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ABSTRACT

Vertical farming has emerged as a sustainable agricultural method, resolving the issues of land scarcity,
environmental consequences, and food security in urban and highly populated areas. The inclusion of
artificial intelligence (Al) and automation into vertical farming systems improves their efficiency, production,
and adaptability. The study highlights recent breakthroughs in Al-driven systems, spanning data analytics,
predictive modeling, and autonomous control, which enhance critical parameters such as light, temperature,
humidity, and nutrient delivery. Significant advancements in agricultural automation, including robotic
technologies for planting, monitoring, and harvesting, are emphasized for their capacity to decrease labor
expenses and enhance yield accuracy. Further, research evaluates the environmental effect, scalability, and
practicality of automated vertical farming systems, examining the contribution of renewable energy and
optimal use of resources to the development of resilient food production methods. This discussion addresses
future directions and issues seeking to shed light on how Al and automation are shifting vertical farming into
an important aspect of sustainable agriculture.

Keywords: Vertical Farming; Artificial Intelligence in Agriculture; Farm Automation; Sustainable Agriculture;
lot in Precision Farming.

RESUMEN

La agricultura vertical ha surgido como método de agricultura sostenible que resuelve los problemas de
escasez de tierras, consecuencias medioambientales y seguridad alimentaria en zonas urbanas y muy
pobladas. medioambientales y la seguridad alimentaria en zonas urbanas y muy pobladas. La inteligencia
artificial (IA) y la automatizacion en los sistemas de mejora su eficiencia, produccion y adaptabilidad. El
estudio destaca los recientes avances en sistemas impulsados por IA, que abarcan el analisis de datos el
modelado predictivo y el control auténomo, que mejoran parametros criticos como la luz, la temperatura, la
humedad y el suministro de nutrientes. En en la automatizacion agricola, incluidas las tecnologias robdticas
para la siembra, la supervision y la cosecha, por su capacidad para reducir los gastos de mano de obra
y mejorar la precision del rendimiento. reducir los gastos de mano de obra y mejorar la precision del
rendimiento. Ademas, la investigacion evalla el efecto medioambiental, la escalabilidad y la viabilidad de
los sistemas verticales verticales automatizados, examinando la contribucion de la energia renovable y el
uso de los recursos al desarrollo de métodos de produccion de alimentos resistentes. Este Este debate aborda
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las direcciones y cuestiones futuras con el fin de arrojar luz sobre el modo en que la IAy la automatizacion
estan transformando la agricultura vertical. y la automatizacion estan convirtiendo la agricultura vertical en
un aspecto importante de la agricultura sostenible. agricultura sostenible.

Palabras clave: Agricultura Vertical; Inteligencia Artificial en Agricultura; Automatizacion Agricola; Agricultura
Sostenible; IoT en la Agricultura de Precision.

INTRODUCTION
Background and Relevance

Vertical farming is emerging as an innovative solution for solving major issues in contemporary agriculture,
particularly in densely populated metropolitan regions where cultivable ground is limited and traditional
agricultural practices encounter substantial obstacles. Vertical farming promotes land use efficacy and
eliminates reliance on extensive farmlands by cultivating crops in stacked layers within controlled conditions.®
This approach also tackles the agricultural sector’s difficulties associated with climate change, water shortages,
and food insecurity, facilitating year-round crop production in a regulated, resource-efficient environment.

The integration of artificial intelligence (Al) and automation technology into vertical farming has accelerated
this trend, facilitating better investments, enhanced crop monitoring, and increased production.® Al-driven
systems utilize data from multiple sensors to make simultaneous adjustments to parameters such as light,
humidity, and nutrient levels, thereby establishing an optimal environment for plant development. Automation
enhances this by optimizing labor-intensive activities, including planting, monitoring, and harvesting, thereby
lowering the necessity for human involvement and cutting operating expenses. Collectively, these technologies
constitute the foundation of “smart farming,” wherein precision and data-informed decisions result in improved
agricultural productivity and efficiency.

