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Abstract

There is no doubt that the advanced technologies play a very important and crucial
role in drive theagriculturalsustainable practices in order tosatisfy the increasing demand of
the food production as well as to minimize environmental impacts. This review article aims
to provide comprehensive points of viewregarding a current state as well. as the future
advancesin smart farming techniques for developing anagricultural sustainability:The digital
sensors are considered as key techniquesfor agriculturaltransformation which. provide an
accurate managing and monitoring the various agricultural activities such as crop production,
soil moisture, microclimate data, and others. Valuable detailed data are acquired by these
sensorsto be delivered to the farmers in order to make suitable decisions, ensuring the
sustainable and efficient utilization of the agricultural resources.Moreover, managing
irrigation using the advanced technologies is benefitedwireless monitoring remotelyand
controlling systems. These technologies and advanced tools help the farmers to reduce water
consumption and increase their benefits as well as.promoting sustainable management
practices of the water resources.Additionally, the drones such as unmanned aerial vehicles
(UAVs) can be attached with several kinds of sensors or:cameras for capturing detailed
information of crop health, soil status, required fertilizers, irrigation, and pesticides. Besides
these benefits of drones, they provide a.function of an early detection of agricultural
problems which allow the decision makers for taking suitable actions. Furthermore, the
biotechnology advances such as CRISPR gene editing, and transgenic animals’ developing
are very beneficial for enhancing the crop yield, disease resistance, and nutrients availability,
and agricultural sustainability. The precision agriculture (PA) integration with geographic
information system (GIS) and remote sensing (RS) providessite-specific management and its
decisions in order to optimize the.inputs utilization, waste reduce, and sustainable practices
promotion.Also, advanced technologies’application (i.e. artificial intelligence *Al’, machine
learning ‘ML’; and the Internet of Things ‘loT’) has been found to be a promising for
achieving an.agricultural sustainability. Therefore, by using these powerful technologies, the
farmers can enhance an agricultural production, decreasean environmental effect and achieve
the food security.
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Introduction

Applications of the recent technologies in agriculturalsustainability are important in
order to enhancethe agricultural production and minimize the environmental effects. There
are different innovative techniques which are integrated for facing the challenges of food
security, resource conservation, as well as climatic changes. The various kinds of the digital
sensors are used for the main objective of agriculturaltransforming through allowing
thepractices of real-time detection, actionable information that provide sustainability (Martos
et al., 2021). These sensors are capable to detect, recognize, characterize, estimate and predict



different agricultural activities such as crop health, soil status, moisture levels, livestock size,
and environment factors, which help the farmers in optimizing benefits and managing their
resources as well as reducing the environmental harms. Integrating the digital sensors with
the agricultural practices can contribute significant in mitigating the food security, climate
change and other risks and helping in achieving the agricultural sustainability (Kayad et al.,
2020).

The precision agriculture (PA) has been found to be an optimal model for understanding the
potential of the advanced technologies whereas the combining of the data analytics, machine
learning (ML), artificial intelligence (Al), remote sensing (RS), geographical information
systems (GIS), internet of things (l0T), and other techniques provide a significant aid for
enhancing agriculture productivity and sustainability. Moreover, an optimal utilization of
these techniques helps the farmers for optimizing the environmental resources, enhancing the
crops’ yields, and reducing the challenges (Bhat and Huang2021).

Drone agriculture is a very recent concept which has been found to. help the agricultural
sector for achieving the agricultural sustainability gools.as well as the PA objectives. The
drones provide the farmers with valuable data which help in. making. decisions and taking
good actions for optimizingthe agricultural operations and enhancing sustainability. Through
acquiring soil, crop, water, urban, and others information, the management of the agricultural
activates comes easier (Tsolakis et al., 2022). The market of drone agriculture technology
continues growing whereas integration of drones.and the agricultural practices is mandatory
to fill the gap between the population demand.and the food production as well as to minimize
the environmental impacts.

Moreover, there are some advances in biotechnology sector as described by Tyczewska et al.
(2023) which reshaping thelandscape of agricultureas well as providing the innovative
solution for improving the food security, sustainability, andagricultural production. Utilizing
these advances such.as genetical-engineering, a CRISPR-Cas technique, as well as microbial
biotechnology, an agricultural sector being capable to face several challenges, and
minimizing the environment’s impacts. By focusing on the considerations, regulations, ethics,
and public concerns, the benefits of the biotechnology which achieve the sustainable
agriculture on the basis of the research and development cover.

Angther field of applications regarding the very advanced technologies is the automation and
robotics techniques which are providing several benefits to the agricultural sector, allowing
innovative advantages to improvethe crops’ productivity. An integration of these tools with
the precision farming (PF), different agricultural practices can be managed easily such as
seeding, irrigation, fertilization, pesticides addition, harvesting, and others.For controlling
these agricultural activities, for example the advances irrigation systems are considered as a
potential tool for providing effective water consumption for the farmers, enhancing the crop
production as well as promote the sustainability. Therefore, integrating these advanced
techniques with the RS, Al, ML, and data analytics allow possible chances for mitigating
several problems such as water scarcity, climate change, and food security (Mahmud et al.,
2020).



Another application of the advanced techniques in agriculture is the integrated pest
management (IPM) which uses the eco-friendly methodologies for assure the effectivity of
controlling the pest and diseases as well as reducing the cost structure of using the chemical
pesticides or sterilizers. The IPM when integrated which the IoT, drone agriculture, and Al
tools, its efficiency will be doubled in order to enhance the agriculture production and
mitigate the climate change (Angon et al., 2023). By utilizing the loT, the agricultural
transformation can be significantly fastened. The loT is very crucial for the agriculture
whereas structured of several advanced tools such as the global positioning system (GPS),
different sensors (controlling, moving, rotating, etc.), drones, antennas, controlling units and
others. These components are capable to provide very detailed information about each
centimeter of the agricultural field and helping in real-time monitoring, decision-making, and
improving the agricultural resources. The 10T also helps in monitoring the PA and livestock
as well as the smart greenhouses. Moreover, it fastening and doubling the efficiency and
productivity of the agricultural activities in a sustainable way.-The 10T in the agricultural
sector increases with a potential of future growing and expanding (Morehid et al., 2023).

The GIS is a very effective tool for agricultural transformation. which considered as an
effective, potential, powerful and cheap technique for-collecting, analysis, and visualizing the
different kinds of the data. Moreover, the GIS technigque corporates in different agricultural
applications such the PA, crop monitoring, water level’s estimating, soil properties
interpolation and mapping, and livestock tracking. Additionally, the GIS is capable to
enhance the quality of the decision-making process as:well as promote the sustainability. An
integration of the Gls, Al, and RS is very compulsory for achieving the agricultural
sustainability in all agricultural activities (Mathenge et al., 2022).

Furthermore, the advanced solutions which. obtained by the renewable energy sources are
very essential to create sustainable and transformed future of an agriculture. Harnessing the
different kinds of .the renewable ‘energy sources such as hydropower,solar,wind,
geothermal,and biomassenergies will help the farmers in reducing the environmental
challenges, enhancing the efficiency of the energy, and improving the economic viability of
these resources.. The smart greenhouses are considered as a significant advance for
agricultural technologies which offers innovations and solutions used for enhancing the crop
productivity, ‘optimizing the utilized resources as well as promoting the agricultural
sustainability. ' The smart greenhouses combined with the 10T, data analytics, and smart
sensors, can be utilized in adapting the climatic changes and improving the crops yield (Pata,
2021).

One of the most important advancements in the agricultural technology is the vertical farming
which considered as a transformative agricultural technique, capable to maximize the
consumed spaces, conserve the available resources, and promote the sustainable productivity
of the food (Mir et al., 2022). By utilizing these techniques, the agriculture will be facing the
urbanization, growing population and food security challenges. Moreover, the blockchain
technique has been found to be a potential tool for improving the transparencyandeffectivity
through the supply chain of the food.



