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Abstract

The ongoing conflict between herdsmen and
farmers across different regions in Nigeria over
scarce natural resources continues to generate
disputes that threaten the lives and property of
citizens. The impact of this crisis is now escalating
to a level that significantly endangers the country’s
socio-economic development and overall security.
It is essential to explore technological solutions that
can sustain both herdsmen and farmers in their
respective activities while making the best use of
limited land resources. This study investigates the
potential of agrivoltaics as a strategy to address
Nigeria’s nomadic cattle rearing challenges. A
review of existing literature was conducted on
the severity and implications of the nomadic
cattle rearing crisis, along with the possibilities of
applying agrivoltaic technology to cattle grazing
systems. The technology involves a series of rack
systems and photovoltaic panels installed based
on the geographic coordinates and local climate
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conditions. The panels provide shade over grazing
land, serving dual purposes: protecting livestock
from heat stress caused by direct sun exposure and
generating electrical energy for use on the same land.
With optimal environmental conditions, structural
compatibility, efficient photovoltaic configurations,
and collaborative research, agrivoltaics emerges
as a promising innovative technology capable
of effectively addressing the issues associated
with nomadic cattle rearing in Nigeria. = This
approach aligns with global efforts to produce
clean, eco-friendly energy and to maximize the
utilization of limited agricultural land to meet the
rising food demands of the growing population.
Additionally, agrivoltaics is compatible with both
Industry 4.0 and 5.0, as it allows the integration of
smart sensing and automatic systems for real-time
monitoring of cattle behaviour, facilitating more
effective rearing practices. Recommendations for
sustainable agrivoltaic practices in Nigeria are also
outlined.

Keywords: agrivoltaics, crisis, cattle rearing, ranching
system.
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1 Introduction

Maximizing the use of natural resources (water,
land and renewable energy) is fast becoming an
area of great research concern. The devastating
effects of fossil energy resources exploration and
application to agriculture and our environment are the
justification for the vigorous crusade on the adoption
and maximized utilization of clean, renewable energy
resources like solar energy alternatives. Solar radiation,
one of the green sources of energy, is now being
harnessed with the help of technological innovations
to support various agricultural activities. It is
then obvious that the meeting point of far-reaching
scientific research breakthroughs and the effective
application of derived real-world solutions has
continued to culminate in the development of
front-line technologies that have attracted serious
consideration in modern agricultural endeavors.

Animal husbandry is a major practice of economic
sustenance for the various citizens of Nigeria, and it
is carried out either in confinement systems or open
grazing systems. In the confinement system, domestic
animals (goats, birds, pigs, cattle, dogs, rabbits, snails,
grasscutter, etc.) are raised and intensively cared
for in pens, barns, cages, barricaded open space or
ranges that restrict the animals’ movement. Whereas
in the open grazing system, animals wander around in
open fields without restraining barricades to their free
movements in search of food for themselves [1]. Cattle
rearing constitutes a major economic variable with
an increasing population trend of 15.3 million in the
year 2017 to 20.7 million in 2022 [2, 3]. Ajayi et al. [1]
reported that the national cattle herd experiences an
estimated growth rate of 1.5% annually. The major
commercial cattle rearing system in Nigeria is the open
grazing system, which is typically of the nomadic
rearing category.

The nomadic rearing system that is mainly operated
by the “Fulani herdsmen” has been attributed to being
responsible for 90% of the livestock reared in Nigeria,
thereby contributing about 3.2% of her Gross Domestic
Product and one-third of the nation’s agricultural
GDP [4-7]. In the earlier days, pastoralists and farmers
mutually co-existed in Nigeria. While the livestock
that is reared by herders provides farmers with meat
protein and manure for their fallow agricultural fields,
the herders also derive feed resources (forage, hay
and grains) from the agriculturalist communities [8].
In recent times, the relationship has been threatened
by the reduction of grazing land due to tremendous
population growth and the relative increase in farming

activities.

The rate of crisis being experienced amidst the
agrarian communities and nomadic livestock herders
has caused severe loss of lives and properties in
the prevalent regions [6]. Also, the crisis between
herders and farmers is causing serious insecurity,
which has, in turn, caused great hindrance to the
campaign on national food security. These impasses
result in the indiscriminate encroachment of reared
animals of herders on cultivated farm fields, hence
causing a serious crisis. In the intense form, the
crisis often degenerates into armed weaponry conflicts
that amount to the death of people, kidnapping and
banditry. In the embattled regions, both the owners
of small and commercial farms are unable to return to
their farms due to fear of being attacked by aggressive
herdsmen. Okojie [9] opined that technological
intervention is one of the practicable remedies to the
protracted crisis bedeviling nomadic cattle rearing in
Nigeria.

The application of solar photovoltaic (PV) technology
towards satisfying energy demands at homes
and agricultural establishments has maintained a
significant increase. This trend was advocated by IEA
through their prediction that by the year 2050, about
6000 TWh of photovoltaic power must have been
generated and supplied to attend to the power needs of
societies. Whether on a regional or global scale, large
expanses of land are required for mounting PV surface
due to the diffusive characteristics of solar energy. This
requirement is often met through massive buildings
incorporating PVs, residential homes with rooftop
PV units and photovoltaic/solar farms. In effect,
there is increased competition for land resources as
the ever-increasing population causes high food and
energy demands. In order to comfortably integrate
PV-generated energy resources into crop and animal
husbandry operational requirements, agrivoltaics
was conceived. According to the Fraunhofer Institute
for Solar Energy Systems [10], China recorded the
most significant participation in agrivoltaics for
the year 2021 with a capacity of 12 GWp. Japan
seconded this feat with more than three operational
agrivoltaic systems. In principle, agrivoltaics entails
the simultaneous development of land resources
for both solar energy generation and agricultural
purposes. This quest became obligatory due to the
rising struggles posed by food and energy production
on the limited land resources.

The concept of agrivoltaics reflects a viable solution
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for the optimized use of PV technology and
limited available land. As most of the research
works dedicated to agrivoltaics are focused on
the simultaneous generation of energy and crop
husbandry in a piece of land, this paper therefore
reviews the prospects of agrivoltaics as an effective
solution to the nomadic cattle rearing crisis in
Nigeria. The objectives are to explore the severity and
multi-dimensional effects of nomadic cattle rearing
crisis in Nigeria, examine the economic significance
of agrivoltaics technology to the agricultural sector,
evaluate the potentials of agrivoltaics to the reduction
of land-use conflicts and rivalry for limited arable
land, appraise the solution prospects of agrivoltaics
technology as viable intervention strategy to the
nomadic cattle rearing crisis, and explore the
alignment of cattle-rearing-integrated agrivoltaics
systems with Industry 4.0 and 5.0 technologies.

A structured literature search was carried out
across multiple sources. Key databases such as
Web of Science and Google Scholar were used
to find peer-reviewed studies and grey literature.
Additional searches in Science Direct, Springer Link,
and Research Gate helped to capture region-specific
studies related to Africa and Nigeria. The search
relied on keyword combinations linking three
themes: technology (e.g., agrivoltaics, dual-use
solar), livestock applications (e.g., cattle, grazing,
pastoralism), and geography (e.g., Nigeria, Africa).
The review focused mainly on work published
between 2015 and 2025, when agrivoltaics research
gained momentum and farmer-herder challenges in
Nigeria became more critical. Only English-language
materials were considered, including journal articles,
conference papers, book chapters, and reports from
governments or international organizations. Studies
were selected if they addressed agrivoltaics, livestock
under solar systems, or policy and economic issues
relevant to Nigeria’s land and cattle-rearing context.

2 The Severity and Effects of Nomadic Cattle
Rearing Crisis in Nigeria

Nomadic cattle rearing constitutes a major means
of livelihood for people dwelling in the Sahel and
parts of the Savannah regions of Nigeria. Herders or
pastoralists refer to a group of people whose major
occupation is herding [6]. They move cattle around
in groups in a transitory manner for them to be fed
in open, uncultivated grasslands. The profession
contributes to food production, and the “migration”
herdsmen are directed by the need of their reared
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livestock for pasture. Herds are the major wealth
reserve and constitute a dependable socio-economic
worth. Asnomadic herdsmen and their livestock travel
through or dwell temporarily in regions, conflicts
often ensue and escalate to insecurity that poses a
threat to national security, crop farmers’ livelihood
and environmental sustainability.

