validation of
recent experiments. In Proceedings of the 2020 47th IEEE Photovoltaic Specialists Conference (PVSC), Calgary, AB, Canada,
15 June–21 August 2020; pp. 2071–2075.

58. Qin, Y.; Zhang, J. Estimating the stability of unprotected embankment in warm and ice-rich permafrost region. Cold Reg. Sci.
Technol. 2010, 61, 65–71. [CrossRef]

59. Kostik, N.; Bobyl, A.; Rud, V.; Salamov, I. The potential of agrivoltaic systems in the conditions of southern regions of Russian
Federation. In Proceedings of the XVII-th International Youth Science And Environmental Baltic Region Countries Forum
“Ecobaltica”, Saint-Petersburg, Russian, 16–17 July 2020; Volume 578, p. 012047. [CrossRef]

60. Kadowaki, M.; Yano, A.; Ishizu, F.; Tanaka, T.; Noda, S. Effects of greenhouse photovoltaic array shading on Welsh onion growth.
Biosyst. Eng. 2012, 111, 290–297. [CrossRef]

61. Edouard, S.; Combes, D.; Van Iseghem, M.; Ng Wing Tin, M.; Escobar-Gutiérrez, A.J. Increasing land productivity with
agriphotovoltaics: Application to an alfalfa field. Appl. Energy 2023, 329, 120207. [CrossRef]

62. Andrew, A.C.; Higgins, C.W.; Smallman, M.A.; Graham, M.; Ates, S. Herbage Yield, Lamb Growth and Foraging Behavior in
Agrivoltaic Production System. Front. Sustain. Food Syst. 2021, 5, 659175. [CrossRef]

http://doi.org/10.3390/en13184815
http://doi.org/10.1007/s13593-019-0581-3
http://doi.org/10.1109/ACCESS.2020.2988663
http://doi.org/10.3390/app11020510
http://doi.org/10.1016/j.rser.2022.112351
http://doi.org/10.17676/HAE.2021.40.102
http://doi.org/10.1016/j.spc.2022.08.013
http://doi.org/10.3390/challe13020043
http://doi.org/10.1111/jac.12008
http://doi.org/10.1016/j.eja.2016.10.004
http://doi.org/10.1016/j.scienta.2013.02.012
http://doi.org/10.1016/j.fcr.2017.07.013
http://doi.org/10.1111/j.1439-037X.2011.00484.x
http://doi.org/10.1002/2016GH000018
http://doi.org/10.1016/S2214-109X(15)00093-5
http://doi.org/10.1126/sciadv.aaq1012
http://doi.org/10.1002/aenm.202001189
http://doi.org/10.1016/j.coldregions.2009.12.001
http://doi.org/10.1088/1755-1315/578/1/012047
http://doi.org/10.1016/j.biosystemseng.2011.12.006
http://doi.org/10.1016/j.apenergy.2022.120207
http://doi.org/10.3389/fsufs.2021.659175


Energies 2023, 16, 3009 15 of 18

63. Maia, A.S.C.; de Andrade Culhari, E.; Fonsêca, V.D.F.C.; Milan, H.F.M.; Gebremedhin, K.G. Photovoltaic panels as shading
resources for livestock. J. Clean. Prod. 2020, 258, 120551. [CrossRef]

64. Lytle, W.; Meyer, T.K.; Tanikella, N.G.; Burnham, L.; Engel, J.; Schelly, C.; Pearce, J.M. Conceptual Design and Rationale for a New
Agrivoltaics Concept: Pasture-Raised Rabbits and Solar Farming. J. Clean. Prod. 2021, 282, 124476. [CrossRef]

65. Redpath, D.A.G.; McIlveen-Wright, D.; Kattakayam, T.; Hewitt, N.J.; Karlowski, J.; Bardi, U. Battery powered electric vehicles
charged via solar photovoltaic arrays developed for light agricultural duties in remote hilly areas in the Southern Mediterranean
region. J. Clean. Prod. 2011, 19, 2034–2048. [CrossRef]