Therefore, these technologies are found to create more sustainable agricultural sector through
improving the agriculture efficiency, decreasing the wastage, and improving the resilience of
food systems to face the globe challenges.Furthermore, these technologies are enhancing an
agricultural sector, enabling sustainable production of the food as well as mitigating the
challenges resulted from the global population growth and climatic changes. Thus, the main
objective of this review is to overview the different advanced technologies in an agricultural
sector.



1. Digital Sensors

The digital sensors are playing a very important role in managing and monitoring different
agricultural activities like soil nutrient,moisture, and temperature status as well as providing a
real-time information which contribute in helping the farmers for taking a suitable actions
and decisions against several activities such as irrigation, fertilization and pest-controlling.
These sensors were found to provide solutions for the ultimately leading in better resource
management and wastes reduce. There are many types, uses, benefits and applications of the
digital sensors in agriculture and are explained below (Dayioglu and Turker2021).

1.1. Types of Digital Sensors
1.1.1. Soil Sensors

There are various kinds of the soil sensors as described by Yin et al. (2021) which are utilized
for measuring different soilphysical and chemical parameters such as:pH, soil salinity as
expressed by the electrical conductivity (EC), soil moisture content, soil temperature,
macronutrientssuch as (nitrogen ‘N’, phosphorus ‘P’, and-potassium*‘K’); and micronutrients
such as (iron ‘Fe’, manganese ‘Mn’, copper ‘Cu’, and zinc ‘Zn’). By using these sensors,
valuable information can be collected to help the farmers in understanding of the soil quality,
health and fertility status, and contributing in the PA practices. These data are very important
to achieve better management of the land resources as well as enhance the agricultural
productivity. These sensors are such as laboratory-based (i.e. pH meter, atomic absorption
spectrometer, spectrophotometer, flame photometer, spectroradiometer, etc.); or field-based
sensors (i.e. potentiometer, spectroradiometer, SPAD, etc.); airborne-based sensors (i.e.
UAVS, aero planes, etc.); and satellite-based sensors (i.e. hyperspectral, multispectral,
thermal, radiometers, etc.).

1.1.2. Crop Sensors

These sensors are designed to-measure or estimate the crop canopy and determine vegetation
morphological ~parameters such as leaf area index (LAIl), pigments (chlorophylls,
anthocyanin, etc.). These sensors are utilized also for monitoring the plant health and growth
stages. Moreover, these sensors are used for detecting the nutrients deficiency, infectious
diseases and “pests by using the reflectance, absorbance and fluorescence types of
electromagnetic waves. There is aerial or satellite sensors which can be utilized in estimating
the crop health by applying the normalized difference vegetation index (NDVI), which
provide good indicator for the requirement of the fertilization or pest control (Khan et al.,
2021).

1.1.3. Livestock Sensors

For this purpose, drones (for example) are used for livestock tracking and management
(Neethirajan and Kemp2021). These sensors are used for monitoring an animal health,
behaviors, and environment conditions. Moreover, these are utilized for detect and track the
vital signs, feeding pattern, and movements in order to help farmers with sufficient
information which can optimize the animal welfare and production.



1.1.4. Weather Sensors

These sensors are collecting the data related to the atmospheric conditions (temperature,
humidity, precipitation, wind, etc.) which are used in estimating and predicting several
weather patterns and optimizing the cultivating and harvesting programs. These sensors can
help the farmers in minimizing the energy consuming and reducing the possible risks related
to changes in the weather conditions (Ukhurebor et al., 2022).

1.2.Applications of Digital Sensors in Sustainable Agriculture
1.2.1. Precision Agriculture (PA)

The digital sensors are utilized for the PA activities whereas collecting detailed information
and helping the decision-making for taking suitable actions and decisions. An integration of
Al, data analytics, sensors and ML algorithms provide the farmers with a comprehensive
understanding of their practices and activities in the conditions of the fields. This approach
achieves the main goal of the PA which increase the agricultural production by decreasing the
inputs’ costs (Priya and Ramesh2020).

1.2.2. Remote Sensing and Satellite Technology

The advanced sensors which are used for the agricultural purposesas described by (Kumar et
al., 2022) can be attached with the satellites platforms whereas the RS technique able to
support the users or decisionmakers with accurate information. These sensors also can be
fixed on the UAVS, or on the ground-based platforms to provide a complete vision about the
agricultural activities. Additionally, these techniques provide large scales monitoring related
to the crop health, soil conditions,.and environmental changes.

1.2.3. Data-Driven Decision:Making

These advanced sensors offer detailed. observed data that can be combined with the farm
management information systems.(FMIS) andenterprise resource planning (ERP) in order to
analyze the agricultural activities comprehensively as well as to maximize the uses of the
resources and minimizing the agricultural wastes (Raji et al., 2024).

1.2.4,. Environmental Monitoring

These digital,sensors can be used in managing and monitoring the different environmental
factors (i.e..greenhouse gas emissions, soil health, etc.). These benefits can help either
directlyor indirectly in enhancing the total production of the agriculture and reducing the
effects of the harmful materials’ carbon footprint and improve an ecological balance (Koul et
al., 2022).

2. Precision Agriculture (PA)

In the PA, the GPS technology and data analytics are incorporated for a full monitoring of the
farming practices. This technique is very crucial for the accurate daily-bases of fertilization,
irrigation and pesticides application as well as reducing the wastes and the impacts on an
environment. The PA main objective is the given costs must make profit under precise
addition of the agricultural activities. Therefore, an exploration of the PA, principles,



techniques, advantages and benefits, limitations and challenges, and applications are
discussed below.

2.1. Principles of Precision Agriculture

The PA is operating on the point of view that the areas are not same whereas there is a spatial
variabilityof soil types, moisture level, nutrients availability, and crops health. Therefore,
understanding this variation can help the farmers to manage the agricultural practices wisely
to meet the actual requirements of their fields. There are some key principles of the PA
include the site-specific management, whereas the PA monitor and manage everyfield part
against its distinguished characteristics in order to detect the exact needs of this area (Jin et
al., 2020). This PA approach can be useful in data collection and analysis of the different
sources to get the management actions. The PA is also focusing in resource optimization,
whereas an accurate application of the irrigation water, fertilization inputs, and pesticides
additions. Therefore, these activities of PA are capable to minimize the agricultural inputs’
wastage as well as an environment impact (Loures et al., 2020).

2.2.Technologies Used in Precision Agriculture

The GPSandGIS are mandatory technologies for the PA, whereas GPS is providing theexact
locations for the farmers to understand their fields, while the GIS technology is capable to
map and analyze the spatial variability distribution of the different agricultural resources
(soil, vegetation, water, nutrients, etc.). -Moreover, different sensors are utilized in field
observations for monitoring the soil moaisture levels; temperature status, soil parameters either
in discrete or in real-time detection in order to a quantitative decision of the required
irrigation and fertilization (Roy and George 2020).

The agricultural drones (Nath, 2024)which attached with several kinds of the sensors are
capturing the multi-resolution fields imageries to allow farmers assessing the crop vigor,
recognize problem sites, and-manage the growth stages. The advanced software is utilized in
analyzing the collected sensors’data and develop the prediction models which can be used in
crop monitoring and. forecasting as well as optimizingthe cultivation schedules and
recommendations.. Furthermore, the 10T components enable communicating and collecting
the datafor real-time management as well as for providing the automated actions-making.

2.3.Benefits of Precision Agriculture

The PA has many advantages such as described in Karunathilake et al. (2023) which
increasing an efficiency of the agricultural inputs, therefore the farmers being capable to
maximize these available resources and minimize cost and waste. The PA has higher crop
yields whereas the accurate managements cause the improvement in the crop health and
yield. The cost saving is an important advantage for the PA which the agricultural practices
can be applied only when are needed and significant profitability can be achieved. Another
advantage of the PA is an environmental impact whereas it helps in reducing the chemicals
and increasing the eco-friendly materials as well as clean water and atmosphere. The PA
contributes in enhancing the decision-making process in situ in order to provide a rapid farm
management.



