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INTRODUCTION

Cities around the world face mounting pressure to ensure
local access to fresh, nutritious food as urban populations
expand and agricultural land becomes more distant from urban
centres. Urban agronomy seeks to address this challenge by
integrating agricultural production into urban and peri-urban
landscapes. Traditional field-based agriculture is often
constrained by land scarcity, transport costs and vulnerability
to climate variability. Within this context, vertical farming has
gained attention as a transformative innovation. Vertical
farming involves growing crops in vertically stacked layers
inside buildings, warehouses, or purpose-built structures. By
controlling environmental variables such as light, humidity,
temperature and nutrients, producers can cultivate crops
independent of seasonal conditions and often with far greater
productivity per unit of land compared to traditional field
methods. Controlled environment agriculture, including
hydroponics, aeroponics and other soilless growing
techniques, is central to vertical farming’s ability to deliver
consistent high-quality produce in cities with little arable land
available.

Research suggests that wvertical farming can

dramatically improve water use efficiency compared to
conventional methods. For example, the use of nutrient
solutions and recirculation means water consumption can be
reduced by up to ninety per cent relative to soil-based
agriculture. Additionally, the removal of soil as a growth
medium reduces the need for pesticides and herbicides while
enabling year-round production. These capabilities make
vertical farming attractive to growers seeking to supply fresh
produce year-round throughout all seasons. However, the
energy demand for lighting, climate control and automation
remains an obstacle to large-scale adoption. Studies have
reported that energy consumption can be significant and must
be addressed through renewable energy integration, energy
optimisation strategies and novel lighting systems to achieve
true sustainability.
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In addition to production efficiencies, vertical
farming intersects with urban economies and
social structures. It offers opportunities for job
creation within urban food supply chains and can
reduce the carbon footprint associated with
transporting produce from rural farms to city
consumers. Despite these advantages, initial
investment costs remain high and operational
complexity can limit adoption. There is a
growing need for research that addresses the
economic environmental and social dimensions
of vertical farming and provides a roadmap for
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its integration into broader urban agronomy
frameworks.

This article explores the current state of
vertical farming technologies and practices,
examines resource use and productivity
outcomes, assesses key challenges and
opportunities and highlights areas for future
work. By synthesising insights from recent
research and industry reports, this review aims to
advance understanding of vertical farming’s role
in shaping the future of urban agronomy.
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Figure 1. Urban Vertical Farming Architecture and Functional Components.

Vertical Farming Concept and System
Components
Vertical farming systems are designed to

optimise crop production within controlled
environments, irrespective of external weather
conditions. These systems typically include
artificial lighting such as light-emitting diodes or
LEDs climate control systems, irrigation, nutrient
delivery systems and automated environmental
monitoring. The primary goal is to create ideal
growth conditions for crops while optimising
resource use.

Controlled Environment Agriculture
Controlled environment agriculture refers to the
practice of manipulating growing conditions to
maximise plant growth and crop quality. Unlike
open field cultivation, controlled environment
systems maintain stable humidity, temperature
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and light levels throughout the crop cycle. This
approach reduces variability in yields and allows
for precision management of inputs.
Hydroponics and Aeroponics

Hydroponics involves growing plants with their
roots immersed in nutrient-enriched water rather
than soil. Aeroponics suspends roots in the air
and delivers nutrients in the form of a fine mist.
Both techniques enable efficient nutrient uptake
and reduce water waste compared to
conventional soil farming.

Sensors, Automation and Data Analytics
Vertical farming increasingly relies on
automation, sensors and data analytics to monitor
plant health and environmental variables in real
time. Sensor networks provide continuous
feedback on temperature, light intensity,
humidity and nutrient levels, enabling precise
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control. With Internet of Things integration,
crops can be monitored and adjusted remotely,
improving efficiency and reducing labour costs.
Artificial intelligence and machine learning
models can further optimise environmental
controls to maximise plant growth while
minimising resource use.

Productivity and Resource Efficiency

Vertical farming has the potential to significantly
increase productivity relative to traditional
agriculture, especially for leafy greens, herbs and
other  high-value crops. In  controlled
environments, crops may be harvested in
multiple cycles per year regardless of external
seasonal changes. Research on productivity
indicates that vertical farming can achieve much
higher vyields per square meter than field
production. This efficiency arises from stacking
multiple crop layers vertically and controlling
growth conditions to minimise stress.

Water use efficiency is another area

where vertical farming systems show clear
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advantages. Closed-loop irrigation systems
recirculate water and nutrients, reducing water
consumption dramatically compared to soil-
based irrigation. According to a review of
vertical farming systems, water use efficiency
can reach values many times greater than
conventional agriculture. The efficiency gains
are particularly important in urban regions where
water scarcity is a pressing concern.

Energy use efficiency is more complex.
While controlled environments reduce variability
and allow for year-round production, they require
consistent energy inputs for lighting and climate
control. Advanced lighting technologies, such as
high-efficiency LEDs integration  of
renewable energy sources, can help mitigate
energy demands and reduce greenhouse gas
emissions associated with vertical farming

and

operations.