66. Heikkilä, M.; Suomalainen, J.; Saukko, O.; Kippola, T.; Lähetkangas, K.; Koskela, P.; Kalliovaara, J.; Haapala, H.; Pirttiniemi, J.;
Yastrebova, A.; et al. Unmanned Agricultural Tractors in Private Mobile Networks. Network 2022, 2, 1–20. [CrossRef]

67. Jang, R.; Kasimov, F.; Zhang, D.; Kaliyeva, K. Design and Implementation of Unmanned Agricultural Machinery. In Proceedings
of the International Conference on Intelligent Control, Measurement and Signal Processing (ICMSP) 2019, Xi’an, China, 27–29
December 2019; Volume 799, p. 012032. [CrossRef]

68. Wang, L.; Huang, X.; Li, W.; Yan, K.; Han, Y.; Zhang, Y.; Pawlowski, L.; Lan, Y. Progress in Agricultural Unmanned Aerial Vehicles
(UAVs) Applied in China and Prospects for Poland. Agriculture 2022, 12, 397. [CrossRef]

69. IRENA; FAO. Renewable Energy for Agri-Food Systems—Towards the Sustainable Development Goals and the Paris Agreement; IRENA:
Masdar City, United Arab Emirates; FAO: Rome, Italy, 2021.

70. Sharma, K.; Kothari, S.; Panwar, N.L.; Rathore, N. Design and development of solar energy powered maize milling machine. Int.
J. Ambient. Energy 2022, 43, 1671–1676. [CrossRef]

71. IRENA. Renewable Energy for Agriculture: Insights from Southeast Asia; IRENA: Masdar City, United Arab Emirates, 2022.
72. Ortiz-Rodríguez, N.M.; Condorí, M.; Durán, G.; García-Valladares, O. Solar drying Technologies: A review and future research

directions with a focus on agroindustrial applications in medium and large scale. Appl. Therm. Eng. 2022, 215, 118993. [CrossRef]
73. Nabavi-Pelesaraei, A.; Azadi, H.; Van Passel, S.; Saber, Z.; Hosseini-Fashami, F.; Mostashari-Rad, F.; Ghasemi-Mobtaker, H.

Prospects of solar systems in production chain of sunflower oil using cold press method with concentrating energy and life cycle
assessment. Energy 2021, 223, 120117. [CrossRef]

74. Feng, L.; Liu, Z.; Lin, X.; Yang, F. Solar energy application and its effect on microorganisms in food waste anaerobic fermentation
regulated by organic load. Energy Rep. 2022, 8, 679–688. [CrossRef]

75. Mandi, L.; Hilali, S.; Chemat, F.; Idlimam, A. 18—Solar as sustainable energy for processing, preservation, and extraction. In
Green Food Processing Techniques; Chemat, F., Vorobiev, E., Eds.; Academic Press: Cambridge, MA, USA, 2019; pp. 499–511.

76. Riaz, M.H.; Imran, H.; Younas, R.; Butt, N.Z. The optimization of vertical bifacial photovoltaic farms for efficient agrivoltaic
systems. Sol. Energy 2021, 230, 1004–1012. [CrossRef]

77. Liu, X.; Li, T.; Yuan, Z.; Li, X. Low-cost all-iron flow battery with high performance towards long-duration energy storage.
J. Energy Chem. 2022, 73, 445–451. [CrossRef]

78. McKuin, B.; Zumkehr, A.; Ta, J.; Bales, R.; Viers, J.H.; Pathak, T.; Campbell, J.E. Energy and water co-benefits from covering canals
with solar panels. Nat. Sustain. 2021, 4, 609–617. [CrossRef]

79. Kumar, N.M.; JayannaKanchikere, P.M. Floatovoltaics: Towards improved energy efficiency, land and water management. Int. J.
Civ. Eng. Technol. 2018, 9, 1089–1096.