2.4.Challenges of Precision Agriculture

Although the advantages of the PA, there are some challenges in data management
(Karunathilake et al., 2023), integration of technologies, cost of implementation, and
technical expertise. Regarding management of the data, the obtained size is controlling the
behavior of farmers neither accepted nor rejected. However, the high size of the data is hardly
accepted by the farmers or decision-makers. The second limitation is an integration to the
other technologies whereas integrating multisource data is complex in managing and
processing. Moreover, an initial technological invest as well as the provided training for
farmers may be as a barrier for some of them. These operations and processes need additional
experiences to deal with many kinds of data, interpret, analyze and decision making.

3. Agricultural drones

These drones are utilized in many applications of the agricultural activities, whereas they
used for capturing multispectral or hyperspectral images in order. to monitor the crops, soil,
water, and livestock. The obtained data can be utilized in“decision making regarding the
irrigation, fertilization, pest control and other agricultural practices. The agricultural drones’
industry significantly increased which enable the farmers to reach the sustainable agricultural
practices. The UAVs have different types, sizes and technologies whereas there are drones
used for pesticide applications, seedings, capturing images, ete.

3.1.Types and applications of Agricultural Drones

Multispectral imaging drones are such as D3I P4 which capture the spectral data in RGB and
vis-NIR region in wide spectral bands. The utilization of these data is for NDVI index
calculation which used for crop health monitoring as well as soil conditions. These
multispectral sensors are limited in‘their resolution and accuracy although they are considered
as potential tools for the’PA. The spraying drones for example, DJI Agras T30 drone which is
used for spraying the fertilizers-or pesticides either chemical or in chemical addition. The
path of the drone flight is automated through a suitable software. The fixed-wing drones are
optimal for capturing larger scales rapidly, aerial surveying, mapping, and managing the
vegetation cover. Moreover, these drones are capable to fly for longer time than other drone
typesas described.in Mahadasa et al. (2020).

The agricultural drones can be used for soil and field analysis as these drones are attached
with ‘multispectral sensor or camera to capture images and collect data of the soil status,
moisture “level, nutrients availability and alkalinity. These data are utilized for optimal
cultivating crops and understanding the soil management. Crop monitoring is the second
application of these drones whereas covering big sized fields is very difficult using the
traditional methods of surveying and sampling. However, drones offer high quality and
accurate data can be utilized for decision making and monitoring crop health and yield. The
agricultural drones which attached with RGB, with multispectral or thermal sensors can
identify the dry and wet spots of the acquired images. This information provides the farmers
with the sufficient knowledge for optimizing the irrigation programs and for ensuring the
water use efficiency. Agricultural drones are also incorporated in spraying pesticides,
herbicides, fertilizers and others, whereas these drones can access to difficult places cannot be



visited without drone. Moreover, the drones are contributed in the precision planting and
dispersing seeds in their patterns optimally and accurately in order to decrease the seed waste.
Furthermore, drones are used for security and surveillance whereas the attached cameras
monitor the movements of the livestock, therefore these drones are applied for security and
tracking the animals (Dileep et al., 2020).

3.2.Benefits of Agricultural Drones

As explained by Rejeb et al. (2022), an increasing an efficiency of the agricultural practices
and inputs such as irrigation water, fertilization, and pesticides application. These activities
are done accurately and where actually needed for maximizing the utilization of the resources
and minimizing the wastage. The second benefit is improving the crop yields throughcrop
health monitoring and detecting the crops’ problems as well as optimizing the cultivation
conditions. Decreasing the agricultural input costs and improving the agricultural production
drives to a dramatic saving of the cost and enhancing profitability.. The .drones’ applications
can decrease the chemical runoff and environment impacts and ‘enhancing the water
conservation and finally improving the sustainability pessibilities. By the real time data
acquisition of drones, farmers can make suitable actions and decision in suitable timings.

3.3.Challenges and Limitations

There are some limitations and drawbacks of the agricultural drones such as the high initial
investment costs; as well as the compatibility issues-through the equipment and software. The
restrictions of the regulations of using the agricultural drones in many regions are considered
as a big obstacle. These drones and their technology require high expertise people as well as
the data interpretation, management-and-analysis are challenges (Ayamga et al., 2021).

4. Biotechnology

The biotechnology techniques such as genetic modifying as well as the CRISPR gene editing,
provides the crop varieties developingwhich are more resilient, adapted, tolerant to
stresses.These advanced techniques make high yields and profits through reducing the
chemical fertilization which.incorporating in sustainable agricultural practices. There are key
advances.in anagricultural biotechnology, applications, advantages and challenges which are
described as follow.

4.1. Key Advances in Agricultural Biotechnology

Genetic engineering (GE) takes care of a direct manipulation of the DNA in the organismsin
order to develop new traits and to enhance current ones for creating genetically modified
organisms (GMOs) which have special properties. There are key techniques for the GE such
as transgenic technology which involves the inserting genes from one specie to another in
order to develop such as pest resistance or herbicide tolerancetraits. For instance, the Bt
cotton is genetically engineered for expressingsome toxins from Bacillus thuringiensis, to
make it more resistant to certain pests. The CIS-genic and intragenic approaches are involved
in transferring several genes from specie to another. Therefore, such approaches are seen as
more acceptable to consumers (Sarfraz et al., 2023).



The CRISPR-Cas9 is an advanced gene-editing techniquewhich is allowing an accurate
modification to the genome of an organism; and also creating some changes in the DNA
sequences without including foreign genes, making it a powerful tool for developing crops
with enhanced traits such as drought resistance, improved nutritional content, and disease
resistance. This technology is gaining traction due to its efficiency and potential for
regulatory ease compared to traditional GMOs. Moreover, marker-assisted selection
(MAS)utilizes molecular markers to select plants with desirable traits during the breeding
process. This technique accelerates the traditional breeding methods by allowing breeders to
identify and select plants that carry specific genes associated with traits like disease
resistance or high yield. This results in faster development of improved crop varieties.
Furthermore, the tissue culture techniques allow for the propagation of plants under sterile
conditions, enabling the mass production of disease-free and genetically uniform plants. This
method is particularly useful for propagating high-value crops and preserving endangered
plant species. Additionally, synthetic biology combines biology and engineering to design
and construct new biological parts, devices, and systems. In agriculture, it can be used to
create microorganisms that enhance soil health, improve nutrient uptake, or even produce
biopesticides. This approach holds promise for developing sustainable agricultural practices.
Also, the use of beneficial microbes in agriculture can enhance plant growth, suppress
diseases, and improve soil health. Microbial inoculants,-such as mycorrhizal fungi and
nitrogen-fixing bacteria, can be applied to crops to enhance nutrient availability and promote
healthy growth (Yadav et al., 2021).

4.2.Applications of Biotechnology in Agriculture
4.2.1. Crop Improvement

The biotechnology tools made the development to the crops whereas enhancing the traits as
pest and disease resistance through the genetically engineered resistant crops for different
kinds of the pests and diseases. These genetical modifications decrease the required quantities
of the chemical pesticides as wellas helping in promoting an environmental sustainability.
Moreover, the herbicide tolerance function can be added to some crops which sensitive to
these herbicides for achieving an effective weed management and not harming the growing
crop. Furthermore, the nutritional enhancement in the biofortified crops like Golden Rice
with vitamin A. the stress tolerance can also be modified in engineered crops against biotic
and. abiotic stresses (i.e. drought, salinity, and heat)in order to ensure food security,and
mitigate the climatic changes (Gao,2021).