The history of the nomadic system-related crisis dates
back to the inception of agriculture. Olayoku [11]
reported that agricultural expansion through the
exploitation of pasture and irrigation facilities has
compounded the extent of the herder-farmer crisis in
Nigeria. The peak conflict period often spans through
the rainy season (May — September) because the
nomads begin to head back northwards as vegetation
starts to grow. Arable lands are invaded, and many
farms are lost during the peak planting season in the
southern regions as the herders travel back northwards.
In recent times, the Government on its own part has
failed to optimally intervene through reliable policy,
mediatory and resolution roles in the crises. In most
cases, farmers in the affected regions often resort to
taking the law into their own hands in order to protect
their arable lands and cultivated farms [12].

In the year 1965, the Legislative Assembly of the
Northern region of Nigeria established the first
national livestock development programme as well
as the grazing law that led to the provision of livestock
grazing lands in specified areas to deactivate the usual
Fulani nomadic livestock rearing system. According
to Olayoku [11], the synergy with the International
Livestock Research Institute (ILRI) was very helpful
in the siting of 4,125 grazing outfits that were secured
with perimeter fence work and other facilities (access
roads, fire breaks, boreholes, veterinary services and
a dam). Subsequently, from the year 2009, livestock
grazing routes were established through the major
cattle-rearing states in the northern region of Nigeria.
Due to poor sustainability practices, only about 270 of
the formally established grazing lands are aligned to
their objectives for the nation’s economic development.

In the past decade, several cases of loss of lives
and destruction of agricultural products have been
recorded on account of the nomadic cattle rearing
system [13]. It was reported that about 615 deaths
cases due to cattle grazing-related crisis as of the year
2014 [11]. UNHCR [14], Punch Editorial Board [15]
and Ajayi et al. [1] reported the death tolls arising
from the nomadic cattle rearing crisis from the year
2010 to 2023 in the North-Central region of Nigeria (see
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Figure 1). With the characteristics of higher intensity,
pattern and frequency, the nomadic cattle rearing crisis
has continued to escalate across all the regions in the
country [16]. Enactment and implementation of laws
banning open grazing by some State governments’
policies further intensified the hostility existing
between the herdsmen and the communities they
pass through to tend to their livestock. The issue is,
in most instances, very complicated to be handled
politically because a reasonable proportion of the
livestock being reared by herdsmen is owned by
influential business entrepreneurs, powerful political
actors and high-ranking civil servants.
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Figure 1. Number of deaths caused by the nomadic cattle
rearing crisis in North-Central Nigeria from
2010-2023 [1, 14, 15].

The advancement of herdsmen-farmers’ crisis over
the year, with the negative results of kidnapping,
banditry and terrorism, has rendered some of the
States in Nigeria unsafe. Ilo et al. [17]reported
that there are increased conflicts between herdsmen
and farmers, with over 9000 death records and
countless displacements of people. The issue has
intensified so much that it is seriously threatening
the security and socio-economic development of
Nigeria [18]. Most herdsmen dwell in the northern
region, while the farmers reside in the southern
region. Nomadic cattle rearing crisis often begins
from competition over limited farm lands and
water resources, and transforms into a serious
ethno-religious conflict. ~Other causative factors
include increased human population, indiscriminate
deforestation, cattle rustling, unreliable justice system,
illegal arm carrying, and sluggish response to law
enforcement officers to reported crises [19-21]. The
consequences of the conflicts usually materialize in
the destruction of farmlands, harassment/assault of
women on farmland loss of lives, endless reprisals and
destruction of properties [22, 23]. These consequences
are felt by both parties (herdsmen and farmers), but
the ripple effects go a long way in threatening the
peace, unity, economic growth and food security across

all the regions in Nigeria.

Ibrahim et al. [24] observed that Nigeria is persistently
on the verge of anarchy due to the geometric
increase in herdsmen-farmers’ crisis across almost
all the States. Akinyetun [25], Nkwunonwo et
al. [26], Jinadu [5] and Ajayi [1] recounted that the
major crises are experienced in such North-Central
States as Benue, Nasarawa and Plateau. Also,
the prevalence of herdsmen-farmers’ conflicts is
common in South-Eastern States like Imo and Enugu;
South-Western States like Oyo and Ogun States; and
North-Eastern States like Taraba and Adamawa States.
The author further posits that about 3641 human lives
were lost between January 2016 and October 2018 and
many farmers abandoned their farmlands and fled for
safety. ACAPS [27] reported that at the beginning of
the year 2016, more than 1269 people were gruesomely
killed in Benue State due to nomadic livestock rearing
related crisis that occurred in about 14 of the 23 Local
Government Areas in the State. Shortly after, there
were reprisal attacks in more than 50 villages with
consequent loss of lives and properties [21].

Government interventions towards the nomadic
cattle rearing crisis are numerous, but issues like
shortage of arable lands due to high population
growth [28], transformation in land use techniques
and ethno-religious rivalry pose a serious challenge to
their sustainability. In 1965, when the national grazing
reserves were established, the population of Nigeria
was 55 million, and by the year 2019, its population rose
to over 200 million, thereby making the sustenance of
the intervention policies impossible. Figure 2 presents
some major interventions by the government and their
respective timelines.

In most cases, the farmers maintain the posture that the
lands that are being exploited by herders are ancestral
inheritances from their forefathers, and as such, any
occupational intrusion for grazing activities will be
met with serious confrontation and hostile actions. On
the contrary, the herders who have been nurtured in
the nomadic lifestyle reserve little or no regard for
any people’s rights to land but desire free movement
through grazing routes for the proper feeding of
their cattle [19]. The efforts to institute optimal
co-existence between farmers and herders through
such intervention strategies as the establishment of the
Rural Grazing Area (RUGA) scheme by the Federal
Government of Nigeria met serious criticism and
rejection because of such issues as:

i. The intervention is being perceived as a
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INTERVENTIONS

Establishment of grazing reserves
(Between 1964 — 1965)

I
I
I
I
I
I

Introduction of RUGA project
(2019)

—>

TARGET/INCENTIVES

I
[

¢ To eradicate herder-farmer conflict
e To indirectly force pastoralists/herdsmen to

adopt the sedentary system.
Access to feeds, water, veterinary services
and improvised land ownership right.

e To reduce herder-farmer conflict

To revitalize the national grazing reserves
under the National Livestock Transformation
Plan

Figure 2. Nigerian government solution intervention on the nomadic livestock rearing crisis.

“land-grabbing attempt” by a particular ethnic
group across the country.

ii. Fear of land use restrictions by the government
over land owned by local farming communities.

Persistent reduction of cultivable land due to the
adverse effects of climate change and pollution.

iii.
iv. No clear information on those to be maintaining
the grazing reserves.

v. The position is that herdsmen should acquire their
land, set up a ranching system and manage the
business as a private venture.

To these backdrops, the government is saddled
with the responsibility of engaging the concerned
stakeholders to contemplate the possibility of adopting
alternative techniques of rearing cattle that will
not only be acceptable to all and sundry but also
foster the protection of lives and properties. If
sustainable success can be achieved towards the
maximum reduction of the nomadic livestock rearing
crisis in Nigeria, there is a need for long-lasting novel
approaches. Under modern agricultural dispensations,
promotion of climate-smart agriculture, integration of
renewable energy, combined energy generation and
farming techniques, integration and land resources
use optimization are presently being advocated.