In recent years, the application of smart technologies, especially artificial intelligence and machine
learning, has markedly advanced to enhance the accuracy and dependability of agricultural practices. Machine
learning models facilitate predictive insights and informed decision-making for effective crop management by
assessing extensive information on environmental factors, plant health, and growth rates.® This innovation
has significantly influenced vertical farming, where every variable may be methodically regulated.® The
incorporation of Internet of Things (loT) devices in agricultural monitoring systems facilitates the efficient
gathering and transfer of data, delivering real-time insights on plant health, soil conditions, and pest
infestations. Automated and loT-driven solutions, such as sensors for nutrient monitoring and computer vision
for plant health assessment, have simplified crop management by reducing the use of resources and ensuring
consistent, high-quality yields.®®

Al and Automation in Vertical Farming

The combined use of Al and loT in vertical farming has improved crop management through the automation and
optimization of multiple components.” Artificial intelligence systems can regulate climatic controls, optimizing
light, carbon dioxide, and nutrient levels for each plant, thereby lowering the necessity for physical inspection.
This enables farmers to concentrate on strategic decisions instead of routine maintenance.® Al algorithms can
evaluate real-time sensor data about temperature, humidity, and soil pH to implement precise adjustments
to airflow or nutrient levels, enhancing plant health and accelerating growth rates.® This method minimizes
waste by regulating water and nutrient application to avoid overuse, which is consistent with sustainability
objectives.9 |oT devices provide remote management and supervision of the vertical farming ecosystem,
especially advantageous in urban locales or regions with little agricultural knowledge."" Agriculturists can
obtain instantaneous notifications and analyses of their crops’ conditions, strengthening the system’s reliability
and fostering environmental sustainability through the reduction of using resources and carbon emissions.

Objectives

This review evaluates the utilization and prospects of Al and automation in vertical farming. It addresses the
technological dimensions of these technologies, including sensor networks, machine learning, and computer
vision systems that establish a desirable agricultural environment. This assessment considers the ecological and
financial advantages of incorporating these technologies, such as decreased water and nutrient consumption,
reduced labor demands, and increased production. It also examines how Al-enabled solutions can reduce the total
carbon impact of agricultural activities. It analyzes prospective trends and obstacles in the implementation of
Al and automation in vertical farming, taking into account technological improvements, legislative assistance,
and scalability to expansive metropolitan settings. The review consolidates findings from multiple studies and
applications to offer an extensive understanding of the impact of Al and automation on the future of sustainable
agriculture via vertical farming.
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Overview of Vertical Farming Systems
Types of Vertical Farming Systems

Vertical farming methods can be classified according to the techniques of fertilizer and water distribution
(Table 1). The three principal varieties of vertical farming systems are hydroponics, aeroponics, and aquaponics,
each possessing distinct benefits and operational prerequisites.

In hydroponic systems, plants develop on a soilless substrate, obtaining nutrients via a water-based solution.
(2 This configuration enables careful regulation of nutrient concentration and pH levels, resulting in uniform,
superior yields. Hydroponics is comparatively easy to manage; however, it necessitates constant oversight of
fertilizer and oxygen concentrations in the water. Due to the absence of soil, hydroponics frequently employs
substrates such as rock wool or perlite to secure plant roots. The regulated conditions in hydroponics provide
continuous crop production throughout the year, which is especially beneficial for urban agriculture.

In aeroponic systems, plants grow in a controlled atmosphere, with their roots intermittently sprayed by
a nutrient-laden solution.™ Aeroponics utilizes up to 90 % less water than conventional agriculture, as the
nutrient droplet is directly administered to the root system. Aeroponic devices necessitate precision timing
and regular maintenance to prevent nozzle obstruction and guarantee uniform misting intervals. This advanced
method enhances plant growth by maximizing nutrient absorption, yet requires substantial energy consumption
to sustain the required sprinkling pressure.

Aquaponics integrates hydroponics and aquaculture, utilizing fish waste as a natural nutrition supply for
plants. This closed-loop ecosystem enables plants to purify water for fish, reducing the necessity for synthetic
fertilizers.™ Aquaponics systems are notably sustainable, as they recycle water and nutrients internally. But
they necessitate a balanced proportion of fish and vegetation, along with constant supervision of water quality
metrics, including ammonia and nitrate concentrations. " Integrating aquaponics with solar-powered systems
can promote energy sustainability and eliminate reliance on external power sources, which is particularly
beneficial for remote or off-grid locations.

Structural and Functional Components
Vertical farming depends on various specialized elements that improve sustainability and promote optimal
plant development (figure 1). Essential elements are summarized in table 2 and the main components are as
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follows:

LED lightingis essential in vertical farming, as it delivers customized light spectra that enhance photosynthesis
and minimize energy use.? Adjustable LED systems provide the specific wavelengths required for different
phases of plant growth, enhancing crop output and reducing energy expenses. Advancements in 3D printing
have facilitated the development of customized lighting modules suited for certain crop configurations and
plant densities, hence improving energy efficiency and agricultural output.©®

Sustaining some acceptable climates is crucial for uniform growth. Vertical farms employ integrated climate
control systems that monitor and regulate temperature, humidity, and CO, concentrations.®" Automation
frequently governs climate regulation by using sensors and Al algorithms that respond to real-time data on
environmental variables, creating ideal conditions for plant development.