4.2.2. Sustainable Practices

The biotechnology is incorporated intothe agriculturalsustainability through reducing the
reliance on chemical inputs, thereby minimizing environmental pollution. Moreover,
enhancing resource use efficiency, such as water and fertilizers, through improved crop
varieties. Furthermore, supporting conservation efforts by developing crops that require less
land and water (Rastegari et al., 2020).

4.3.Benefits of Agricultural Biotechnology



These benefits can be achieved through the increased crop yields(Aileni,2022)whereas
enhanced traits lead to higher productivity, helping to meet the growing global food demand.
Additionally, through the reduced environmental impact that lower pesticide and herbicide
use decreases chemical runoff and pollution. Moreover, economic benefits can be added as
increased efficiency and reduced input costs improve the profitability of farming operations.
More important to cares about the food security issue whereas the biotechnological
advancements can help ensure a stable food supply in the face of climate change and
population growth.

4.4.Challenges and Concerns

Although there are many benefits of the agricultural biotechnology, "it. faces several
challenges such as the regulatory rules whereas the approval process for GMOs can be
lengthy and costly, hindering innovation and adoption. Also; public “perception in
concerningabout the safety of GMOs and their impact on health and the environment can lead
to consumer resistance. Moreover, the biodiversity loss through the widespread adoption of a
few genetically modified crops may threaten agricultural biodiversity and traditional farming
practices. Furthermore, ethical considerations whereas the manipulation of genetic material
raises ethical questions regarding the extent of human intervention in nature (Yadav et al.,
2021).

5. Automation and Robotics

The automation technologies like the robotic harvesting and irrigation tools are considered as
some of the tools of agricultural transformation (Mahmud et al., 2020). Through using these
tools, better performance in the agricultural activities can be achieved with less human
intervention as well as labor. These techniques can help in increasing the crops productivity
and minimizing the environmental footprint by optimizing resource use. Moreover, the
automation systems and robotics are incorporated in many farming practices with a high
efficiency, productivity, and sustainability. However, theautomation and robotics in
agriculture, including their applications, benefits, challenges, and future prospects is
described as.follows.

5.1. Overview of Automation and Robotics in Agriculture
5.1.1. Definition and Scope

An agriculturalautomation is the utilization of technology to complete the agricultural tasks
through minimal labor work. The robotics are considered as the design and application of
robots to implement the agricultural activities (i.e. planting, harvesting, and monitoring
crops). The integration of the automation and robotics is very crucial to the PA in order to
maximize the field-level management through the crop farming (Botta and Cavallone2022).

5.1.2. Key Technologies

There are some advanced tools of the robotics or the automated systems such as the
autonomous vehicles whereas these are self-driving tractors and harvesters equipped with
GPS and advanced sensors can perform tasks such as plowing, seeding, and harvesting



without human operators. These vehicles enhance operational efficiency and reduce labor
costs. Other tools are the drones such as the UAVs which are used for crop monitoring,
spraying pesticides, and mapping fields (Adewusi et al., 2024). Drones attached with the
multispectral cameras can evaluate crop health and recognizeproblems like pest infestations
or nutrients’ deficiencies. Moreover, the roboticsharvesterthat are modelled for harvesting
fruits and vegetables capable to operate either autonomously or semi-autonomously, and
significantly reducing the labor required for these responsibilities. They are fixed with
advanced sensors and MLcodesfor identifying ripe produce and navigate sites (Sarfraz et al.,
2023). Additionally, the integration ofrobots or Cobotsand human laborers, helping in
completing the agricultural activities like cultivating, weeding removal, and packing the
products. These Cobotsimprove productivity and safety through taking over.repetitive and
physically consuming tasks. Furthermore, the sensor techniques which are integrated into
agricultural machines to manage the soil conditions, as well as weather patterns, and plant
health. These sensors allows real-time data that informs decision-making and" optimizes
resource use (Sharma, 2020).

5.2.Applications of Automation and Robotics

These automated programs and robots are used in several applications (Mahmud et al., 2020)
like cultivating and seedling whereas the seeders can-automatically plant these seeds at
accurate depths and spacing, to ensurethe growth conditions. This accuracyminimizes seed
wastage and enhance plant yield. Another application, is the crop management that drones
and ground-based robotics attachedby multispectral ‘or hyperspectral cameras help in
monitoring crops, evaluate the soil moisture, and identify the diseases in early stage to allow
the time for taking suitable action. Furthermore, an irrigation monitoring is other application
of an automatic irrigation programwhich use the sensors to determine the water when and
how much water to apply, optimizing water use and reducing waste. Another application is
the pest and weed control which the robots can recognize and target specific weeds or pests
for treatment, reducing the need for broad-spectrum herbicides and other harmful materials.
This targeted approach minimizes environmental impact and improves sustainability. Also,
the robotic .harvesters can operate continuously, increasing the speed and efficiency of
harvesting operations. They can be computed to recognize ripe produce and handle it
delicately, reducing damage.Computation in postharvest process like sorting and packing,
enhances efficiency and reduces labor costs whenassuring quality control.

5.3.Benefits of Automation and Robotics in Agriculture

There are some benefits of these technologies whereas this automation is capable tominimize
the time and labor needed for different agricultural tasks, providing farmers to concentrate on
higher-value processes. Moreover, by reducing labor fees and maximizingusedresources,
these techniques can cause significant changes in income for farmers.Moreover, these
technologies can enable accurate application of all inputs to the agricultural processs (water,
fertilizers, pesticides), reducing wastage and improving crop production.These technologies
improve sustainable farming activities by minimizing chemical utilization, conserving water,
and minimizing soil compaction.The automation support and assess the labor shortages in



agriculture by completing difficult tasks cannot be done by human labor (Sparrow and
Howard2021).

5.4.Challenges and Limitations

There are some drawbacks of these advanced tools (Oliveira et al., 2021) are such as the high
costsof these techniques asan investment is needed for doing such advanced machines and
tools. The cost can be barrier for small and medium farms. Moreover, these farmers require
good training to manage, manipulate as well as effectively monitorthese automated systems.
Also, the utilization of such tools facesa lot of regulatory rules especially those for safety and
liability. Moreover, over-reliance on these tools causes vulnerability in the technology event
failures or cyber issues. Finally, an integration between various data sources and the
interpretation of this data is very complex and needs advanced analytical skills.

5.5.Future Prospects

The future of these tools is promising as ongoing advancements and increasing investment
either in research or development. The Al enhances the capability of the agricultural
automatic robots in order to enable those to learn from environment and making decisionsand
changing conditions. Moreover, the development of smallrobots (which is capable to work
together) for efficientperformingof the faced tasks is.a good area of research. The loT
facilitatesmore connectivity among devices: which allow the real-time sharing data and
improving the process of the decision-making.As environmental concerns grow and greater
emphasis on those developed technologies can promote sustainable agricultural practices
further in a right way.

6. Advanced Irrigation Systems

These systems are mandatory for the modern agriculture especially in mitigating the
challenges of water scarcity, climate change, and the need for sustainable farming practices.
These systems utilize innovative ‘technologies and methodologies to optimize water use,
enhance crop yields;.and minimize environmental impacts.

6.1. Types of Advanced Irrigation Systems
6.1.1. Drip Irrigation

The drip irrigation systemsdirectly deliver the water into plants root zone during a network of
tubes and emitters. This system decreases the loss of the water because of the evaporation as
well as runoff to make it as a one of efficient available irrigation systems.It consists of
mainline, sub-mainlines, emitters, and filters. These emitters under two types of pressure
(compensating or non-compensating) based on its design.It issuitable to grow crops, orchards,
and greenhouse plants. Therefore, the drip irrigation is essential in aridic regions where
critical conserving water (\Vaddula and Singh2023).