2.1 Addressing the issue of land occupation in
agriculture and herders’ interests

To translate agrivoltaics in the Nigerian context

for reduced land use conflicts and conserve the

interest of herders, there is need for designs and
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structural configurations that will not only foster land
productivity but excel in fundamental agriculture
evaluations. Elevated and widely spaced agrivoltaic
systems are ideal for the effective accommodation
of reared livestock, farming equipment, pasture
management equipment, as well as optimal light
penetration.  Agrivoltaics tends to provide such
micro-infrastructure as solar-powered boreholes,
charging booths and mobile dairy cold-chain at
a land array edges for the pastoralists. In other
words, it operates to convert the edges of land into
service centres for travelling herders. For this to
be possible, Nigeria has to establish integrated
agrivoltaics-grazing pilot projects in existing cattle
grazing conflict hotspots, carryout intensive research
to measure animal health, pasture biomass, and
operation and maintenance cost features for at least
24 months. Government as a matter of urgency
should establish a functional agrivoltaics code of
practice or legal frameworks, especially in the aspects
of PV-modules design specifications, safety and
monitoring metrics. Agrivoltaics finance, grants and
funds models should be adequately instituted in
consortia blueprints to promote sustainability across
regions. The technology should be developed to
scale with irrigation to support dry-season fodder
production, thereby reducing migration pressure [29].

A practical solution to land occupation conflicts
between farmers and herders is to adopt agrivoltaic
land-sharing systems that encourage joint use instead
of competition. This approach allows the same piece of
land to produce solar power, support crop cultivation,
and provide grazing areas for livestock [30]. Farmers
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benefit from growing shade-tolerant crops that thrive
under solar panels while also securing steady income
from energy partnerships. At the same time, herders
gain reliable access to nutritious forage planted
beneath and between panels, reducing the pressure
for migration and opening opportunities for roles
in site management or security. If supported
by cooperative leasing models and integrated into
national agricultural, energy, and peacebuilding
policies, agrivoltaics can transform contested lands
into shared economic zones, easing farmer-herder
tensions and creating more resilient rural livelihoods.

3 Economic Significance of

Technology in Agriculture

Agrivoltaics

Energy from the sun is harvested, harnessed and
applied to different agricultural and horticultural
purposes (see Figure 3), and in the African continent,
solar energy capacity has continued to increase as the
days go by Sasu [3] reported that as of the year 2023,
the capacity of solar energy in Nigeria stood at 112
meqawatts (MW). This showed a significant increase
when compared with those of previous years. In recent
times, researches are devoted across the globe toward
land use maximization through process combination.
The competition that is presently experienced in the
use of land resources for energy generation and food
production has been on since the 1970s [31]. As
the demands for these two resources (energy and
food) continue to maintain a rising trend due to the
ever-growing world population, there is a dire need
to adjust from the non-renewable energy options to
the renewable sources, and also consider ways of
maximizing the use of the limited land resources.

The efficient design and operation of photovoltaic
technology in open fields requires a large expanse
of land. In order to minimize such pressure posed
by ground-based solar technology on available
arable lands, synergistic approaches for the energy
generation and agricultural production in the
same piece of land have been the concern of many
researchers.  Photovoltaic systems, which are
incorporated into agriculture to produce renewable
energy, also influence crop production, animal rearing,
ecosystem interaction processes and the sustenance
of terrestrial habitat. This novel integration is also
effective in promoting the Sustainable Development
Goals (SDGs) that are uniquely directed towards
greenhouse gas emission minimization, climate
change adaptive practices, ecosystem and biodiversity
conservation, deforestation and desertification

eradication, degraded land reclamation, and land and
water use optimization.

The deployment of agrivoltaics in unique
configurations is a certain approach to derive
mutual benefits and sustained value addition
between solar and agricultural undertakings. It
is to this need that agrivoltaics, one of the novel
technological solutions, was first conceptualized by
two German scholars (Goetzberger and Zastrow) in
the 1980s and by 2004, the first agrivoltaic system
was installed in Germany. Owing to the fact that
the technology involves the innovative deployment
of such green technology as photovoltaic, it has
continued to attract attention globally. From the year
2011, research on the technology has maintained
a growing trend. Fraunhofer Institute for Solar
Energy Systems [10] outlined the timeline for the
development of agrivoltaics and reported in the year
2021 that the global agrivoltaics capacity rose above
14 GWp (see Figure 4) [31].

The development progress pertaining to agrivoltacs
has continued to be favorable in different countries
across the globe. In Germany, the Fraunhofer
Institute for Solar Energy Systems has sustained the
APV-RESOLA research project with long-running
trials of agrivoltaics. Data obtained indicated over
160% land-use efficiency in hot years [32]. In the
year 2023, the technology took a different dimension
in France when her government established APER
law that is directed to accelerated production of
renewable energy and features zoning for renewable
energy, sustainable implementation of agrivoltaics,
provision of solarized canopies and parking lots,
and consolidation of legal framework on corporate
power purchase agreements (CPPAs) [33, 34]. In
2024, the “Law 101/2024” was established in Italy
to provide incentives for agrivoltaics schemes across
regions of the country [35]. The United States of
America established the National Renewable Energy
Laboratory (NREL) and dedicated it to researches
renewable energy system development and efficient
applications. NREL has hundreds of sites with the
integration of agrivoltaics to grazing amounting to
more than 200 sites. In Japan, SMEs (small and
medium enterprises) and universities have been in the
forefront of commercial-scale production of vegetable
with agrivoltaic systems. The Ministry of Agriculture,
Forestry and Fisheries permits was necessary to ensure
the solar panel systems are developed in a way not
to block a greater proportion of the sunlight for
improved crop growth. In order to alleviate the effect
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(c)

(d)

Figure 3. Modern applications of energy from the sun — (a) Solar farm for generating and supplying electricity to rural
areas, (b) Photovoltaic systems for generating energy used in the husbandry of horticultural plants, (c) Photovoltaic
systems integrated to livestock production, and (d) Photovoltaic systems for commercial cultivation of vegetable plants.

Germany France & Italy China UsA Germany Italy
First publication First larger First large First US program to Definition to assure EU Commission
of the agrivoltaic systems agrivoltaic support agrivoltaics in main agricultural  approves €1.7 billion
agrivoltaics idea in Europe systems > 10 ha Massachusetts land use incentive scheme
Germany Japan France First international Worlwide Today
First agrivoltaic First government First governmental conference series  Estimated over
system installed funding program funding program in established 14 GW, installed
Europe (" AgriVoltaics™) capacity

Figure 4. Agrivoltaics development timeline [31].

of erosion and generate jobs for the rural populace, the
government of China has developed series of projects
that pair photovoltaics with shrub crops and grazing
animal production, especially in arid regions. India
has stepped a bit further in solarizing agriculture
to institute policies that are focused on establishing
alliance, pilots, incentives, financier, and standardized
best practices to Agrivoltaics schemes.

Crops are cultivated in between arrays of solar panels,
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and power tillers or small agricultural machinery
can be adopted as mechanization options to further
improve the timeliness of operation and productivity.
Crop productivity is dependent on the location
of the farm and the configuration of the solar
system incorporated in the agrivoltaic field. For
integrating solar primed energy generation with
crop production, the design considerations include
optimized photovoltaic panels height and spacing for
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Figure 5. Applications and importance of agrivoltaic technologies.

effective growth of relatively shade-tolerant plants to
extremely non-shade-tolerant plants, on-site operation
and maintenance variability, water accessibility and
agricultural returns on investment. Doubleday [36]
maintained that grazing animals like cattle and
sheep are reared to forage underneath or in between
adjacent photovoltaic panel systems. Solar energy and
the integrated grazing concept promote sustainable
animal grazing practices, enable research studies
for pasture land optimization, farm environment
tending cost reduction, and attune to other habitats,
especially pollinator habitat compatibility. The major
design considerations for integrating photovoltaic
energy generation to cattle rearing are costs for
erecting fence structures around the farm, accessing
good water and developing adjustable solar panels
to accommodate larger livestock. According to
Dreves [37], the applications and importance of the
system in modern-day agriculture are as outlined in

Figure 5.

Agrivoltaics is also integrated in greenhouses by
incorporating photovoltaic units on the top or around
the structure for the generation and direct application
of electricity in the system. Automated tilt-varying
hoods are usually used in mounting the solar
panels to vary shading within the greenhouse. The
design and operational factors that are considered
for applying agrivoltaic technology to greenhouses
include photovoltaic technology materials, optimized
use of generated electricity, optimized lighting and
structural configuration of the greenhouse. Also, it
is adopted to provide habitat for pollinators, native
vegetation, as well as taming the mutual benefits of
vegetative resources.