Effective nutrient distribution is essential in soilless systems. Hydroponics and aeroponics utilize automated
systems to distribute nutrient solutions, whereas aquaponics obtains nutrients from fish waste, requiring water
recirculation to sustain nutrient equilibrium.®? Automated distribution systems provide accurate nutrient
application, enhancing crop quality and minimizing nutrient loss.

The architectural design of vertical farms optimizes spatial efficiency through the vertical arrangement of
plant layers in modular racks.®® These racks are often engineered for accessibility and maintenance efficiency.
In aeroponics, racks are engineered to support misting nozzles, but in hydroponics, they might have channels
for water circulation. Modular systems facilitate adaptability in agricultural design, permitting configurations
to be customized for particular crop varieties and regional spatial limitations.

Temperature, Humidity,
CO2 & Light Intensity

. Raw environmental da@

Machine learning
Data Processing

Automated Automated actions

Decision-Making

‘ Adjustments: light &
nutrients

Figure 1. Structural components of an Al-enabled vertical farming system
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Technical Advantages and Challenges

Vertical farming techniques have multiple benefits for sustainable urban agriculture, such as resource
efficiency, spatial optimization, and improved nutrient absorption. They utilize up to 95 % less water than
traditional methods and reduce the necessity for synthetic fertilizers.“ Vertical farms optimize agricultural
yield per square meter, finding them suitable for urban environments with constrained land availability.
However, they encounter hurdles like substantial initial expenses, which could limit small-scale farmers, and
complex automation systems demanding advanced Al and loT integration. Maintenance and troubleshooting of
automated systems require specialized expertise. Overcoming these issues requires innovation and regulatory
incentives to enhance the accessibility of vertical farming. Although these problems exist, the long-term
sustainability and productivity advantages of vertical farming make it a potential solution for the future of
agriculture, particularly in urban and resource-constrained environments.

Artificial Intelligence in Vertical Farming
Data Collection and Analysis Using Al

Vertical farming employs loT sensors to gather data on temperature, humidity, CO, concentrations, light
intensity, and soil nutrient levels.“® This data is subsequently input into Al-driven systems to assess patterns
and predict crop needs. The sensors are strategically positioned throughout the vertical farm, facilitating high-
resolution monitoring of each layer and individual plants (figure 2). Al systems subsequently analyze this data
to identify patterns and deviations, yielding useful information regarding crop requirements. Python-developed
image processing techniques can be utilized for real-time plant monitoring, enhancing the identification and
differentiation of growth stages and crop stress levels. Al algorithms integrate data from sensors to continuously
enhance the cultivation environment, minimizing human involvement, augmenting crop output, and promoting
optimal energy utilization.“
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Figure 2. Workflow of Al in data collection, analysis, and environmental control
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Analytics and Modeling for Environmental Control

Predictive modeling by Al is vital in vertical farming because sustaining optimal environmental conditions
is essential for maximum yield. Machine learning (ML) algorithms use past data to forecast and manage
environmental variables such as nutrient levels, humidity, and light, thereby establishing adaptive agricultural
systems that adjust to evolving conditions.®® Al models can forecast agricultural requirements and growth
trends, facilitating accurate fertilizer application timing and preventing excess or deficits. Predictive analytics
provide proactive modifications, minimizing resource wastage and preserving plant vigor. Advanced Al systems
also implement climatic modifications based on projected plant requirements, ensuring the adaptive application
of environmental controls. Al-driven models in precision agriculture assess nutrient levels in soil or water,
facilitating targeted fertilizer application that aligns with plant requirements.

Computer Monitoring

Al-driven computer vision makes possible plant health monitoring in vertical farming through the use of
cameras and image recognition technologies to assess plant health, identify pests, and recognize early indicators
of illness or nutritional deficiencies.®" This real-time information facilitates prompt intervention and reduces
crop loss. Al systems can detect plant diseases and irregularities, facilitating focused interventions without
harming healthy crops. This decreases labor expenses and improves the farm’s capacity to address possible
challenges. Computer vision aids in monitoring growth phases, evaluating crop maturity, and predicting optimal
harvest periods. This facilitates prompt interventions and guarantees that each plant has sufficient light, water,
and nutrients during its lifecycle.®? It facilitates selective harvesting by identifying mature plants, enabling
effective crop rotation, and optimizing yield per square meter. Computer systems offer data on abnormalities
that may signify equipment faults or nutritional imbalances, enabling preventive maintenance and focused
intervention.