80. Moustafa, K. Toward Future Photovoltaic-Based Agriculture in Sea. Trends Biotechnol. 2016, 34, 257–259. [CrossRef]
81. Zhang, Y.; Tan, S.C. Best practices for solar water production technologies. Nat. Sustain. 2022, 5, 554–556. [CrossRef]
82. Pringle, A.M.; Handler, R.M.; Pearce, J.M. Aquavoltaics: Synergies for dual use of water area for solar photovoltaic electricity

generation and aquaculture. Renew. Sustain. Energy Rev. 2017, 80, 572–584. [CrossRef]
83. Chandel, S.S.; Nagaraju Naik, M.; Chandel, R. Review of solar photovoltaic water pumping system technology for irrigation and

community drinking water supplies. Renew. Sustain. Energy Rev. 2015, 49, 1084–1099. [CrossRef]
84. Xu, Z.; Elomri, A.; Al-Ansari, T.; Kerbache, L.; El Mekkawy, T. Decisions on design and planning of solar-assisted hydroponic

farms under various subsidy schemes. Renew. Sustain. Energy Rev. 2022, 156, 111958. [CrossRef]
85. Vo, T.T.E.; Ko, H.; Huh, J.-H.; Park, N. Overview of Solar Energy for Aquaculture: The Potential and Future Trends. Energies 2021,

14, 6923. [CrossRef]
86. Clough, S.; Mamo, J.; Hoevenaars, K.; Bardocz, T.; Petersen, P.; Rosendorf, P.; Atiye, T.; Gukelberger, E.; Guya, E.; Hoinkis, J.

Innovative Technologies to Promote Sustainable Recirculating Aquaculture in Eastern Africa—A Case Study of a Nile Tilapia
(Oreochromis niloticus) Hatchery in Kisumu, Kenya. Integr. Environ. Assess. Manag. 2020, 16, 934–941. [CrossRef] [PubMed]

87. Shao, S.; Zhang, Q.; Guo, S.; Sun, L. Intelligent Farm Meets Edge Computing: Energy-Efficient Solar Insecticidal Lamp Manage-
ment. IEEE Syst. J. 2022, 16, 3668–3678. [CrossRef]

88. Lee, S.; Oh, M.-M. Electric stimulation promotes growth, mineral uptake, and antioxidant accumulation in kale (Brassica oleracea
var. acephala). Bioelectrochemistry 2021, 138, 107727. [CrossRef]

89. van Zanten, M.; Ai, H.; Quint, M. Plant thermotropism: An underexplored thermal engagement and avoidance strategy. J. Exp.
Bot. 2021, 72, 7414–7420. [CrossRef]

http://doi.org/10.1016/j.jclepro.2020.120551
http://doi.org/10.1016/j.jclepro.2020.124476
http://doi.org/10.1016/j.jclepro.2011.07.015
http://doi.org/10.3390/network2010001
http://doi.org/10.1088/1757-899X/799/1/012032
http://doi.org/10.3390/agriculture12030397
http://doi.org/10.1080/01430750.2020.1712241
http://doi.org/10.1016/j.applthermaleng.2022.118993
http://doi.org/10.1016/j.energy.2021.120117
http://doi.org/10.1016/j.egyr.2022.10.351
http://doi.org/10.1016/j.solener.2021.10.051
http://doi.org/10.1016/j.jechem.2022.06.041
http://doi.org/10.1038/s41893-021-00693-8
http://doi.org/10.1016/j.tibtech.2015.12.012
http://doi.org/10.1038/s41893-022-00880-1
http://doi.org/10.1016/j.rser.2017.05.191
http://doi.org/10.1016/j.rser.2015.04.083
http://doi.org/10.1016/j.rser.2021.111958
http://doi.org/10.3390/en14216923
http://doi.org/10.1002/ieam.4295
http://www.ncbi.nlm.nih.gov/pubmed/32470193
http://doi.org/10.1109/JSYST.2022.3174925
http://doi.org/10.1016/j.bioelechem.2020.107727
http://doi.org/10.1093/jxb/erab209