6.1.2. Sprinkler Irrigation

Sprinkler systems similar to the rainfall (precipitation) in which the water is distributed
through pipes network and heads’sprayers. These pipes are fixed or moved and are they are



suitable for various crops.This systemconsists of center pivot, lateral move, and stationary
systems (Taguta et al., 2022). The center pivot system isa common and popular in large fields
providingreasonable coverage.Sprinklers areutilizedto distribute the needed water quantity
for the crop.

6.1.3. Subsurface Irrigation

The subsurface irrigation is considered a minor common system as it is buried lines or tubes
under soil to allow the water delivery to move directly into root zone without any wetting of
the surface.This method helps in saving the loss of water during the process of evaporation.
Therefore, the weed growth decreases and high value of the crops are added whereas these
crops can be grown in arid regions (Lamm et al., 2021).

6.1.4. Smart Irrigation Systems

The smart irrigation systems utilize techniques for automating and-optimizing the irrigation
process; whereas these systems include weather controllers as well as'soil moisture sensors.
These systems have also thecapabilities to manage the process remotely(Obaideen et al.,
2022).The advanced controlling parts can help in adjusting the schedules of the irrigation
process during the real-time data collection and includes weather forecasting as well as soil
moisture.These tools are improving theefficiency of water, decreasing the costs of labor and
improving theplants health through ensuring suitable watering conditions.

6.1.5. Rainwater Harvesting Systems

The rainwater harvesting systems are able to obtain and keep the precipitation to be used in
crops’ irrigation. These tools if integrated with current irrigation systems, it will supply the
water in dry times.There are some. sources of the watersheds like gutters, storage tanks, and
filtration units which are-used for ensuring the fresh and clean water availability for crops
irrigation.This process-of harvesting precipitation water is providing an encourage to water
use sustainability as'well as decrease the groundwater dependency (Jarimi et al., 2020).

6.2. Technologies in Advanced Irrigation Systems
6.2.1. Sensorsand loT

Soil moisture sensors are used for measuring the soil moisture content which provides
accurate irrigation programming based on actual crop requirements. Afterwards the weather
stations:type which allows the real-time data acquisition such as (rainfall, temperature, and
humidity) to help in adjusting the irrigation practices accordingly. The 10T integration
whereas a connection between different sensors and devices, enabling remote monitoring and
control of irrigation systems through smartphones or computers (Morchid et al., 2023).

6.2.2. Automation and Control Systems

The smart controllers can adjust irrigation schedules automatically based on data from
sensors and weather forecasts, optimizing water use (Kim et al., 2020). Moreover, the remote
monitoring allows farmers to manage irrigation systems from anywhere, ensuring timely
adjustments and efficient water distribution.



6.2.3. Data Analytics

Th predictive analytics can analyze the historical data to forecast water needs and optimize
irrigation schedules, enhancing efficiency and crop yield. Also, the decision support systems
provide recommendations based on data analysis, helping farmers make informed irrigation
decisions (Singh et al., 2022).

6.3. Benefits of Advanced Irrigation Systems

These automated systems can increase the water efficiency through the significant reduce of
the irrigation water wastage by delivering water directly to the plants and minimizing
evaporation and runoff. These technologies can increase the crop production by ensuring that
crops receive the right amount of water at the right time, these systems.can enhance growth
and productivity. The costs will be reduced through reducing the water usage and improved
efficiency lead to lower operational costs for farmers. Also, the advanced irrigation practices
contribute to sustainable agriculture by conserving water resources and reducing
environmental impact.These systems can be tailored to different crops and environmental
conditions, making them versatile for various agricultural settings (©baideen et al., 2022).

6.4. Challenges and Limitations

There are some challenges (Abioye et al., 2020) of these ‘techniques are such ascostsof
developing the irrigation systems and they will require.investing expenses.The second
limitation is that the farmers need advanced training to be able in using these systems and
making decisions. Moreover, the rules and regulations as well as the maintenance of these
systems are mandatory for ensuring the efficiency.of these systems.Thinking for dealing with
the possible risks is crucial to increase profit and reduce the costs.

6.5. Future Prospects

These irrigation systems are promising and helping in increasing the need for agricultural
sustainability. An Al helps in improving the processes of planning and making the decisions
when analyzing big data obtained from the on-field observations.The solar energy can be
used effectively in the irrigation systems because such energy can decrease the fossil fuels
costs and harm effects.Collaboration between researchers, developers and farmers as well as
sharing the field data will lead to better water management and irrigation.The
governments’role is essential for enhancing the irrigation technologies and this can be
achieved. through subsidies, grants, and research initiatives aimed at improving water
efficiency inagriculture.

7. Artificial Intelligence (Al) and Machine Learning (ML)

The efficiency of the Al and MLappears when integrated with agriculture to manage, analyze
and model big data. These techniques are used for estimating and predicting the performance
of the growing crops as well as helping in making decisions. Therefore, this integration will
lead to the agricultural sustainability and transformation in industry, operations and
productivity.

7.1. Key applications of Al and ML in agriculture:



7.1.1. Precision Farming

Al and ML are considered as a heart of the PA and precision farming. These tools can deal
with the agricultural activities at the field and enabling predictive analyticsof the multi-
sources obtained data (weather, soil, and satellite, crop irrigation). Moreover, providing the
moving technology is very effective in application of fertilizers and pesticides in a good way
help in reducing wastage and environment impacts. Besides, many automatic vehiclesand
machines (self-driving tractors or harvesters) which attached with Al to navigate these
vehicles is saving costs, energy, and effort (Karunathilake et al., 2023).

7.1.2. Crop and Livestock Monitoring

Al and ML codes are used for analyzing the multi-sources data (sensors,-drones, and
cameras)for managing and monitoring crop health and livestock well-being.The disease and
pest detection through identifying early signs of diseases or pest infestations through image
recognition, enabling timely interventions. Moreover, the yield prediction by forecasting crop
yields based on factors such as weather patterns, soil conditions and plant growth data; as
well as the livestock monitoring utilizing the tracking animal behavior, health, and
productivity using sensors and computer vision, optimizing management practices (Martos et
al., 2021).

7.1.3. Weed and Pest Control

Al tools can identify and target specific weeds or pests (Balaska et al., 2023), reducing the
need for broad-spectrum herbicides and pesticides. Robotic weedingautonomous robots
equipped with computer vision and machine learning algorithms can precisely identify and
remove weeds, minimizing manual labor and.chemical use. The drones and field sprayers
areappliedon the pesticide’sapplications (for instance) only when and where required based
on real-time data and maps.

7.1.4. Supply Chain Optimization

Al and ML are helping in optimizing different aspects of the agriculture supply chains like
prediction models:of customers demand and consumption for agricultural products using the
data of socioeconomic trends. Moreover, optimization of the logistics by enhancingthe
transportation, delivery tables, and management using Al tools. Furthermore, the quality
control utilizing the automating inspection and grading processes using computer vision and
machine, learning, ensuring consistent product quality (Sharma et al., 2020).

7.2.Challenges and Limitations

Al and ML provide many benefits but they have some challenges associated with availability
and quality for the agricultural data. Moreover, integration with agriculture (farmers and
settings) with Al and ML technologies is very complicated and costly.Moreover, the common
challenges of the all-agricultural technologies are the regulatory, ethical and experience
concerns. Furthermore, Al and ML will still continue growing and their applications in
agriculture will expand which provide new tools helping in improving agricultural
productivity, sustainability, and profitability(Ahmad and Nabi 2021).



8. Integrated Pest Management (IPM)

IPM offers different management plans for controlling the diseases and the pests using eco-
friendly methods. This technique utilizes the biological control, crop rotation, and resistant
crop varieties’ methods for reducing the utilization of pesticide and enhancing the green
ecosystem and crop productivity.