Automation in Vertical Farming

Vertical farming is turned around by automation, which manages environmental factors, delivers nutrients,
and even handles maintenance and harvesting duties with little assistance from humans. Automation enhances
labor productivity, minimizes dependency on resources, and optimizes conditions for plant growth across
several layers with the support of Al and machine learning.

Automation of Environmental Control Systems

Environmental control is crucial for vertical farms to guarantee steady crop yields and healthy development
across the stacked layers. Real-time control over variables like temperature, humidity, CO, levels, and light
intensity is made possible via automated systems. “®

A steadily growing environment is produced by a combination of smart fans, CO, injectors, dehumidifiers,
and LED lighting systems. Al-powered algorithms maintain ideal conditions for every plant layer by adjusting
these systems in response to continuous sensor input. For instance, fans are automatically turned on to control
airflow when sensors identify high temperatures. In a similar manner, Al-monitored injectors regulate CO, levels
in accordance with plant absorption rates, improving the efficiency of photosynthesis.”

Environmental controls are continuously monitored and modified through the use of loT-enabled devices. For
instance, solenoid-operated irrigation systems and loT-controlled precision sprayers guarantee that water and
nutrients are only applied when required, minimizing waste and maximizing plant absorption.®53 In order to
ensure uniform development across the farm, automated lighting systems modify the spectrum and intensity of
light according to the time of day and the type of plant. By reducing waste and promoting sustainable farming
methods, the integration of loT and Al in vertical farming is consistent with the principles of resource-efficient
agriculture.®4%

Automated Nutrient Delivery and Irrigation Systems

Automated irrigation systems are used in vertical farming to precisely supply water and nutrients according
to plant requirements.®® These systems, which include sprinklers and drip irrigation, use electronic fertilizer
dosing to guarantee efficient absorption and reduce resource waste (figure 3). While sprinkling systems replenish
plants’ aerial portions, drip irrigation focuses moisture on the root zone. loT sensors and Al algorithms work
together to determine water distribution depending on plant kind, environmental factors, and soil moisture
data.®” This accuracy avoids over-irrigation and minimizes water waste. Sensitive electrode sensors monitor
nutrient concentrations in the soil or water reservoir and modify dosage in real-time.® Without the need for
human intervention, this method guarantees that plants receive enough nutrition and stops nutrient leaking,
resulting in better growth and increased yields.
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Figure 3. Automation in nutrient and water delivery systems

Use of Robotics and Machine Learning in Maintenance and Harvesting

Autonomous robots with machine learning skills are used in vertical farming to do repetitive activities
including planting, pruning, and harvesting.®® These robots preserve accuracy and uniformity while reducing
the need for human labor. To guarantee that every plant receives individualized care, they employ computer
vision to evaluate plant height, development stages, and canopy density. In order to maximize plant health and
minimize crop loss, machine learning algorithms can recognize symptoms of illness or stress and automatically
start eliminating or treating them.

Robotics also holds considerable promise for autonomous maintenance and harvesting. By using color, shape,
and size to determine ripeness, Al-driven robots lower the possibility of picking crops too soon or later. They
also take care of regular maintenance, which includes checking for system issues and cleaning and disinfecting
growing surfaces. As a result, there is less interruption and low labor costs in high-efficiency settings. Through
precise resource management, labor-intensive task handling, and environmental regulation, automation in
vertical farming increases productivity, reduces operating costs, and encourages sustainable practices.®

Sustainability and Resource Optimization

Al-driven vertical farming systems are designed with sustainability in mind, with the goal of maximizing
productivity and reducing environmental impact. By utilizing renewable energy sources, recycling materials,
and cutting waste, these technologies establish vertical farming as a resource-efficient and environmentally
beneficial substitute for conventional farming.

Energy Efficiency and Renewable Power Sources

By using renewable energy sources, vertical farming can ensure both cost-effectiveness and environmental
sustainability.®® When integrated into polyhouse structures, transparent solar panels offer a sustainable
energy source that lowers energy expenses by supplementing conventional electricity. This is in line with
sustainable farming methods that minimize dependency on traditional energy sources. Also, energy-efficient
LED lighting is essential for vertical farms since it promotes growth and photosynthesis in regions with little
natural light. Al systems optimize energy use and minimize waste by managing power loads by regulating LED
timing and intensity according to plant requirements and ambient light levels. Machine learning algorithms
that continuously alter lighting and electricity usage create a responsive environment that complies with
sustainable agriculture principles.