Energies 2023, 16, 3009 16 of 18

90. Chen, Z.; Galli, M.; Galavotti, A. Mechanisms of temperature-regulated growth and thermotolerance in crop species. Curr. Opin.
Plant Biol. 2022, 65, 102134. [CrossRef]

91. Sarraf, M.; Kataria, S.; Taimourya, H.; Santos, L.O.; Menegatti, R.D.; Jain, M.; Ihtisham, M.; Liu, S. Magnetic Field (MF)
Applications in Plants: An Overview. Plants 2020, 9, 1139. [CrossRef]

92. Radhakrishnan, R. Magnetic field regulates plant functions, growth and enhances tolerance against environmental stresses.
Physiol. Mol. Biol. Plants 2019, 25, 1107–1119. [CrossRef]

93. Maffei, M.E. Magnetic field effects on plant growth, development, and evolution. Front. Plant Sci. 2014, 5, 445. [CrossRef]
[PubMed]

94. Boernke, F.; Rocksch, T. Thigmomorphogenesis—Control of plant growth by mechanical stimulation. Sci. Hortic. 2018, 234,
344–353. [CrossRef]

95. Hassanien, R.H.E.; Hou, T.-Z.; Li, Y.-F.; Li, B.-M. Advances in Effects of Sound Waves on Plants. J. Integr. Agric. 2014, 13, 335–348.
[CrossRef]

96. Granata, G.; Altimari, P.; Pagnanelli, F.; De Greef, J. Recycling of solar photovoltaic panels: Techno-economic assessment in waste
management perspective. J. Clean. Prod. 2022, 363, 132384. [CrossRef]

97. Daljit Singh, J.K.; Molinari, G.; Bui, J.; Soltani, B.; Rajarathnam, G.P.; Abbas, A. Life Cycle Assessment of Disposed and Recycled
End-of-Life Photovoltaic Panels in Australia. Sustainability 2021, 13, 11025. [CrossRef]

98. Jordan, D.C.; Silverman, T.J.; Wohlgemuth, J.H.; Kurtz, S.R.; VanSant, K.T. Photovoltaic failure and degradation modes. Prog.
Photovolt. Res. Appl. 2017, 25, 318–326. [CrossRef]

99. Annigoni, E.; Virtuani, A.; Caccivio, M.; Friesen, G.; Chianese, D.; Ballif, C. 35 years of photovoltaics: Analysis of the TISO-10-kW
solar plant, lessons learnt in safety and performance—Part 2. Prog. Photovolt. Res. Appl. 2019, 27, 760–778. [CrossRef]

100. Virtuani, A.; Caccivio, M.; Annigoni, E.; Friesen, G.; Chianese, D.; Ballif, C.; Sample, T. 35 years of photovoltaics: Analysis of the
TISO-10-kW solar plant, lessons learnt in safety and performance—Part 1. Prog. Photovolt. Res. Appl. 2019, 27, 328–339. [CrossRef]

101. Poulek, V.; Strebkov, D.S.; Persic, I.S.; Libra, M. Towards 50 years lifetime of PV panels laminated with silicone gel technology. Sol.
Energy 2012, 86, 3103–3108. [CrossRef]

102. Ketzer, D.; Weinberger, N.; Rösch, C.; Seitz, S.B. Land use conflicts between biomass and power production—citizens’ participation
in the technology development of Agrophotovoltaics. J. Responsible Innov. 2020, 7, 193–216. [CrossRef]

103. Nawab, F.; Abd Hamid, A.S.; Arif, M.; Khan, T.A.; Naveed, A.; Sadiq, M.; Imad Ud din, S.; Ibrahim, A. Solar&ndash;Biogas
Microgrid: A Strategy for the Sustainable Development of Rural Communities in Pakistan. Sustainability 2022, 14, 11124.