8.1. Principles of Integrated Pest Management

The important step in the IPM approach is preventing the pest problems before occurring
through some practices (crop rotation, pest-resistant crops, and maintaining healthy soil) and
regular managing and controlling the pest populations and recognizing the priority of the
pest’s harm. This can be done by using some techniques (traps, visual inspections, and
scouting) for evaluating the levels of the pestsand know if they exceed economic
thresholds.The IPM technology establishes action thresholds, which are the pest population
levels at which control measures should be implemented(Singh et al., 2020).

8.2. Advances in Integrated Pest Management

Integrating the IPM technology to the agriculture is very important for achieving better crop
production, saving costs and reducing the environmental resources and impacts as well as
mitigating the climate changes and enhancing.the sustainability. The RS and drones attached
with multispectral cameras or sensors are used.to manage and monitor the crop yield and for
detecting pest effects using images; as well as providing early detection of any issues. An loT
can deal with the soil moisture andweather data in situ for helping the farmers in monitoring
their crops and activities; as well as making suitable actions and decisions (Javaid et al.,
2023). Moreover, data analytics, ML, and filed observations (ground truth) are used for
helping farmers in analyzing the historical pest data as well as environment conditions and
crop health in order to'predict the optimize control measures. This predictive capability
improves the effectivity of IPM plans. Additionally, biological control recent advancements
such as biopesticides development, and deriving products from natural organisms) are very
effective on controlling the pests. These tools minimizethe risk on beneficial insects as well
as eco-friendly. Genetic engineering is another application in order to produce genetically
modified plantswhich are more resistantsuch as Bt cotton. These GM crops help in
minimizing the cost, and chemicals. Furthermore, the IPM it is very important to make
software, platforms or specific programs to the farmers helping them in tracking the pest
populations, and monitoring the conditions as well as making decisions. These systems
provide recommendations based on real-time data, improving the efficiency of pest
management practices (Fahad et al., 2023).

8.3. Benefits of Integrated Pest Management

As described by Talaviya et al. (2020), IPM provide an eco-friendly productwhich help in
reducing the utilization of the chemicals and preventing the beneficial organisms in a good
and sustainable ways.By reducing the chemical pesticides, the farmers will decrease their
costs and improve their profitability. Moreover, healthy ecosystems supported by IPM
practices lead to improved crop resilience and higher yields. Through utilizing a combination



of control methods, IPM helps protect pests from enhancing their resistance to pesticides,
ensuring long-term effectivity.

8.4. Challenges and Limitations

The IPM faces several challenges such as knowledge and training whereas the successful
implementation of IPM requires knowledge and training for farmers, which may not be
readily available in all regions. Moreover, the initial costs through the transition to IPM
practices may involve initial costs for training, technology, and monitoring systems (Nishant
et al., 2020). Furthermore, an integration of multiple strategies can be complex, requiring
careful planning and management.

9. Internet of Things (1oT)

loT technology integrates sensors and devices connected to the internet, allowing for real-
time monitoring and management of agricultural processes. This includes soil moisture
sensors, weather stations, and crop health monitors. By collecting and analyzing data, farmers
can optimize irrigation, fertilization, and pest control, leading to. more sustainable practices
and resource conservation. The 10T is revolutionizing agriculture by enabling the collection
and exchange of data in real-time, leading to improved decision-making and enhanced
productivity. 10T applications in agriculture facilitate.smart farming practices, optimizing
resource use, increasing yields, and promoting sustainability (Salam, 2024). A detailed
exploration of loT applications in agriculture, -including their technologies, benefits,
challenges, and future prospects. Additionally, the loT refers to a network of interconnected
devices embedded with sensors, software, and other technologies that allow them to collect
and exchange data over the internet..In agriculture, 10T applications encompass a wide range
of technologies that monitor and.manage agricultural operations, from crop production to
livestock management.

9.1. 10T Applications in Agriculture
9.1.1. Precision Agriculture (PA)

The PA utilizes the loT sensors for monitoringdifferent environmental factors affecting crop
growth such.as soil moisture sensors, weather stations, and crop health monitoring sensors as
previously discussed (Jin et al., 2023).

9.1.2. Smart Irrigation Systems

loT technology enhances irrigation practices by automating and optimizing water use as the
lIoT sensors monitor soil moisture levels and weather conditions, automatically adjusting
irrigation schedules to ensure crops receive the right amount of water (Sangeetha et al.,
2022). The drip irrigation systemsdeliver water directly to the root zone of plants, minimizing
evaporation and runoff. 1oT sensors can monitor flow rates and detect leaks, ensuring
efficient water use.

9.1.3. Livestock Monitoring



Zhanget al. (2021) pointed out that, the loT applications extend to livestock management,
improving animal health and productivity through wearable sensors which are attached to
livestock can monitor health indicators such as heart rate, temperature, and activity levels.
This data helps farmers detect illnesses early and manage breeding cycles. Another
application of 10T in livestock monitoring is the location tracking using GPS-enabled collars
which allow farmers to track the location of their livestock, ensuring they remain within
designated areas and preventing loss.

9.1.4. Crop Management and Monitoring

loT devices facilitate real-time monitoring of crop conditions by the RS tools whereas the 10T
sensors can monitor environmental conditions such as light, temperature, and humidity in
greenhouses, optimizing the growing environment for plants. Moreover, the 10T systems can
identify pest infestations and plant diseases through image recognition and-data analysis,
allowing for timely interventions (Dhanaraju et al., 2023).

9.1.5. Supply Chain Management

loT technology improves the agricultural supply chain by providing real-time data on product
conditions including cold chain monitoring whereas 10T sensors monitor temperature and
humidity levels during storage and transportation of perishable goods, ensuring product
quality and reducing spoilage (Yadav et al; 2021). Moreover, the loT devices can track
inventory levels in real-time, helping farmers manage supplies and reduce waste.

9.1.6. Smart Greenhouses

loT applications in smart greenhouses: enhance control over growing conditions through
utilizing the automated climate control system whereas 10T sensors monitor temperature,
humidity, and light levels, automatically adjusting ventilation, heating, and cooling systems
to maintain optimal conditions for plant growth. The resource optimization as in smart
greenhouses can optimize water and nutrient delivery based on real-time data, improving
resource efficiency:and crop yields (Rayhana et al., 2020).

9.2.Benefits of 10T in Agriculture

There are many benefits of the IoT in agricultural activities and practices such as increasing
efficiency whereas 10T applications streamline agricultural processes, reducing labor costs
and resource waste. Moreover, the Real-time data allows farmers to make informed decisions
regarding planting, irrigation, and pest management. Additionally, by optimizing resource use
and monitoring crop health, 10T technology can lead to higher yields and better-quality
produce(Morchid et al., 2023). The 10T applications promote sustainable farming practices by
conserving water, reducing chemical inputs, and minimizing environmental impact for
achieving the sustainability. Besides these benefits, 10T minimize the cost through the
efficient resource management and reduced waste which lead to significant cost savings for
farmers.

10. Geographic Information Systems (GIS)



The GIS technology enables farmers to analyze spatial data related to their fields. It helps in
mapping soil types, crop yields, and environmental conditions, allowing for better planning
and management of agricultural practices. This data-driven approach supports precision
farming, helping to maximize productivity while minimizing inputs and environmental
impact.

10.1. Key Applications of GIS in Agriculture

GIS contributes in several agricultural practices such as in Livestock Management, Supply
Chain Optimization, Precision Agriculture, irrigation scheduling, soil mapping, crop health
management and other applications as describes below.

10.1.1. Precision Agriculture (PA)

The GIS technique is playing a very vital role in the PA and concentrates on achieving better
management of the agricultural activities and crop farming. The GIS.is contributing in several
applications such as mappingof the different field parameters and. objects (soil, crop, water
sources, etc.). Therefore, these obtained data and maps are utilized in helping the farmers in
improving the planning and crop rotations as well as other practices.The GIS have many tools
such as variable rate technology (VRT)which is applied to analyze the spatial data. The
farmers can apply fertilizers, pesticides, and water at variable rates across a field based on
these collected data. This targeted approach minimizes waste and maximizes crop Yield
(Elsharkawy et al., 2022). Additionally, the GIS toels can analyze historical yield data and
environmental factors to forecast future crop production. This information helps farmers
make informed decisions about planting and resource allocation.