Agrivoltaics is fast being developed globally

with diverse applications in crop husbandry,
horticulture, aquaculture, greenhouse, ecosystem
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services and bee-keeping. = The design, layout
and specification vary with farming requirements
and practical conventions. For sustainability
and effective advancement of the agrivoltaic
technologies, there is a need for widened research on
real-time adapting solar technology configurations,
standardized implementation techniques, long-term
experimentation, characterization and evaluation,
intensive mutual and integrated beneficial partnership,
multi-sectoral mutual prospects, geographical
diversification of pilot projects, and international
agrivoltaics data transmission. In modern agriculture,
agrivoltaics hold great prospects and significance (see
Figure 6).

Improved reared
livestock health
Decreased plant and

animal stress

Improved grazing

Improved soil ¢
health

4
forage quality :\\

Increased crop yield

—

THE PROSPECTS AND
SIGNIFICANCE OF
AGRIVOLTAICS

s

Reduced irrigation
reguirements

Decreased vegetation
management costs

Maximized use of
land resources

Conserved and

/ \ sustained biodiversity
Improved farmers’
health

Amenable to precision and smart agricultural practices

Minimized agricultural

; Improved farm product
land degradation

quality and marketability

L 4

Figure 6. The prospects and significance of agrivoltaics in
modern agriculture.

To a huge extent, agrivoltaic has been very significant
for the reduction of competition for limited agricultural
land, minimization of loss of water from the soil and
plant resources, protection of cultivated crop and
reared animals from the vagaries of weather, reduction
of agricultural carbon-footprints, preservation of
biodiversity and ecosystem, minimization of fossil-fuel
energy sources dependence, improvement of the
welfare and dignity of rural farmers and sustainability
of revenue generation for farmers [38—40].

Limited

3.1 Reduction of for

Agricultural Land

Competition

Agrivoltaics fosters the combined production
of photovoltaic systems generating energy and
agricultural products in the same area of land at a
time. It is a viable alternative technology to remedy
the effects of the reduction in cultivatable areas due to
the establishment of solar farms with several hoods,
racks and panels for electricity generation [31]. The
farm technique promotes land use optimization.
It also plays a vital role in curbing the lives and
properties threatening crises that often arise from
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the struggles for the limited land, as driven by the
increased demand for sustainable food and energy
resources by the ever-growing global population [41].
In practice, photovoltaic cells are mounted in raised
frameworks or rack systems to provide enabling space
for such agricultural purposes as plant and animal
husbandry.

Agrovoltaics is a modern technique that promotes
the production of food products and industrial
raw materials with limited resources. Edouard et
al. [42] reported that this technique increases land use
efficiency to about 180% while Global Environment
Facility [39] maintained that research has shown that
with agrivoltaics favours about 1.7 land equivalent
ratio (LER), that is, the application of agrivoltaics to
1 ha of land can generate the quantity of food and
energy resources that a 1.7 hectares of farmland can
service when split into two for separate “farm field”
for crop production and “solar farm” for electricity
generation. In the concepts of reclamation, Li et al. [43]
reported that agrivoltaic systems improve the growth
and development of native plants. This has led to the
discovery of several applications in the reclamation of
abandoned agricultural lands.

3.2 Minimization of Loss of Water from the Soil and
Plant Resources

Agrivoltaics systems provide shade to the underlying
space to minimize the rate of evapotranspiration
— loss of moisture from the soil and plant parts.
Also, livestock reared under agrivoltaic systems are
prone to consume less water than those raised in the
open system [38, 44]. As the photovoltaic panels
require intermittent washing operations for sustained
radiation efficiency, the resulting wastewater is reused
for crop irrigation. Jaine et al. [45] reported that in
recent configurations, channels and piping systems
are incorporated in the photovoltaic rack assembly to
harvest rainwater into a reservoir for use.

3.3 Protection of Cultivated Crops and reared
Animals from the Vagaries of Weather

The photovoltaic panel assembly in an agrivoltaic setup
protects crops and animals from extreme weather
conditions emanating from direct insolation, high
temperature and heavy precipitation. It intercepts rain
droplets to impede accelerated runoff and minimizes
evapotranspiration in the farm. Despite the fact
that excess shading effects from photovoltaic panels
mounted close to the ground reduce the productivity
of shade-intolerant crops, the system tends to generate
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a unique micro-climate around its expanse that
improves the yield, marketability and seasonality of so
many categories of crops. Literature [40] opined that
the compatibility of desired crops and animals must
be duly considered in agrivoltaic designs should take
into account the compatibility of desired crops.

3.4 Reduction of Agricultural Carbon-Footprints

For successful and sustainable global agricultural
practices, carbon  footprint  reduction is
paramount [46]. Despite the rapid variations in
climate and higher demands for food due to the
ever-rising population growth effects, ways of
addressing the cataclysmic impact of carbon footprint
on the earth are of great concern to the agricultural
sector. By adopting renewable energy and other
strategies, carbon emissions can be reduced, leading
to more sustainable agriculture. Such a climate-smart
endeavour as agrivoltaics is germane in reducing
carbon emissions.  Also, the technology offers
renewable energy that does not in any way cause the
discharge of carbon into the environment. Global
Environmental Facility [39] upholds that with an
adequate energy storage facility on the ground, the
deployment of agrivoltaic systems to just 1% of
the approximately 1 billion hectares of the world’s
agricultural lands could potentially sustain the global
energy demand with drastically reduced emission of
greenhouse gases. Sarr et al. [31] stated a prediction
that by the year 2050, about 25% of the electrical
energy that will be required globally will be furnished
through photovoltaic systems, with an expected 4.9 Gt
(~21%) reduction in CO; emission across the energy
sector.

Rural development and industrialization activities
through conventional deforestation and burning of
cleared bush products have been reported to be
contributing significantly to carbon emissions into the
environment [38]. According to Hassanpour etal. [47],
plants grown in agrivoltaic systems tend to build up
more biomass content with higher carbon content and
sequestration prospects. The adoption of techniques
that foster agricultural emissions reduction and carbon
sequestration increases is capable of cutting down the
contributory effects of agriculture to climate change to
about 5.5-6.0 Gt of carbon dioxide equivalent annually.
Terrones [48] and Macknick et al. [49] reported ways
of addressing agricultural carbon footprint issues to
include:

i. Effective implementation of the “4Rs nutrient
management” — Manure and other crop nutrient

resources are adopted with keen emphasis on
‘right source — denoting the type of manure’, ‘right
time —applying when needed by plants’, ‘right
rate — optimal quantity for effective crop nutrient
uptake” and ‘right place — precise location for
effective plant utilization’.

ii. Adoption of renewable energy and
energy-efficient systems for agricultural
operations to economically reduce carbon
footprint.

iii. Minimizing tillage practices to disturb the soil

less and relatively reduce Carbon dioxide (CO)

emission.

3.5 Preservation of Habitat, and

Biodiversity

Ecosystem

The concurrent utilization of a land for both
agricultural purposes and renewable energy
generation helps in conserving land resources
with other benefits relating to the improvement of
native habitat and protection of terrestrial ecosystem,
as well as the conservation of biodiversity [50, 51].
Global Environmental Facility [39] reported that the
shades emanating from photovoltaic panels optimizes
absorption of nitrogen and phosphorus, thereby
minimizing the chances of water bodies pollution
when such nutrients are washed or eroded into
them. Agrivoltaic systems impose a microclimate
that enables cultivated crops and reared livestock
to effectively cope with the high-temperature
conditions posed by climate change. The covering
and shield provided by the photovoltaic assembly
protects farmers, plants, and livestock against
climate change-induced frequent extreme weather
events — heavy precipitation/storm, heat waves and
drought [52].

3.6 Minimization of Dependence on Fossil-fuel
Energy Sources

Agrivoltaics is potentially attentive to providing
solutions to the food, energy and water security
problems of Nigeria. It eradicates the dependence on
fossil-fuel-operated power-generating sets in farms.
Dhonde et al. [53] reported that the electrical energy
generated from the photovoltaic unit could be used for
operating water pumps to supply water and powering
other equipment in the farm.
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3.7 Improvement of Income, Welfare and Dignity of
Rural Farmers

The acceptance, adoption and implementation of
agrivoltaics hold great prospects in expanding the
occupational opportunities of farmers and optimizing
their revenue-earning chances [54]. Agrivoltaics
accommodate mechanization techniques that tend to
improve the dignity of farmers, reduce drudgery and
increase productivity (see Figure 7).
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Figure 7. A farmer executing farm operations in between
solar panel rows with a tractor [40].