Table 1. Productivity and Resource Efficiency Comparison between Traditional Agriculture and Vertical

Farming
Parameter Traditional Field Agriculture Vertical Farming

Crop yield per unit area Moderate High

Water use efficiency Low Very high

Land use efficiency Low Extremely high

Energy requirement Low to moderate High
Dependence on seasons High None
Pest and disease pressure High Low

Input use efficiency Moderate High

Technological Innovations Shaping the Future
Smart Growth Management

Internet of Things sensors, paired with cloud-
based analytics, enable continuous monitoring of
plant environments and automated adjustments to
water, nutrient, and light regimes. These systems
reduce labour requirements and improve
consistency in crop production. With sensor-
driven systems, growers can identify and correct
issues before they hinder plant development.
Avrtificial Intelligence Integration

Artificial
models can predict plant stress

intelligence and machine learning

responses,
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optimise nutrient delivery patterns and automate
lighting schedules tailored to plant species and
growth stages. This optimisation enhances
resource savings and can contribute to reduced
operational costs.

Robotics and Automation

Automation in vertical farming includes robotic
transplanting, harvesting and sorting. Automated
systems reduce labour demands and improve
precision. Robotics can also help integrate
vertical farming units with supply chain logistics
by automating packaging and distribution tasks.
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Figure 2. Resource Use Efficiency and Sustainability Pathways in Vertical Farming

Environmental and Social Impacts

Vertical farming offers significant environmental
benefits relative to traditional agriculture. First,
the reduction in land use helps conserve natural
habitats. Second, reduced water consumption
alleviates pressure on freshwater resources.
Third, locating farms closer to consumers
reduces transportation distances and associated
emissions.

Urban vertical farms also provide social
benefits such as increasing local access to fresh
produce fostering community engagement and
creating urban employment opportunities.
However, the high energy requirement remains a
barrier to environmental sustainability if energy
is sourced from fossil fuel-based grids. Strategies
to integrate renewable energy generation, such as
rooftop solar photovoltaics, can improve the
environmental footprint of vertical farms.

Consumer  perceptions  of
farming products have shown that urban
residents often appreciate the freshness, local
provenance and perceived safety of produce from
these systems. Despite initial unfamiliarity, some
studies show that consumers respond positively
to vertical farm produce when quality and
flavour are comparable to conventional produce.
Economic Viability and Business Models
Vertical farming requires substantial upfront
investment in infrastructure technology and
energy systems. Business models that reduce
financial risk include integrating vertical farms
with retail outlets, restaurants and community-

vertical
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supported agriculture. Shared ownership models
and partnerships with local governments or
utilities can reduce capital risk and integrate
vertical farming into broader urban food
strategies.

Consumer willingness to pay premium

prices for ultra-local produce can support
economic viability, especially for leafy greens,
herbs, microgreens and other high-value crops.
However, expansion into staple crops remains
difficult due to energy intensity and cost
structures.

Challenges and Limitations

While vertical farming holds promise for urban
agronomy, limitations remain. The energy costs
associated with lighting and climate control are
significant barriers, especially in areas with high
electricity prices. Further innovations in energy
storage, microgrid integration and demand
management are required to reduce electricity
dependency.

Crop diversity in vertical farming tends
to be limited to high value short cycle vegetables
and herbs. Extending vertical farming to staple
crops such as grains remains technically and
economically challenging due to greater spatial
and temporal requirements.

Maintaining system resilience in extreme events
such as power outages poses risks to year-round
production stability. Developing fail-safe power
systems and hybrid greenhouses that integrate
natural light can help mitigate such risks.

81



Current
Agriculture
Trends:

e

Available online at

ISSN (E): 2583 — 1933

S http://currentagriculturetrends.vitalbiotech.org
Table 2. Key Components of Vertical Farming Systems and Their Functions

Component

Function

Artificial lighting systems

Provides optimised light spectra and intensity for photosynthesis

Climate control systems

Maintains temperature, humidity, and air circulation

Sensors and monitoring devices

Tracks environmental parameters in real time

Automation and robotics

Enables precise planting, harvesting and maintenance

Soilless cultivation systems

Enhances nutrient uptake and reduces soil-borne diseases

Data analytics and Al tools

Optimises growth conditions and resource use

Future Perspectives
The future of vertical farming in urban agronomy
is shaped by continuing innovation in technology
management and policy support. Integration of
renewable energy sources and improved energy
storage technologies will be critical to reduce the
carbon footprint and operational costs of vertical
farms. Policies that incentivise research and
investment in urban agriculture can accelerate
the adoption of vertical farming systems.
Interdisciplinary collaborations between
agronomists, engineers, architects and urban
planners will help integrate vertical farming into
urban design and building infrastructure.
Education and training programmes can build a
skilled workforce to operate and maintain
advanced vertical farming facilities.

CONCLUSION

Vertical farming represents a significant
innovation in the field of urban agronomy with
the potential to transform food production in
cities. Its ability to produce high vyields in
controlled environments offers solutions to
limited land and water resources. Technological
advancements in sensor automation and artificial
intelligence are enhancing productivity and
resource use efficiency. Despite challenges
related to energy costs and economic viability,
vertical farming offers environmental and social
benefits when integrated with urban food
systems. Continued research policy support and
innovation are essential to optimise vertical
farming pathways and unlock its potential to
contribute to sustainable urban agriculture and
food security.
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