10.1.2. Crop Health Monitoring

The GIS is contributing in monitoring the crop strength by using different tools like RS and
satellite imageries as well as the UAVS® (attach the multispectral cameras). These data help
the farmers in evaluating crop health, detecting pests and diseases, as well as monitoring the
different stages. Several spectral indices such as NDVI are utilized popularly in assessing the
vegetation health. The GIS also utilized in the thermal imagingin order to detect
thetemperature levels of he scanned plants (Ghosh and Kumpatla2022).

10.1.3. Soil Analysis

The GIS tools are incorporated in the soil health assessment and managementlike soil
mapping ‘whereas GIS can create detailed soil maps that provide information on soil
composition, pH levels, and nutrient content(El-Sayedet al., 2023) as well as LULC analysis
(Selmy et al., 2024). This data is critical for determining appropriate fertilization strategies
and improving soil health. Besides soil mapping (Abd-Elazem et al., 2024), GIS tools can
analyze topographic data to identify areas at risk of soil erosion (Abd-Elazem et al., 2024).
This information helps farmers implement conservation practices to protect their soil
resources. The GIS is also used in soil characterization, classification, quality and suitability
assessment as carried out by Moursy et al. (2020a;b)

10.1.4. Water Resource Management



An effective water management is very mandatory for achieving the sustainable agriculture.
For example, irrigation planning using the GIS can help the farmers to design an efficient
irrigation system through estimating soil moisture, rainfall, and crop water requirements
(Moursy and Negim2022). By achieving this step, the water use will be decreased as well as
the wastage. The GIS tools are found to be effective for assessing and predicting flood risks
whereas the GIS is using the topography data as well as the historical databases to provide the
farmers with these outputs and maps to take suitable action or decision regarding their
agricultural activities.

11. Renewable Energy Solutions

Integrating the renewable energy sources (solar and wind power)with agricultural operations
reduces reliance on fossil fuels (Elahi et al., 2022). These technologies can power. irrigation
systems, greenhouses, and other farm operations, contributing to a lower carbon feotprint and
promoting ecological balance.

11.1. Key Renewable Energy Solutions in Agriculture
11.1. 1. Solar Energy

Solar energy is one of the most widely adopted renewable energy sources in agriculture. It
involves the use of photovoltaic (PV) panels.to. convert sunlight into electricity. There are
some applications of the solar energy such as electricity generation whereas the solar panels
can be installed on rooftops of barns and greenhouses or in open fields to generate electricity
for farm operations, including irrigation systems, lighting, and heating. Moreover, solar water
heating through solar thermal systems. can provide hot water for livestock operations,
cleaning, and crop drying. Additionally, heating the greenhouses using solar energy can be
used to maintain optimal temperatures in greenhouses, promoting year-round crop production
(Gorjian et al., 2021).

These solar benefits are such as cost savings as the solar energy can significantly reduce
electricity bills.and-provide long-term savings.It reduces reliance on fossil fuels and lowers
carbon footprints. Moreover, farmers can generate their own electricity, reducing
vulnerability to energy price fluctuations (Elahi et al., 2022). There are some challenges are
faced by the solar.energy such as the upfront investment for solar panel installation can be
high, although costs have been decreasing. Also, large solar installations require significant
land, which may compete with agricultural production.

11.1.2. Wind Energy

Wind energy harnesses the kinetic energy of wind through turbines to generate electricity;
and generate the electricity as well as pumping water whereas windmills have traditionally
been used for pumping water for irrigation and livestock. This energy source is a consistent
source where in areas with strong winds, wind energy can provide a reliable and continuous
source of electricity. It has a dual land use whereas wind turbines occupy only a small
footprint, allowing for continued agricultural activities around them (Rahman et al., 2022).
There are some challenges of the wind energy such as the intermittency whereas wind energy



is variable and depends on weather conditions. The second challenge is the regulatory hurdles
in obtaining permits and navigating regulations can be complex.

11.1.3. Biomass Energy

Biomass energy is produced from organic materials, including crop residues, animal manure,
and dedicated energy crops. It contributes in bioenergy production which it can be converted
into biofuels (like biodiesel and ethanol) or used for direct combustion to generate heat and
power.The process of anaerobic digestion converts organic waste into biogas, which can be
used for heating, electricity generation, or as a vehicle fuel. There are some benefits such as
waste reduction through utilizing agricultural waste for energy reduces disposal costs and
environmental impact. Also, the local energy production as biomass energy can often be
produced on-site, enhancing energy security. The challenges of this source are such as
feedstock availability whereas the consistency and availability of biomass feedstock can be
unpredictable. The emissionsare another challenge although,. biomass is renewable, its
combustion can produce emissions if not managed properly (Saleem,2022).

11.1.4. Hydropower

Hydropower utilizes flowing water to generate electricity where the farms located near rivers
or streams can install small hydropower systems to generate electricity. It helps in irrigation
as the hydropower can also be used to pump water for irrigation systems. This source is
renewable and low operating costs. It has an environmental impact whereas construction of
hydropower systems can disrupt local ecosystems and water flow (Elahi et al., 2022). Also,
the regulatory issues are considered as challenges whereas permitting and environmental
assessments can be time-consuming:

11.1.5. Geothermal Energy

Geothermal energy utilizes the stable temperatures below the Earth’s surface for heating and
cooling. This energy is used.in warming the greenhousesthrough geothermal heat pumps
which provide consistent heating for greenhouses, reducing energy costs. Additionally, it is
used in managing livestock facilities. This kind of energy is efficient whereas geothermal
systems are highly efficient and can significantly reduce heating and cooling costs. Also, it
provides a renewable source of energy with minimal environmental impact. Unfortunately,
this kind of energy has several challenges such as the high initial costs during the installation
of geothermal systems can be expensive (Tomaszewska et al., 2021). Moreover, it is used in
site-specific studies whereas its feasibilitydepends on local geological conditions.

There are some benefits of renewable energy solutions in agriculture including the
environmental impact, whereas the renewable energy solutions significantly reduce
greenhouse gas emissions and air pollutants compared to fossil fuels. Moreover, economic
opportunities which the renewable energy can provide additional income streams for farmers
through energy sales and reduced operational costs. Furthermore, by generating their own
energy, farmers can reduce their vulnerability to fluctuating energy prices and supply
disruptions. Besides, integrating renewable energy supports sustainable farming practices,
promoting long-term ecological balance.



12. Advanced Crop Breeding Techniques

As previously mentioned, the modern breeding techniques, including marker-assisted
selection and genome editing (e.g., CRISPR), enable the development of crop varieties that
are more resilient to climate change, pests, and diseases. These advancements not only
improve yield but also enhance nutritional content and reduce the need for chemical inputs.

12.1. Advanced crop breeding techniques:
12.1.1. Marker-Assisted Selection (MAS)

Marker-assisted selection utilizes molecular markers linked to desirable traits to assist in
selecting plants with those traits, without needing to phenotype the traits directly. This allows
for more breeding cycles in a year and pyramiding of multiple resistance genes.As described
by Song et al (2023), there are many advantages of the MAS include: (i) the selection at the
seedling stage, reducing time and resources; (ii) ability to select for recessive alleles; and (iii)
pyramiding of multiple genes for complex traits.

12.1.2. Doubled Haploid (DH) Technology

Doubled haploid technology involves the production of hemozygous lines from heterozygous
plants in a single generation. This is achieved by inducing-chromosome doubling in haploid
cells, either naturally or through chemical treatment. It has benefits of as a rapid development
of homozygous lines; ability to fix desirable alleles in a single generation; and it is useful for
hybrid breeding and genetic studies (Yali, 2022).