In recent times, the configuration and design have
been done to accommodate the use of agricultural
machinery and equipment for cultivating tall food
and horticultural crops chances [54]. Agrivoltaics is
closely related to precision farming, and it is likely
to improve productivity through the application of
technologies such as Artificial Intelligence, sensors
and yield monitoring platforms. While the system
is prone to higher productivity, it promotes timely
access to self-generating electricity for the execution
of storage, processing other operations. Li et
al. [55] stated that with respect to different crops,
agrivoltaic technologies are capable of producing
9%-20% return on investments annually. McKinsey et
al. [56] indicated that agrivoltaic technology fosters
sustained market timing for increased income within
the agricultural value chains. Incorporating a water
channel and storage facility into the systems, water use
efficiency and overall operational costs are improved.
Dinesh et al. [57] conducted an investigative study
on the economic benefits of agrivoltaic systems and
reported that the system was 30% more economically
significant than the conventional agricultural practices.

Generally, for the effective planning and deployment
of agrivoltaics, keen consideration is made to
the compatibility of the technique vis-a-vis site
design, farming equipment, availability of solar
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technology, previous agricultural practices, and
operation and maintenance schedules; flexibility of
the technique, farming patterns and practices and
support plans; and remunerations from sustainable
operations and financial breakthrough. Agrivoltaic
technology enhances farmers’ economic resilience
through innovative multiple uses of land resources,
diversified income earning, and optimized use of
water and energy. The communities around the
farm are serviced with such benefits as workforce
development, reduced land-related conflicts, and food
and energy resources resilience. In the same light, the
corporate or industrial benefits to having established
agrivoltaic projects include increased interest and
access to landed resources, advanced regional
acceptance and adoption, minimized operation and
maintenance requirements, and improved benefits
from the constituent systems. Despite these sectoral
benefits, agrivoltaics presents concerns towards
effective planning and implementation, security and
preservation of farmland, effects on soil, productivity
and land availability, cultural heritage, cost-benefit
uncertainties, and technical and economic liabilities.

4 Enabling Conditions for

Deployment in Nigeria

Agrivoltaics

Nigeria is endowed with photovoltaic power potentials
(see Figure 8). The northern and central regions enjoy
some of the strongest solar exposure, with annual
averages ranging between 1,800-2,500 kWh/m? [58].
These areas are highly favorable for agrivoltaics, not
only for electricity generation but also for improving
crop performance under harsh, dry conditions. In
contrast, the southern forest and coastal States receive
lower solar irradiance (around 1,200-1,600 kWh/m?
annually) and face heavier rainfall and cloud cover.
While this reduces large-scale generation prospects, it
creates opportunities for smaller systems that protect
and enhance shade-loving or rain-sensitive vegetables,
spice crops and beverage seedlings [59].

Successful agrivoltaic implementation in Nigeria is
controlled by such conditions as land tenure and
community acceptance, investment costs and funding
sources, and policy and legal support requirements.

4.1 Land tenure and community acceptance

Land access has continued to pose critical challenge
in Nigeria. Although the Land Use Act gives the
State governors formal authority, rural lands are still
so much influenced by customary rights and in situ
local authorities [61]. In the northern and middle
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Figure 8. Photovoltaic power potentials across different
regions in Nigeria [60].

belt regions, coinciding farmer and herder claims
add sensitivity, which implies that agrivoltaic designs
should incorporate grazing considerations, and such
designs are subject to local negotiations. In the
south where there is fragmented landholdings, farmer
cooperatives or household-scale agrivoltaic schemes
may work better than large-scale projects. Irrespective
of the region, the sustenance of long-term success in
agrivoltaics acceptance, adoption and implementation
is dependent on clear treaties, visible community
benefits, and inclusive ownership models.

4.2 Investment costs and funding sources

Agrivoltaics amount to higher installation costs than
the conventional photovoltaics because of taller
mounting structures, stronger supports, and wider
spacing requirements [62]. The Northern regions of
Nigeria that have larger expanses of flat land, are
more liable to hybrid-finance projects that integrate
private equity, concessional loans from development

banks and climate adaptation grants or funds [65].

Potentially, the systems could serve as power vendors
to agro-processing centres, mini-grids, or even the
regional grid while still promoting crop/animal
production. In the southern regions of Nigeria that
are characterized with smaller farms and limited
capital, the relative financing options are more attuned
to pay-as-you-grow models, cooperative lending, or

donor-assisted pilot projects [64]. Across all zones,

there is a need to develop repayment schedules that
are agreeable to existing farming revenue patterns.

4.3 Policy and legal support requirements

Presently, there is no agrivoltaics regulatory
framework in force in Nigeria [65]. In order to
advance the development and deployment of the
technology, the States in the regions, especially the
north and Middle Belt, require bilateral approval
processes. Such approval processes must effectively
adjust to statutory and customary land rights, as
well as sustainable conflict-resolution mechanisms.
In southern regions, streamlined permits for farmer
or cooperative owned agrivoltaic systems, and
subsidized import duties on specialized agrivoltaics
hardware, can go a long way to accelerate acceptance
and adoption. In the nation scale, agrivoltaics
blueprint variables should be integrated into the
existing renewable energy policy, agricultural
climate-smart agriculture initiatives, and extension
programs to formally position the technology to
sustained recognition and incentive gains [66, 67].

5 Agrivoltaics and Livestock Integration in
African Regions

There are proofs of technical feasibility of agrivoltaics
that already exists in African countries. Although
large-scale adoption in Africa is still at nascent stage,
several experimental projects and pilot studies provide
valuable insights into how the technology can be
adapted to African agro-ecological and socio-economic
contexts. Livestock integration is the most immediate
and low-risk pathway for dual-use projects. Policy
and finance support are essential as adoption of
agrivoltaics is highly dependent on conflict-sensitive
land management, benefit-sharing arrangements,
and incentives to offset higher capital costs. It
becomes convincing to establish pilot trials that will
explicitly combine grazing access with energy and crop
production to maximize acceptance and impact. The
following instances strengthen the case for exploring
agrivoltaics in Nigeria.

5.1 On-farm agrivoltaics demonstrations in Kenya
and Tanzania

Research sites in Kenya and Tanzania have set-up
agrivoltaics test projects that integrated elevated
photovoltaic arrays with crops and water-harvesting
structures. The findings show that partial shading
reduces evapotranspiration and, in many cases,
maintains or improves yields of staple crops such as
maize and beans. The attraction point for farmers was
in the instances when energy access and water benefits
were built into the model, especially where they were

159



Agricultural Science and Food Processing

ICJK

involved in co-design [68, 69].

5.2 Experimental agrivoltaic fields in Ghana

Vast areas of rangeland suitable for agrivoltaics was
mapped out and several solar farms have begun
partnering with local sheep farmers, using grazing
for vegetation control under PV arrays. This tends to
reduce operating costs while offering herders stable
access to pasture [71-73].

6 The Feasibility of Agrivoltaics in Different
Regions of Nigeria

The potential for agrivoltaics in Nigeria is shaped
by regional differences in solar resources, land
management practices, financing capacity, and
supportive policies. Agrivoltaics holds the greatest
promise regions where abundant sunlight and water
stress create strong incentives for dual land use. In
other regions of lesser solar variable endowments,
there is prospects in smaller and crop-specific
agrivoltaics applications. There is a dire need for
sustainable financing models that befit regional cash
flows, communal engagement, and explicit policy
backing to bridge the gap between technical feasibility
and long-term adoption.