104. Mizanur Rahman, M.; Mahmodul Hasan, M.; Paatero, J.; Lahdelma, R. Hybrid application of biogas and solar resources to
fulfill household energy needs: A potentially viable option in rural areas of developing countries. Renew. Energy 2014, 68, 35–45.
[CrossRef]

105. Yeamin Ali, M.; Hasan, M.; Atiqur Rahman, M.; Kafy, A.-A.; Ara, I.; Javed, A.; Redwanur Rahman, M. Life cycle energy and
cost analysis of small scale biogas plant and solar PV system in rural areas of Bangladesh. Energy Procedia 2019, 160, 277–284.
[CrossRef]

106. Tamoor, M.; Suleman Tahir, M.; Sagir, M.; Bilal Tahir, M.; Iqbal, S.; Nawaz, T. Design of 3 kW integrated power generation system
from solar and biogas. Int. J. Hydrog. Energy 2020, 45, 12711–12720. [CrossRef]

107. Gazda, W.; Stanek, W. Energy and environmental assessment of integrated biogas trigeneration and photovoltaic plant as more
sustainable industrial system. Appl. Energy 2016, 169, 138–149. [CrossRef]

108. Kovalev, A.A.; Kovalev, D.A.; Zhuravleva, E.A.; Katraeva, I.V.; Panchenko, V.; Fiore, U.; Litti, Y.V. Two-stage anaerobic digestion
with direct electric stimulation of methanogenesis: The effect of a physical barrier to retain biomass on the surface of a carbon
cloth-based biocathode. Renew. Energy 2022, 181, 966–977. [CrossRef]

109. Axaopoulos, P.; Panagakis, P.; Tsavdaris, A.; Georgakakis, D. Simulation and experimental performance of a solar-heated
anaerobic digester. Sol. Energy 2001, 70, 155–164. [CrossRef]

110. El-Mashad, H.M.; van Loon, W.K.P.; Zeeman, G.; Bot, G.P.A.; Lettinga, G. Design of A Solar Thermophilic Anaerobic Reactor for
Small Farms. Biosyst. Eng. 2004, 87, 345–353. [CrossRef]

111. Ouhammou, B.; Mohammed, A.; Sliman, S.; Jamil, A.; Mohammed, B.; Karouach, F.; Bari, H.E.; Kousksou, T. Experimental
conception and thermo-energetic analysis of a solar biogas production system. Case Stud. Therm. Eng. 2022, 30, 101740. [CrossRef]

112. Feng, R.; Li, J.; Dong, T.; Li, X. Performance of a novel household solar heating thermostatic biogas system. Appl. Therm. Eng.
2016, 96, 519–526. [CrossRef]

113. Li, J.; Jin, S.; Wan, D.; Li, H.; Gong, S.; Novakovic, V. Feasibility of annual dry anaerobic digestion temperature-controlled by solar
energy in cold and arid areas. J. Environ. Manag. 2022, 318, 115626. [CrossRef] [PubMed]

114. Zhong, Y.; Roman, M.B.; Zhong, Y.; Archer, S.; Chen, R.; Deitz, L.; Hochhalter, D.; Balaze, K.; Sperry, M.; Werner, E.; et al. Using
anaerobic digestion of organic wastes to biochemically store solar thermal energy. Energy 2015, 83, 638–646. [CrossRef]

115. Gaballah, E.S.; Abdelkader, T.K.; Luo, S.; Yuan, Q.; Abomohra, A.E.-F. Enhancement of biogas production by integrated solar
heating system: A pilot study using tubular digester. Energy 2020, 193, 116758. [CrossRef]

116. Amo-Aidoo, A.; Hensel, O.; Korese, J.K.; Neba, F.A.; Sturm, B. A framework for optimization of energy efficiency and integration
of hybridized-solar energy in agro-industrial plants: Bioethanol production from cassava in Ghana. Energy Rep. 2021, 7, 1501–1519.
[CrossRef]