Water and Nutrient Recycling Systems

To maintain sustainability, vertical farms are concentrating on recycling nutrients and water.®” Drip and
mist irrigation are examples of closed-loop systems that gather, filter, and repurpose water to support plants.
These preserve surrounding ecosystems by lowering water consumption and stopping the release of nutrient-
rich water into the environment. Artificial intelligence (Al)-powered sensors track the water’s nutrient levels
and refill them when they drop below ideal ranges. This improves resource efficiency and eliminates reliance
on external inputs. Vertical farms become more robust and economical through nutrient recycling, which is
an example of sustainable resource management. With everything considered, these solutions support vertical
farms’ overall sustainability.
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Reduction of Agricultural Waste and Chemical Inputs

Vertical farming systems use Al-enabled precision in nutrient and pesticide application to reduce waste and
environmental effects.® Based on variables including growth stage, plant health, and environmental conditions,
Al algorithms evaluate data from loT sensors to calculate the precise amount of nutrients and pesticides
required for each plant.®" This accuracy decreases reliance on chemical inputs, minimizes overapplication, and
decreases chemical runoff. By limiting inputs and optimizing productivity through focused interventions and
efficient resource use, vertical farms produce very little agricultural waste. This resource-conscious strategy is
a sustainable solution for urban agriculture since it helps create a more resilient and environmentally friendly
food production system.©?

Economic Viability and Scalability

While vertical farming has many advantages for the environment and productivity, its economic viability
depends on things like high initial costs, labor savings, and potential returns on investment (ROI). Looking
at the cost-benefit ratio and scalability of Al-driven automation in vertical farming helps us figure out if it’s
possible for a lot of people to use it, especially in cities with limited resources.

Cost Benefit Analysis of Vertical Farming and Automation

Vertical farming systems require significant upfront investment in infrastructure, technology, and energy-
efficient systems. However, automation and Al-driven efficiencies can significantly reduce operational costs over
time.® Small-scale farmers may face financial burdens, but larger operations and collaborative investments
can ease the financial burden. Long-term savings from reduced water, pesticide, and nutrient use, coupled
with lower labor requirements, can enhance the ROI over time. Al and automation optimize resource allocation
and manage energy consumption, making vertical farming a competitive and economically attractive model for
urban agriculture in India’s growing automated farming industry.® These long-term cost efficiencies highlight
the economic potential of vertical farming as technology costs decrease.

Labor Reduction and Efficiency

Automation and Al-driven technologies are essential for decreasing labor requirements and enhancing
efficiency in vertical farming operations, especially in areas facing labor shortages or higher labor prices.
©5) Automated technologies for monitoring, watering, nutrient supply, and environmental regulation reduce
manual intervention, enabling vertical farms to achieve greater self-sustainability. Autonomous robots do
duties such as planting, trimming, and harvesting, thereby diminishing physical labor and operational expenses.
The combination of Al and machine learning with IoT systems improves operational efficiency, decreasing labor
force needs by around fifty percent. This enhancement in efficiency allows farmers to achieve higher output
objectives with reduced resources, sustaining the ongoing economic viability of vertical farms.

Challenges and Solutions for Scalability

Vertical farming, a growing trend in urban environments, faces logistical and economic obstacles stemming
from substantial investment, space requirements, and energy supply demands.® The prohibitive expense of
automation technologies may be unmanageable for small-scale farmers without financial support. Moreover,
transportation and product distribution systems in heavily populated urban areas might be problematic.
However, cost-sharing arrangements, collaborative frameworks, and technological innovations can assist in
surpassing these obstacles. Collaborative methods such as farmer cooperatives or urban agricultural hubs can
allocate infrastructure and technology expenses, enhancing the accessibility of vertical farming. Technological
advancements such as modular agricultural frameworks and 3D-printed components may lower customizing
expenses.©>¢) Al-powered surveillance and forecasting devices can enhance spatial use, energy efficiency, and
manufacturing efficacy. Successful case studies illustrate the viability of vertical farming in urban environments,
enhancing local food security and diminishing reliance on distant supply chains.

Future Directions and Challenges

As vertical farming expands and incorporates advanced technologies, several critical domains are positioned
for progress. Future advancements, regulatory assistance, and focused research will be crucial for optimizing
the sustainability, economic feasibility, and scalability of Al-driven vertical farming.