6.1 Feasibility of Agrivoltaics in North West
Nigeria
The North West region of Nigeria which comprises of
Sokoto, Katsina, Zamfara, and Kano States has high
solar resource and solar power generation profiles. The
region has the highest global horizontal irradiance
(GHI) with longer dry seasons and clear skies [74, 75].
These remarkable solar features position it as one of
the best regions for maximizing agrivoltaics-electricity
output. Lands in the regions are principally
overseen by customary rights. With the widespread
farmland and grazing areas, the communities are
likely to embrace agrivoltaics opportunities for extra
income. But in situations where the such projects
are likely to block their grazing access, the risk
of resistance becomes obvious. These potential
impasses define the need for timely engagement
with local authorities and efficient integration of
pastoral mobility considerations. Although system
costs are increased by imported hardware and
elevated structures, the very high solar yield improves
project economics. Potential financiers may include
development finance institutions (DFIs), distributed
renewable energy programs, and private developers,
particularly where power can be sold to mini-grids or
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industries [76]. Clear lease frameworks that reconcile
statutory and customary rights, provisions for pastoral
access, and simplified licensing for mini-grids and
grid-connected agrivoltaics are equally needed.

6.2 Feasibility of Agrivoltaics in North East Nigeria

In Borno, Yobe and Adamawa States that make up
the North Eastern region of Nigeria there is strong
availability of solar resources [77]. Despite the high
agrivoltaics potentials, the insecurity menace in the
regions adds to the risk premiums that tends to
limit practical deployment of agrivoltaics in many
areas. The available lands in the region are principally
under customary control. Community acceptance
and adoption towards agrivoltaics is essentially tied
to visible local benefits. = The investment costs
that are applicable to North East include insurance,
security arrangements, and civil works raise costs.
Humanitarian-development blended finance and
resilience-focused energy programs are the scalable
financing options that are suitable in this context [78,
79]. Due to the insecurity problems, commercial
equity-only models cannot work in North East. Beyond
policy and legal support, there is a critical need
for effective coordination among State governments,
security agencies, and the local authorities. This is
so because, every investor needs guarantees that are
linked with community development obligations.

North

6.3 Feasibility = of  Agrivoltaics in

Central/Middle Belt Nigeria

This region is the hotspot of farmer—herder conflicts,
with substantial displacement and declining
agricultural output [80]. Although slightly lower than
those of the far northern States, there is good solar
resource and power generation potential in Benue,
Plateau, Niger and Kaduna States that make-up the
Middle Belt region of Nigeria [81]. The shading
that might result from the agrivoltaic systems can
minimize the incidence of heat stress in crops, and
improve water retentiveness during drier months.
The development of large agrivoltaic systems that
could cause obstruction to grazing access can trigger
serious anxious reaction amongst herders. Pliable
models that integrate livestock pathway, elevated
racks, or water-sharing infrastructure are vital for
effective implementation. Also, early engagement of
both farming and pastoralist groups is essential. The
investment costs of agrivoltaics is preferable when
the technology is alternating expensive diesel for
irrigation, storage, or processing. The ideal source
of funding is the integrated financing that combines
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climate funds, agricultural grants, and concessional
loans. The policy and legal frameworks pertaining
to the establishment of agrivoltaics in the regions
must consider conflict-sensitive approvals, mandatory
community benefit-sharing, and grazing-access
clauses, as part of such project regulation. Besides,
there should be sound synergy between agriculture,
livestock, and energy ministries in the region.

6.4 Feasibility of Agrivoltaicsin South West Nigeria

The South Western region of Nigeria comprises
of Oyo, Ogun, Lagos and Osun States which are
characterized with coastal, forest and moderate solar
radiation attributes that tend to reduce insolation.
Peri-urban agrivoltaics for economic crops and small
farm holdings are more feasible in the region than
large-scale systems. The lands are highly fragmented,
mostly urbanized, and owned through stringent
statutory land systems than observed in the northern
regions [82]. The likely inducement for acceptance of
agrivoltaics by farmers and communities in this region
lies in effective generation of electricity and productive
land use [83]. There is a greater chance of smallholder
agrivoltaic systems which in no doubt costs more
per watt but remains devoid of larrge land disputes.
The likely funders for such project in the region
include local banks, energy service companies, venture
capital in agri-tech, and concessional green credit lines.
The practicable policy and legal frameworks for the
adoption of agrivoltaic remain those that promotes
simplified smallholder permits, and reduced import
duties on essential hardware.

6.5 Feasibility of Agrivoltaics in South South
Nigeria
The South Southern region of Nigeria is made up
of three States (Rivers, Delta and Bayelsa). It is
characterized by reduced solar yields due to high cloud
cover and rainfall intensity. While the solar power
generation potential of agrivoltaics for the region
remain modest compared to the northern regions, the
system remains viable for productive uses such as
fisheries cold chains and agro-processing. The land
rights are highly complex and strongly contested due
to oil industry legacies [84]. The establishment of such
projects will require strong transparency, community
involvement, and job creation to gain acceptance [84].
The incidents of corrosion in the dominant coastal
environments tend to increase maintenance costs,
and the resulting lower yield also reduces derivable
revenue. The adaptable funding option for the region
is the blended finance that integrates corporate social

responsibility (CSR) funds, development finance
institutions (DFIs), and donor-assisted projects. The
applicable policy and legal support require strong
environmental standards, enforceable community
benefit frameworks, and targeted incentives for diesel
replacement projects [85].

6.6 Feasibility of Agrivoltaics in South East Nigeria

The southeastern region of Nigeria which is made up
of Abia, Anambra, Ebonyi, Enugu and Imo States is
endowed with moderate solar radiation, and this limits
the potential of agrivoltaics to vegetables, nurseries,
and rooftop systems for processing facilities [86,
87]. Land ownership is under strong customary
family control, but relatively well-structured. The
featured fragmented plots encourage cooperative
or cluster-based agrivoltaic models. Just like the
South West region, small and medium enterprise
finance, energy service company (ESCO) partnerships,
and donor-assisted agri-energy programs the most
adaptable funding options [88]. Due to the high
trade disposition of this region, productive-use
electrification strengthens business cases. The State
governments could provide agrivoltaics policy and
legal framework that create cooperative loan schemes,
standardized lease templates for smallholder clusters,
and integrating agrivoltaics into rural electrification
plans [89].

7 Potential challenges to the Implementation
of Agrivoltaic Systems and mitigation
strategies

Introducing agrivoltaics into cattle rearing systems
in Nigeria offers a promising model for dual land
use, yet its practical deployment is constrained
by several technical, economic, and socio-cultural
barriers. A structured analysis of these challenges,
alongside context-appropriate mitigation strategies, is
essential to enhance feasibility and ensure community
acceptance [90].

One of the foremost technical risks lies in the potential
for physical damage to photovoltaic infrastructure.
Unlike sheep or goats, cattle exert far greater force,
making behaviors such as rubbing against posts,
pushing against frames, or trampling cables especially
hazardous to solar arrays [91]. Moreover, cattle
movement can generate dust and organic debris,
accelerating panel soiling and reducing efficiency.
These risks can be mitigated through elevated racking
systems, with panels installed at heights of at least
three meters and supported by galvanized steel posts
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anchored in concrete foundations [92]. Sensitive
components, such as inverters and cables, should be
enclosed with fencing or protective barriers, while
rotational grazing systems can distribute pressure on
the land and infrastructure more evenly. Together,
these design and management practices reduce the
likelihood of costly damage [93].

Electricity utilization also presents technical and
economic difficulties. Grid connections in rural
Nigeria are often weak or non-existent, while
stand-alone systems must rely on expensive storage
technologies to balance fluctuating demand [94].
A practical response is to prioritize productive,
cattle-related energy uses, such as water pumping,
milk cooling, feed processing, or cold storage, that
provide immediate economic value while stabilizing
demand. Hybrid systems that pair solar generation
with battery banks or diesel backup can ensure
continuity of critical services, especially in dry seasons
when water access is paramount [95]. Clustering
agrivoltaics systems into micro-grids that serve groups
of herders or cooperatives can further spread costs
and benefits, while training programs delivered
through extension services can build local expertise in
maintenance and troubleshooting.