117. Panchenko, V.A. Solar Roof Panels for Electric and Thermal Generation. Appl. Sol. Energy 2018, 54, 350–353. [CrossRef]

http://doi.org/10.1016/j.pbi.2021.102134
http://doi.org/10.3390/plants9091139
http://doi.org/10.1007/s12298-019-00699-9
http://doi.org/10.3389/fpls.2014.00445
http://www.ncbi.nlm.nih.gov/pubmed/25237317
http://doi.org/10.1016/j.scienta.2018.02.059
http://doi.org/10.1016/S2095-3119(13)60492-X
http://doi.org/10.1016/j.jclepro.2022.132384
http://doi.org/10.3390/su131911025
http://doi.org/10.1002/pip.2866
http://doi.org/10.1002/pip.3146
http://doi.org/10.1002/pip.3104
http://doi.org/10.1016/j.solener.2012.07.013
http://doi.org/10.1080/23299460.2019.1647085
http://doi.org/10.1016/j.renene.2014.01.030
http://doi.org/10.1016/j.egypro.2019.02.147
http://doi.org/10.1016/j.ijhydene.2020.02.207
http://doi.org/10.1016/j.apenergy.2016.02.037
http://doi.org/10.1016/j.renene.2021.09.097
http://doi.org/10.1016/S0038-092X(00)00130-4
http://doi.org/10.1016/j.biosystemseng.2003.11.013
http://doi.org/10.1016/j.csite.2021.101740
http://doi.org/10.1016/j.applthermaleng.2015.12.003
http://doi.org/10.1016/j.jenvman.2022.115626
http://www.ncbi.nlm.nih.gov/pubmed/35777156
http://doi.org/10.1016/j.energy.2015.02.070
http://doi.org/10.1016/j.energy.2019.116758
http://doi.org/10.1016/j.egyr.2021.03.008
http://doi.org/10.3103/S0003701X18050146


Energies 2023, 16, 3009 17 of 18

118. He, J.; Janáky, C. Recent Advances in Solar-Driven Carbon Dioxide Conversion: Expectations versus Reality. ACS Energy Lett.
2020, 5, 1996–2014. [CrossRef]

119. Comer, B.M.; Fuentes, P.; Dimkpa, C.O.; Liu, Y.-H.; Fernandez, C.A.; Arora, P.; Realff, M.; Singh, U.; Hatzell, M.C.; Medford, A.J.
Prospects and Challenges for Solar Fertilizers. Joule 2019, 3, 1578–1605. [CrossRef]

120. Santoyo, G.; Guzmán-Guzmán, P.; Parra-Cota, F.I.; Santos-Villalobos, S.D.L.; Orozco-Mosqueda, M.D.C.; Glick, B.R. Plant Growth
Stimulation by Microbial Consortia. Agronomy 2021, 11, 219. [CrossRef]

121. Dannehl, D. Effects of electricity on plant responses. Sci. Hortic. 2018, 234, 382–392. [CrossRef]
122. Blankenship, R.E.; Tiede, D.M.; Barber, J.; Brudvig, G.W.; Fleming, G.; Ghirardi, M.; Gunner, M.R.; Junge, W.; Kramer, D.M.;

Melis, A.; et al. Comparing Photosynthetic and Photovoltaic Efficiencies and Recognizing the Potential for Improvement. Science
2011, 332, 805–809. [CrossRef]

123. Ma Lu, S.; Zainali, S.; Stridh, B.; Avelin, A.; Amaducci, S.; Colauzzi, M.; Campana, P.E. Photosynthetically active radiation
decomposition models for agrivoltaic systems applications. Sol. Energy 2022, 244, 536–549. [CrossRef]

124. Cope, K.R.; Snowden, M.C.; Bugbee, B. Photobiological Interactions of Blue Light and Photosynthetic Photon Flux: Effects of
Monochromatic and Broad-Spectrum Light Sources. Photochem. Photobiol. 2014, 90, 574–584. [CrossRef] [PubMed]

125. Lopez, J.C. Influence of Light on Crop Growth. Available online: https://www.pthorticulture.com/en/training-center/influence-
of-light-on-crop-growth/ (accessed on 4 February 2021).