12.1.3. Genomic Selection

Selectinggenomic and uses inwide genome markers to estimate the breeding value of
individuals and allow _selecting without phenotyping. It incorporates the developing
prediction models using calibration or training dataset and then applying the model to
quantitatively estimate the accuracy of untested individuals. It has some advantages such as
an ability to selectfor complex traits with low heritability; reduced phenotyping costs; and
accelerated genetic gain per-unit of time (Bohra et al., 2020).

12.2. Benefits.of these advances

The. biotechnology as well asthe advanced breeding tools when integrated with the
conventional breeding methods, can be very beneficial to agriculture. Breeders can develop
improved crop varieties more efficiently and with greater precision, addressing the challenges
of food security and sustainability in the face of a growing global population and changing
climate. All of these achievements can be done only by leveraging modern biotechnology and
genomics.

13. Smart Greenhouses

Smart greenhouses utilize automatic systems for controlling environment conditions like
temperature, humidity, and light. Smart greenhouses can significantly increase crop yields
while using resources more efficiently through optimizing these factors. Several sensors and
Al tools are helping in managing and monitoring crop health in real-time.



13.1. Key Components of Smart Greenhouses

As explained by Kavga et al. (2021), there are five main components of the smart
greenhouses (10T Sensors; automated climate control systems; smart irrigation systems; data
analytics and Al; and remote monitoring and control). The 10T sensors are critical for
monitoring various parameters within the greenhouse. These sensors can measure
temperature, humidity, soil moisture, light intensity, and carbon dioxide levels. The data
collected is transmitted in real-time to a central management system for analysis. The
automated climate control systemsadjust environmental conditions automatically based on
sensor data. For example, heating, cooling, and ventilation systems can be.controlled to
maintain optimal temperatures, while shading systems can adjust light levels. The smart
irrigation systemsuse data from soil moisture sensors to determine when and how. much water

to apply.
13.2. Benefits of Smart Greenhouses

By maintaining optimal growing conditions, smart greenhouses can significantly enhance
crop productivity and quality. Consistent monitoring and adjustments lead to healthier plants
and higher yields. Smart greenhouses optimize the use of water, fertilizers, and energy.
Automated irrigation and climate control systems reduce waste and lower operational
costs.Automation of various processes, such as-irrigation and-climate control, decreases the
need for manual labor, allowing farmers to focus on higher-value tasks.Smart greenhouses
contribute to sustainable agriculture <by minimizing resource use and reducing the
environmental impact of farming practices. Efficient water uses and reduced chemical inputs
promote ecological balance.Smart greenhouses can mitigate the effects of climate change by
providing controlled environments that are less susceptible to external weather fluctuations.
This adaptability ensures consistent production even in adverse conditions (Tripathy et al.,
2021).

14. Vertical Farming

Vertical farming involves growing crops in stacked layers or vertically inclined surfaces,
often within controlled environments. This method reduces land use and allows for year-
round production while minimizing water and pesticide use. Advanced hydroponic and
aeroponic systems-are often employed to enhance growth efficiency.

14.1. Key Methods of Vertical Farming

Hydroponics is first method of the vertical farming which it involves growing plants in
nutrient-rich water solutions without soil. Hydroponic systems can be fully automated and
allow for precise control over nutrient delivery, promoting faster growth rates. Another
method is using the aeroponics in which the plants are suspended in air and misted with
nutrient solutions. This method uses less water than hydroponics and promotes rapid growth
due to increased oxygen exposure to the roots. Moreover, the aquaponics also can be applied
whereas this integrated system combines aquaculture (raising fish) with hydroponics. The
waste produced by fish provides organic nutrients for the plants, while the plants help filter
and purify the water for the fish, creating a sustainable ecosystem. The last method is the soil-



based vertical farmingwhere crops are grown in stacked soil beds. While less common, this
method can still utilize vertical space effectively (Van Gerrewey et al., 2021).

14.2. Technologies in Vertical Farming

There are some techniques of the vertical farming include the LED Lighting which is
efficient in providing an optimal light spectrum for plant growth. These lights can be adjusted
to simulate natural sunlight and promote photosynthesis. Another technique is the advanced
climate control systems which are capable to monitor and adjust temperature, humidity, and
CO; levels to create ideal growing conditions. This technology ensures consistent crop
quality and reduces the risk of disease. Additionally, the automation technologies, such as
robotics and 10T sensors, are increasingly used in vertical farms to monitor plant health,
manage nutrient delivery, and optimize resource use. The vertical farms leverage data
analytics to monitor growth patterns, predict yields, and optimize growing conditions. This
data-driven approach enhances decision-making and improves efficiency.(Mir et al.; 2022).

14.3. Benefits of Vertical Farming

There are many benefits of the vertical farming as described by Oh and Lu (2023), which it
maximizes land use by growing crops in stacked layers, allowing for higher yields in urban
areas where space is limited.By locating farms closer to..urban centers, vertical farming
reduces the distance food must travel, resulting.in lower transportation costs and fresher
produce for consumers. Moreover, vertical farming methods, particularly hydroponics and
aeroponics, use significantly less water. than traditional farming, making them more
sustainable in water-scarce regions: Also, the controlled environments reduce the need for
chemical pesticides, resulting in cleaner and healthier produce. Furthermore, the vertical
farms can operate year-round, regardless of external weather conditions, ensuring a consistent
supply of fresh produce. Besides these benefits, vertical farming reduces the carbon footprint
by minimizing transportation distancesand utilizing energy-efficient technologies, vertical
farming can significantly reduce the carbon footprint associated with food production.

15. Blockchain Technology

Blockchain technology has a potential to enhance traceability and transparency of the food
supply:.chain.“Blockchain is helpingin ensuring the sustainable sourcing and improving
consumer trustabilityon the food products through providing a secure and immutable record
of agricultural practices (Song et al., 2022). Moreover, it is effective to an agricultural sector
where it its.enhancing transparency, efficiency, and traceability throughout the food supply
chain. The decentralized nature of blockchain enhances trust among participants in the
agricultural supply chain (Mukherjee et al., 2022).

Conclusion

The applications of the advanced technologies in agricultural sustainability are done for
improving the agricultural productivity as well as reducing the environmental impacts.
Integrating the advanced tools (digital sensors, precision agriculture ‘PA’, drones, and
biotechnology) has been found to be effective and potential for solving the problems of the



food productivity, resource conserving, and climaticchanges. Providing real-time data (in
field) and sharing with farmers, researchers, stake-holders, it will be easier for making
decision and actions against the agricultural problems. Moreover, these tools enhance the
capability of the farmers to improve operations, minimize resource use, and enhance
sustainability.

As the PA goals (enhancing the crop productivity and saving the cost structure), this
technology will continue as it provides solutions for better management for obtaining optimal
profit of the crops as well as minimize the costs. Furthermore, utilization of drones (UAVS) is
crucial to estimate the crop, water, and soil properties and further used of .these data in
building prediction models which are developed by implementing the Al and ML algorithms.
Additionally, biotechnology advancements as well as automation are. very important for
improving the agricultural practices which offer many solutions in order.to enhance the
agricultural productivity.

Some technologies such as internet of things (1oT), geographic information systems (GIS),
remote sensing (RS), and renewable energy are considered as good alternatives for the
conventional methods or protocols. Additionally, the smart greenhouses and vertical farming
are very necessary for achieving the objectives of resource use maximizing as well as food
security ensuring. The blockchain technology can enhance-the transparency and traceability
in the food supply chain, fostering a more equitable agricultural system.

Therefore, these advanced technologiesare not only overviewing how the food is produced
but also distinguishing the role of the agricultural practices in fulfilling the growing
population demands.
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