Emerging Technologies and Innovations

Accelerated progress in Al and automation presents exciting opportunities for enhancing the operational
efficiency and sustainability of vertical agricultural systems.®® As these technologies advance, they are
expected to enhance the efficiency, predictability, and autonomy of vertical farms.

Innovative Al methodologies, such as deep learning and sophisticated computer vision, simplify crop
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surveillance and predictive servicing. These models provide precise detection of plant health deficiencies,
optimize the use of resources, and forecast environmental changes for future crop cycles. The incorporation of
Al-driven insights is essential for next-generation farms seeking to self-regulate and react in real-time, hence
improving agricultural yields and quality. Advanced predictive models utilizing machine learning will enable
vertical farms to anticipate demand, modify output levels, and minimize waste in accordance with market
trends and environmental variables.

As robots and machine learning algorithms advance, autonomous systems for sowing, transplanting, pruning,
and harvesting are anticipated to develop. Recent advancements in robotics, exemplified by autonomous
agricultural vehicles, are progressively adept at functioning with minimum human supervision, potentially
facilitating high-density, high-frequency farming practices. The advancement of more compact, multifunctional
robots will improve the ability of vertical farms to automate complicated tasks across several crop levels,
hence making full automation more achievable in urban vertical farms.

Sophisticated sensor sets, integrated with IoT, provide real-time data acquisition regarding ambient
conditions, crop health, and nutrient concentrations.® These technologies facilitate closed-loop systems that
enhance inputs, lessen waste, and minimize environmental effects.® Integrating Al with loT-enabled precision
instruments such as solenoid-controlled nutrition regulators or sensor-equipped spray nozzles could enhance
energy utilization, limit chemical usage, and promote sustainable practices. Progress in sensor technology
is essential for facilitating more intelligent and responsive vertical farming systems that fulfill production
requirements while ensuring resource efficiency.

Policy and Regulatory Considerations

Vertical farming is an expanding sector that necessitates conducive policy frameworks and regulatory
compliance to guarantee sustainable development. These frameworks must restore innovation with social and
environmental factors. Compliance with environmental and safety regulations is essential for safeguarding
human health and the ecosystem. Protocols for nutrient control, water utilization, and energy efficiency are
essential for urban agriculture and vertical farming.”® Data privacy and security policies are essential, given
that Al and loT significantly depend on vertical farming. Policies have to include data ownership, privacy,
and security to safeguard farmers and customers. A government incentive, including tax credits, grants, and
subsidies, can promote the implementation of Al and automation technology in vertical farming. This can lower
expenses and enhance adoption rates, making vertical farming feasible, particularly in urban and semi-urban
regions with land concerns.

Research Gaps and Potential for Improvement

Vertical farming technology faces several research gaps, including cost reduction, improved Al models,
and environmental impact studies. These areas can enhance its effectiveness and make it more accessible.
Affordable automation solutions, such as modular and DIY kits, could reduce initial investments and support
wider adoption. Developing cost-effective robotics and IoT systems can also support wider adoption. Enhanced
machine learning models for diverse crop types are needed, as current models are often tailored to specific
crop types, limiting versatility. Improved predictive models for diverse crop types would allow farmers to grow
a greater variety of plants within the same system, increasing flexibility and profitability. Additionally, more
research is needed to quantify the environmental impact of vertical farming, particularly regarding energy
use and carbon emissions. In-depth studies on renewable energy integration, resource recycling, and waste
management could provide a clearer understanding of its ecological footprint.

CONCLUSION

The inclusion of Al and automation in vertical farming has considerably improved output, sustainability,
and affordability. Al-driven solutions for data acquisition, environmental regulation, and predictive analytics
have enhanced growth conditions and resource effectiveness. Automation has reduced labor requirements,
increased operational efficiency, and decreased resource waste thanks to loT-enabled irrigation and nutrition
systems, robotic harvesting, and environmental regulation. These technologies establish a precisely regulated
and resilient cultivation environment, enabling vertical farms to sustain elevated yields in urban and resource-
limited contexts. Although there were some initial financial problems, the fact that costs will continue to go
down, resources will be protected, and farmers will be less reliant on traditional farming methods shows that
automated vertical farming systems can be profitable. Al-driven vertical farming signifies an effective way
to achieve a more sustainable and secure agricultural future, as rising global populations and urbanization
heighten the necessity for food security and sustainable practices. Subsequent progress in Al and machine
learning would provide enhanced regulation of growing conditions, hence improving yield quality and resource
efficiency.
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