The economic dimension represents another major
obstacle. Livestock-oriented agrivoltaics requires
taller, stronger, and more complex infrastructure
than standard solar farms, substantially raising
capital costs [96]. For many herders with limited
access to affordable finance, the long payback period
discourages investment. Addressing this challenge
requires innovative financial approaches. Blended
finance, supported by concessional loans, climate
adaptation funds, and development bank facilities, can
de-risk investments and attract private participation.
Cooperative models that pool resources among
herders allow cost-sharing and collective ownership,
while leasing or service-based arrangements; where
energy companies install and manage the systems and
sell electricity or services under long-term agreements,
can eliminate the need for large upfront payments [97].
Equally important is diversifying revenue streams:
energy sales, livestock productivity gains from shaded
grazing, and payments for vegetation management can
all contribute to faster returns and improved financial
sustainability.

Beyond technical and financial issues, socio-cultural
acceptance is perhaps the most complex challenge.
Cattle herding in Nigeria is not merely an economic
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activity but also a cultural identity, particularly among
nomadic pastoralists. Agrivoltaic infrastructure, if
introduced without consultation, may be perceived
as restrictive or imposed. To overcome this,
participatory engagement is vital. Herders should
be directly involved in the planning of site layouts,
grazing corridors, and access rights to ensure that
agrivoltaic systems fit into existing practices rather
than disrupt them [98]. Community sensitization
sessions led with pastoralist associations can build
trust by demonstrating tangible benefits such as shade,
reduced cattle stress, and improved water access [99].
Training modules, designed in simple and practical
formats, can equip herders with skills for managing
grazing within solar sites, monitoring infrastructure,
and maintaining basic safety practices. Moreover,
reframing roles through titles such as “agrivoltaic
stewards” can provide recognition and dignity,
positioning herders as active partners in technological
innovation rather than passive beneficiaries [100].

While agrivoltaic cattle ventures face higher risks
than crop/ small-ruminant based models, these
impediments are resolvable. Elevated and reinforced
designs minimize structural vulnerability, productive
on-site energy use strengthens local value creation,
innovative financing lowers capital burdens, and
participatory engagement ensures cultural alignment.
Together, these strategies can transform agrivoltaics
from a theoretical concept into a resilient and socially
embedded solution for Nigeria’s pastoral sector.

8 Solution  Prospects of  Agrivoltaics
Technology to the Nomadic Cattle Rearing
Crisis in Nigeria

The old-fashioned nomadic practice of rearing cattle

has continued to face serious condemnation and

opposition from the farming populace in different
regions of Nigeria, and the apprehensive resistance
of the herders has always culminated in conflicts that
have led to loss of lives and properties. In some
instances, the quest of herdsmen to ensure that pasture
and water bodies are accessible for tending to their
grazing livestock is viewed in the negative perspective
of an attempt to conquer and dominate. This breeds
fear, ignites unlawful confrontations, and causes
societal degradations that impede sustainable national
development. Reports from several scholars have
opined that in the present era, the “ranching system”
remains the most feasible and veritable solution to the
age-long nomadic cattle rearing crisis in Nigeria [101].
However, most of the citizens, who viewed cattle
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rearing as a private enterprise, are of the view that
it is wrong for any central or regional government
to propose the establishment of ranches in specified
places across the nation for “a particular set of people”
with collectively owned funds. They further insisted
that the government must also commit commensurate
funds to farmers and other occupational businesses
to sustain equity in its administration. This impasse
accentuated the quest for other options to sustain
the cattle-rearing business with drastically reduced
possibilities of conflict eruptions.

On the other hand, several researchers have reported
the causes of the nomadic cattle rearing crisis in
Nigeria to include unpredictable variability in
climate, increased population growth, desertification
advancements, spreading flooding incidences
and other extreme meteorological events. The
ever-growing population causes depletion in land
for agricultural and grazing ventures, and there is
competition between native farmers and nomadic
herdsmen for land. The competition often escalates
to a serious crisis that poses a threat to national
development and food security. For a nation that
has risen from a population of 33 million in 1950 to
over 200 million in the present day and was reported
by United Nation to attain the projected population
sizes of 364 million and 480 million by 2030 and 2050
respectively [101], there must be devoted concerns
on the effective management of limited resources,
especially agricultural lands.

The infusion of the concepts of such green
technological applications as agrivoltaics remains
a dependable approach to maximize the use of
land for simultaneous varied product output,
high productivity, environment preservation,
ecosystem and biodiversity sustenance, process
mechanization and automation, remote and smart
technology adaptability, and soil protection [102].
The International Crisis Group [103] reported the
steps to resolving herdsmen-farmers’ conflicts to
include security improvement, community-based
conflict resolution advocacy, grazing reserves creation,
ranching system adoption, desertification reduction
and strengthened regional collaboration, but every
other one of the enlisted steps has been debased over
time except the adoption of the ranching system.
The population increase pressures foster the need
for introducing technological aids for enforcing dual
or multiple mutually related ventures on a piece
of land instead of apportioning different lands for
related enterprises. To this end, the conceptualization

of an aspect of agrivoltaics that shoulders solar
energy harnessing and subsequent generation of
electricity, and rearing of animals on a piece of land is
undoubtedly attainable and practicable. This concept
was borne when cows were led to graze underneath
the photovoltaic panels in solar farms [40].

With respect to cattle ranching, agrivoltaics embodies
the design and setup of photovoltaic units to also
shelter reared cattle in addition to generating and
transmitting electrical energy for other utilities in
the farm. Depending on the breed of the cattle and
their physiological requirements, the solar panels
are either placed low or elevated to provide shade
for the comfort of the animals and the farmers. The
technology reduces the incidence of heat stress for the
domesticated animals, as well as reducing the quantity
of water required. Several research studies are being
devoted to ascertaining the effectiveness of agrivoltaics
for the rearing of different livestock [104]. Sharpe et
al. [105] state that agrivoltaics is categorized into open
systems (interspaced photovoltaics and overhead
photovoltaics) and closed systems (photovoltaic
greenhouse). The different configurations of
photovoltaic systems that can be adopted for cattle
rearing business include the fixed tilt continuous, fixed
tilt partitioned, single axis tracking without elevated
panels, single axis tracking with elevated panels,
and vertical bifacial or agricultural photovoltaic
fence (see Figure 9). Except for the vertical bifacial
configuration, all the other configurations are adopted
by farmers to provide overhead shelter and shade for
the reared animals. In complex applications, two or
more configurations can be used in combination in
a particular farm for rearing different livestock. The
vertical bifacial photovoltaic panels are developed
into a solar perimeter fence around the farmland to
protect the animals, and save the cost of setting up
conventional fence works.

Several studies have been directed towards the
combination of agrivoltaics with grazing livestock
(cattle and sheep) to, on one hand, provide shelter
for the animals and, on the other hand be produce
renewable energy. Sharpe et al. [105] reported
a comparative evaluation study carried out at the
University of Minnesota to determine the effect of
imposing shade on pasture-based dairy herd and
herds reared in the open system (see Figure 10).
Handler etal. [106] conducted a study to determine the
effect of agrivoltaic systems used to rear sheep at the
Sustainable Futures Institute located at the Michigan
Technological University. Also, Andrew et al. [107]
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O]
Figure 9. Different photovoltaic configurations for
agrivoltaic systems — (a) Fixed tilt continuous, (b) Fixed tilt
partitioned, (c) Single axis tracking without elevated
panels, (d) Single axis tracking with elevated panels, (e)
and (f) vertical bifacial. Source: Staie and Mirletz [40].

reported a comparative study of the growth of lamb
and pasture production in an agrivoltaic system and
conventional open pasture carried out at Oregon State
University in Corvallis (see Figure 11).

Figure 10. The University of Minnesota experimental
agrivoltaic site.

The findings obtained from these studies showed
that the agrivoltaic systems pose no harmful effects
on the reared animals. The system promoted the
reduction of heat stress in the livestock and improved
their well-being, in addition to increasing land use
efficiency. Also, the agrivoltaic systems amounted to
reduced need for tending to grasses through herbicide
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agrivoltaic site [108].

applications and slashing operations. The mean rate
of water consumption by the animals reared under the
agrivoltaics system was far lower in the late spring
period, but relatively the same in the early spring at
the time of conducting the study:.