126. Khoshnevisan, B.; He, L.; Xu, M.; Valverde-Pérez, B.; Sillman, J.; Mitraka, G.-C.; Kougias, P.G.; Zhang, Y.; Yan, S.; Ji, L.; et al. From
renewable energy to sustainable protein sources: Advancement, challenges, and future roadmaps. Renew. Sustain. Energy Rev.
2022, 157, 112041. [CrossRef]

127. Gauffin, H. Agrivoltaic Implementation in Greenhouses: A Techno-Economic Analysis of Agrivoltaic Installations for Greenhouses in
Sweden; KTH Royal Institute of Technology: Stockholm, Sweden, 2022.

128. Ma, Y.H. Techno-Economic Analysis of Agrivoltaics Installations for Greenhouses in Sweden; Escola Tècnica Superior d’Enginyeria
Industrial de Barcelona: Barcelona, Spain, 2022.

129. Loktionov, E.Y.; Sharaborova, E.S.; Shepitko, T.V. A Sustainable Concept for Permafrost Thermal Stabilization. Sustain. Energy
Technol. Assess. 2022, 52, 102003. [CrossRef]

130. Sharaborova, E.S.; Shepitko, T.V.; Loktionov, E.Y. Experimental proof of a solar-powered heat pump system for permafrost
thermal stabilization. Energies 2021, 15, 2118. [CrossRef]

131. Rondelli, V.; Franceschetti, B.; Mengoli, D. A Review of Current and Historical Research Contributions to the Development of
Ground Autonomous Vehicles for Agriculture. Sustainability 2022, 14, 9221. [CrossRef]

132. Mammarella, M.; Comba, L.; Biglia, A.; Dabbene, F.; Gay, P. Cooperation of unmanned systems for agricultural applications: A
theoretical framework. Biosyst. Eng. 2022, 223, 61–80. [CrossRef]

133. Oliveira, L.F.P.; Moreira, A.P.; Silva, M.F. Advances in Agriculture Robotics: A State-of-the-Art Review and Challenges Ahead.
Robotics 2021, 10, 52. [CrossRef]

134. Kim, J.; Kim, S.; Ju, C.; Son, H.I. Unmanned Aerial Vehicles in Agriculture: A Review of Perspective of Platform, Control, and
Applications. IEEE Access 2019, 7, 105100–105115. [CrossRef]

135. Chakraborty, S.; Elangovan, D.; Govindarajan, P.L.; ELnaggar, M.F.; Alrashed, M.M.; Kamel, S. A Comprehensive Review of Path
Planning for Agricultural Ground Robots. Sustainability 2022, 14, 9156. [CrossRef]

136. Fernandes, H.R.; Polania, E.C.M.; Garcia, A.P.; Mendoza, O.B.; Albiero, D. Agricultural unmanned ground vehicles: A review
from the stability point of view. Rev. Cienc. Agron. 2020, 51, e20207761. [CrossRef]

137. Tao, W.; Zhao, L.; Wang, G.; Liang, R. Review of the internet of things communication technologies in smart agriculture and
challenges. Comput. Electron. Agric. 2021, 189, 106352. [CrossRef]

138. Cheah, W.C.; Watson, S.A.; Lennox, B. Limitations of wireless power transfer technologies for mobile robots. Wirel. Power Transf.
2019, 6, 175–189. [CrossRef]

139. Maffezzoli, F.; Ardolino, M.; Bacchetti, A.; Perona, M.; Renga, F. Agriculture 4.0: A systematic literature review on the paradigm,
technologies and benefits. Futures 2022, 142, 102998. [CrossRef]

140. Liu, Y.; Ma, X.; Shu, L.; Hancke, G.P.; Abu-Mahfouz, A.M. From Industry 4.0 to Agriculture 4.0: Current Status, Enabling
Technologies, and Research Challenges. IEEE Trans. Ind. Inform. 2021, 17, 4322–4334. [CrossRef]

141. Zhang, F.; Zhang, Y.; Lu, W.; Gao, Y.; Gong, Y.; Cao, J. 6G-Enabled Smart Agriculture: A Review and Prospect. Electronics 2022, 11,
2845. [CrossRef]

142. Adilov, N.; Alexander, P.J.; Cunningham, B.M. An economic “Kessler Syndrome”: A dynamic model of earth orbit debris. Econ.
Lett. 2018, 166, 79–82. [CrossRef]

143. Stephens, J.C.; Wilson, E.J.; Peterson, T.R. Smart Grid (R)Evolution: Electric Power Struggles; Cambridge University Press: Cambridge,
UK, 2015; p. 203.

144. Campana, P.E.; Li, H.; Yan, J. Techno-economic feasibility of the irrigation system for the grassland and farmland conservation in
China: Photovoltaic vs. wind power water pumping. Energy Convers. Manag. 2015, 103, 311–320. [CrossRef]

145. Othman, N.F.; Yap, S.; Ya’acob, M.E.; Hizam, H.; Su, A.S.M.; Iskandar, N. Performance evaluation for agrovoltaic DC generation in
tropical climatic conditions. In Proceedings of the AIP Conference, Jawa Barat, Indonesia, 29–30 April 2019; Volume 2129, p. 020006.
[CrossRef]

http://doi.org/10.1021/acsenergylett.0c00645
http://doi.org/10.1016/j.joule.2019.05.001
http://doi.org/10.3390/agronomy11020219
http://doi.org/10.1016/j.scienta.2018.02.007
http://doi.org/10.1126/science.1200165
http://doi.org/10.1016/j.solener.2022.05.046
http://doi.org/10.1111/php.12233
http://www.ncbi.nlm.nih.gov/pubmed/24372324
https://www.pthorticulture.com/en/training-center/influence-of-light-on-crop-growth/
https://www.pthorticulture.com/en/training-center/influence-of-light-on-crop-growth/
http://doi.org/10.1016/j.rser.2021.112041
http://doi.org/10.1016/j.seta.2022.102003
http://doi.org/10.3390/en15062118
http://doi.org/10.3390/su14159221
http://doi.org/10.1016/j.biosystemseng.2021.11.008
http://doi.org/10.3390/robotics10020052
http://doi.org/10.1109/ACCESS.2019.2932119
http://doi.org/10.3390/su14159156
http://doi.org/10.5935/1806-6690.20200092
http://doi.org/10.1016/j.compag.2021.106352
http://doi.org/10.1017/wpt.2019.8
http://doi.org/10.1016/j.futures.2022.102998
http://doi.org/10.1109/TII.2020.3003910
http://doi.org/10.3390/electronics11182845
http://doi.org/10.1016/j.econlet.2018.02.025
http://doi.org/10.1016/j.enconman.2015.06.034
http://doi.org/10.1063/1.5118014


Energies 2023, 16, 3009 18 of 18

146. Prabhala, V.A.K.; Baddipadiga, B.P.; Ferdowsi, M. DC distribution systems—An overview. In Proceedings of the 3rd International
Conference on Renewable Energy Research and Applications (ICRERA 2014), Milwaukee, WI, USA, 19–22 October 2014;
pp. 307–312.

147. Kussul, E.; Baydyk, T.; García, N.; Herrera, G.V.; López, A.V.C. Combinations of Solar Concentrators with Agricultural Plants.
J. Environ. Sci. Eng. 2020, B9, 168–181. [CrossRef]

148. Roccaforte, G. Eclipse: A new photovoltaic panel designed for greenhouses and croplands. In Proceedings of the AIP Conference,
Veliky Novgorod, Russia, 28–29 June 2021; Volume 2361, p. 070002. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.17265/2162-5263/2020.05.002
http://doi.org/10.1063/5.0054544

	Introduction 
	Current Activities 
	Horticulture 
	Livestock 
	Harvesting, Storage, and Processing 
	Aquaculture and Irrigation 

	Future Trends 
	Conversion to Biogas 
	Growth Stimulation 
	Electric and Unmanned Agricultural Vehicles, Robotisation 
	Internet of Things and Digital Transformation of Agriculture 
	Added Value Redistribution 
	Suggestions for Future Work 

	Conclusions 
	References