In Nigeria, the prospects of the practice of dual
combination of installed photovoltaic systems
and cattle farming are great, as cattle rearing
constitutes the highest source of her meat protein.
However, Evans [109] maintained that the anticipated
combination effects and corresponding value
addition obtained per area when compared with
other applications of agrivoltaics (crop production,
bee-farming, greenhouse, etc.) are relatively low. The
shade that the photovoltaic panels provide serves a
great welfare benefit by protecting the cattle from
direct solar radiation on hot days and direct water
droplets during rain incidence. The animal being
reared may develop an interest in the presence of
solar panels and decide to attack the structure until it
becomes obvious to them that the photovoltaic system
does not pose any threat to them.

Agrivoltaic systems protect the livestock from the
sun, facilitate the harvest and treatment of water,
and reduce the chances of soil degradation. It
promotes grassroots generation of electrical power
that is of great benefit to the rural dwellers who
are usually not able to access the national grids.
Agrivoltaics is amenable to the year 2020 Nigeria
agriculture promotion policy because it is subject
to regular and well defined methodological surveys,
responsive to the adoption of improved breeds, attune
with the improved methods of production, agreeable
to the modern day pest and disease infestation
control, aligned to technologically facilitated livestock
identification and traceability, adjustable to automated
disease monitoring and quarantine techniques, and
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Figure 12. Precision livestock farming components adaptable to an agrivoltaic system [114].

attendant to novel ranching concepts [110]. With
these policies” inclined characteristics, agrivoltaics is
capable of providing a permanent solution to the
nomadic cattle rearing-related crisis in Nigeria. In
addition to providing shelter, photovoltaic systems
are incorporated into the grazing range system for:

i. Simultaneous production of electrical energy and
protein food resources.

ii. Generation and supply of electricity for operating
agricultural machines that handle and process hay

materials from other crop fields into supplemental
feed.

iii. Provision of electricity for powering underground
water pumps to continually fill water to

designated water drinking areas in the range.

iv. Provision of electricity for powering underground
water pumps to fill water reservoirs in the range
of other utilities.

v. Provision of electricity for operating electric fence
units to deter intrusion and unguided animal
movements.

vi. Provision of electricity for lighting the
environment of the range and sustaining
farmers’ electric power needs.

vii. Establishment of a unique microclimate that
reduces heat stress on and excessive loss of
water from the reared animal to foster sound
physiological dispositions.

viii. Provision of eco-friendly energy that will foster
the powering and incorporate novel smart
technologies.

ix. Establishment of a site for intensive research and

experimentation.

x. Promotion of direct soil nutrient addition and
preservation of the environment.

The major challenges to awareness creation,
acceptance, adoption, pilot project establishment
and full-scale implementation of agrivoltaics in
cattle production are novel photovoltaic panel
development, system performance evaluation, process
and operation modelling, operation and maintenance
requirements, pliable agrivoltaics legal structures and
social acceptability. These challenges can be tackled
through enlightenment workshops, seminars and
conferences organized with scholars from regions
where knowledge of agrivoltaics has advanced.

8.1 Effects of agrivoltaic systems to crop and animal
health

Photovoltaic systems do not pose an inherent threat
to crops or livestock; the outcomes largely depend on
how the systems are designed and managed. Studies
show that solar panels can actually support agriculture
when integrated thoughtfully. For livestock, the
shade created by panels reduces heat stress, improves
comfort, and allows farmers to cut vegetation control
costs through managed grazing [111]. For crops,
the altered microclimate under panels helps conserve
soil moisture, lowers daytime temperatures, and
can lengthen the growing season, especially for
shade-adapted plants such as leafy greens and certain
forages. Research from regions as varied as Arizona,
Spain, and Germany has demonstrated that yields
often remain stable or even rise under partial shade,
with added benefits in water-use efficiency and
resilience during hot or dry periods [112]. Risks such
as livestock injury from poor fencing, yield reductions
in high-light crops, or damage to panels are tied to poor
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Figure 13. The sensing devices for capturing biological data from animals for agrivoltaic applications [113].

infrastructure and planning, not the solar technology
itself. By applying safeguards like elevated panel
heights, robust fencing and cabling, proper water
access, and careful crop selection, these risks can
be effectively managed. In practice, well-designed
agrivoltaic systems can improve both animal welfare
and crop productivity rather than hinder them.

9 Compliance of Cattle Rearing Agrivoltaics to
Industry 4.0 and 5.0 Technologies

Agrivoltaics is adaptable to frontier technologies
(artificial intelligence, machine learning, big data,
robotics, machine vision and internet of things). These
technologies can be integrated into cattle rearing
agrivoltaics (range-voltaics) to foster the automation of
water pumping and other operations within the range.
With automatic sensing and surveillance components
incorporated in the agrivoltaic system, real-time
insights on the feeding habits and reproductive health
of the animals help the farmers to make viable
decisions towards the animal care and productivity
(see Figure 12). The observed signs facilitate
effective forecasting of disease outbreaks that promote
improved animal welfare and the sustainability of
the farms. While the sensors capture and relate
the measurable parameters, the relative programmed
algorithms recognize the obvious changes and
interpret them, supplementary information from other
sources assists in the exact categorization of the
occurrences, and the resulting predictions are relayed
to the farmer for effective decision making [113].

With the integration of biometric sensing devices,
Industry 4.0 and 5.0 technologies are fast gaining
momentum in livestock management, especially in the
aspects of continuous surveillance and monitoring of
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domesticated animals” health status and behavioral
dispositions. The sensing devices (see Figure 13)
that can be used for capturing biological data
from domesticated cattle include, thermometer, an
intra-vaginal device, a gyrometer, a pedometer, a
weighing system, an accelerometer, a 3D camera, a
herd navigator, a pressure mat, a microphone and a
ruminal pH meter.

10 Conclusion

There is a lack of empirical evidence in relation
to the impact of agrivoltaics in a Nigerian context
due to the non-existence of agrivoltaic systems in
the country. Following the findings obtained from
research conducted overseas, agrivoltaics is technically
and economically feasible as a solution to the nomadic
cattle rearing crisis. There are good prospects and
potential benefits in combining solar energy harness
and electrical power generation with cattle rearing
enterprise. These include improved cattle comfort
and productivity, and the simultaneous generation
of electricity for other secondary applications and
maximized use of land without posing any negative
environmental effects. However, there is a dire need for
sensitization and awareness on the effectiveness and
viability of agrivoltaics for sustainable cattle rearing.
The adaptability of the technology to industry 4.0 and
5.0 technologies helps in eliminating the the drudgery
of physical, real-time surveillance of the herd.

11 Recommendations

To establish agrivoltaics as a practical and lasting
response to the challenges of pastoralism in Nigeria,
the recommendations outlined below present a
structured pathway that blends policy support,
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cross-sector

collaboration, academic research,

grassroots pilot projects, and the use of digital
technologies designed to fit the country’s diverse
social and environmental contexts.

i.

ii.

iii.

iv.

Agrivoltaics should be formally incorporated
into the National Livestock Transformation Plan
(NLTP) and the National Renewable Energy
Action Plan, while the Federal Government
introduces measures such as temporary tax reliefs,
duty-free importation of key equipment, and
conditional grants to ease start-up costs and
stimulate private investment.

A National Agrivoltaics Taskforce should be
created to bring together the Ministries of
Agriculture, Power, Environment, and Land
Resources, ensuring coordinated policies that
reduce land-use disputes, simplify regulatory
processes, and align agrivoltaic projects with
broader goals of agricultural modernization and
climate resilience.

Dedicated Agrivoltaics Innovation Centers
should be set up within universities and
polytechnics across Nigeria’s ecological regions,
where local researchers, in collaboration
with international partners and private firms,
can develop context-specific designs and
simultaneously build local expertise through
training programs for engineers, extension
workers, and young professionals.

Pilot agrivoltaic farms should be rolled out in all
six geopolitical zones, with strong participation
from traditional leaders, pastoral associations,
and farmer cooperatives, while also integrating
solar-powered boreholes, cold storage, and
small-scale processing units to ensure immediate,
visible benefits and measurable outcomes for local
communities.

Gradual introduction of affordable digital tools,
including Iol sensors, GPS-enabled livestock
tracking, and predictive data models, should
be prioritized within pilot sites, with outputs
made accessible through mobile platforms in local
languages and integrated into Nigeria’s Digital
Agriculture Strategy to support the transition to
data-driven, climate-smart livestock management.
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