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Abstract 
Escalating pressures of global population growth, rapid urbanization, climate change-induced 
agricultural instability, progressive degradation of land, necessitated critical re-evaluation of 
conventional food production systems. Vertical farming (VF) - cultivation of crops vertically stacked 
layers within controlled environment facilities. Potentially transformative paradigm for sustainable 
horticulture. Review synthesizes contemporary scientific literature, comprehensively assess role of VF. 
Analysis technological foundations of VF, Precision application of light-emitting diode (LED) tailored 
spectral recipes to optimize plant growth, phytochemical content, advanced soilless cultivation 
methodologies, hydroponics, aeroponics which facilitate drastic reduction in water consumption of 95% 
than traditional irrigation, simultaneously eliminating runoff, pesticide need. VF, substantially, 
encompassed exponential increased annual yield per unit area of land as 20-30 times greater than 
traditional open-field farming—with year-round capacity, predictable production insulated from 
external climatic volatilities, strengthening urban food security, shortening fragile supply chains. 
Critical examination of significant economic, environmental drawbacks currently hindering universal 
adoption. Notably, prodigious energy demands for artificial lighting, climate control, constitute 
dominant operational cost, rendering VF model primarily viable for high-value, short-cycle leafy greens 
herbs. VF, a solution for localized, resource-efficient horticultural production, its long-term 
sustainability, scalability, intrinsically foster advancements in energy-efficient technologies, strategic 
integration of renewable energy sources, developing supportive policy frameworks to mitigate high 
capital expenditure, integration into resilient, diversified global horticulture production. VF, allowed 
year-round vegetable, fruit production, reduced environmental impact, reduce greenhouse gas 
emission, pesticide, pest, disease, soil degradation. VF, greatly enhance horticulture crop production, 
food security, promote sustainable agriculture, contribute more resilient- food security wherever it is 
practice.   
 
Keyword: Cultivation, Environment, Revolutionary, Sustainable, Vegetable. 
 
 

mailto:jaliyudawaki@yahoo.com


Vertical Farming for Sustainable Horticulture Production and Food Security: A Review 

Jibrin A.D., Cosmas L.T., DUJOPAS 11 (4d): 23-38, 2025                                                                                   24 

INTRODUCTION 
The global agricultural sector stands at a critical juncture, confronted by a confluence of 
unprecedented challenges that threaten the stability and security of the world's food systems, 
a situation that has catalyzed the urgent exploration of alternative production paradigms 
capable of reconciling the imperative for increased output with the fundamental principles of 
environmental sustainability (Willian et al., 2025). Projections indicating a global population 
surpassing 9.7 billion by 2050, coupled with a concurrent trend of rapid urbanization that will 
concentrate nearly 70% of this population in cities, foreshadow a massive escalation in 
demand for nutritious food, particularly perishable horticultural produce, within urban 
centers, thereby stretching conventional supply chains to their limits and exacerbating issues 
of food deserts and post-harvest waste (Van Delden et al., 2021). Compounding this 
demographic pressure is the escalating impact of climate change, which manifests in 
increasingly volatile and extreme weather events—including prolonged droughts, 
catastrophic floods, and unseasonal temperature shifts—that directly compromise crop yields 
and jeopardize harvests in open-field agriculture, highlighting a profound vulnerability to 
external environmental shocks that demand a more resilient and insulated approach to food 
cultivation (Al-Kodmany, 2018). Furthermore, traditional horticulture is itself a significant 
contributor to environmental degradation, being a primary consumer of freshwater resources, 
accounting for approximately 70% of global withdrawals, and a major source of chemical 
pollution and eutrophication of aquatic ecosystems through the runoff of fertilizers and 
pesticides, while simultaneously facing its own existential threat from the widespread 
degradation and loss of arable land due to erosion, salinization, and urban sprawl 
(Avgoustaki and Xydis, 2020).  
 
It is within this complex nexus of pressures—demographic, climatic, and environmental—
that vertical farming (VF) has emerged not merely as a novel technological curiosity, but as a 
potentially disruptive and transformative paradigm for sustainable horticulture production, 
offering a foundational shift from horizontal, soil-based, and seasonally dependent 
agriculture to a system of vertically stacked, controlled-environment agriculture (CEA) that is 
deliberately decoupled from the vagaries of nature. The core premise of VF involves 
cultivating crops indoors within multi-tiered structures, leveraging advanced technological 
subsystems such as sophisticated soilless cultivation techniques (e.g., hydroponics and 
aeroponics), precision light-emitting diode (LED) lighting that delivers specific spectral 
recipes to manipulate plant growth and nutritional quality, and comprehensive climate 
control and automation, all of which synergize to create an optimized growth environment 
that can be maintained year-round, independent of external conditions (Kozai and Niu, 2020; 
Zhang et al., 2024).  
 
The period from 2018 to the present has been particularly pivotal, marking a phase of 
accelerated technological maturation, increased commercial investment, and a growing body 
of empirical research that moves beyond theoretical postulation to provide robust, data-
driven assessments of the sustainability claims, economic viability, and operational scalability 
of VF systems, thereby furnishing a more nuanced and evidence-based understanding of its 
potential role in the future of food. This review seeks to synthesize this recent and rapidly 
expanding body of literature, providing a comprehensive examination of the technological 
underpinnings, documented benefits, persistent challenges, and future trajectories of vertical 
farming as a means to achieve a more productive, efficient, and resilient model for horticulture 
production in an increasingly urbanized and resource-constrained world. 
 
The primary objectives of this review were to clearly articulate the imperative for VF systems 
by analyzing the global challenges driving its adoption, including population growth, 
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urbanization, climate change, arable land degradation, and water scarcity, to explain the 
fundamental scientific and technological principles that enable VF operations, including the 
structural design, soilless cultivation techniques, advanced lighting systems,  integrated 
climate control and automation, to systematically gather and critically evaluate the claimed 
advantages of VF, such as superior resource use efficiency (land, water), year-round 
production, pesticide-free cultivation, and reduced food miles, supported by recent empirical 
data, to provide a critical and evidence-based analysis of both the advantages (e.g., high yield, 
resilience) and the significant disadvantages (e.g., high capital and energy costs, carbon 
footprint, technological complexity) of VF systems, to detail the core soilless cultivation 
methods used in VF—namely hydroponics, aeroponics, and aquaponics—comparing their 
mechanisms, efficiencies, operational requirements, to inventory the range of fruits, 
vegetables, and other produce currently being successfully grown in vertical farms, from leafy 
greens, herbs to more advanced fruiting crops, and identify the factors limiting a wider crop 
palette, to quantitatively compare the annual production yield per unit area of VF with that 
of greenhouse and open-field agriculture, contextualizing the results within the framework of 
respective resource inputs, to analyze effective case studies of VF across different world 
regions, exploring how varying economic models, policies, and technological adaptations 
influence their success and integration into local food systems, to synthesize the reviewed 
information into conclusive findings and provide strategic, forward-looking 
recommendations for researchers, investors, and policymakers to address existing challenges 
and guide the future development of vertical farming for sustainable horticulture production 
systems and food security. 
 
Need for Vertical Farming 
The imperative for the development and adoption of vertical farming (VF) is not rooted in a 
single issue but emerges from a complex and interconnected web of global crises that 
collectively expose the vulnerabilities of conventional, soil-based horticultural systems and 
underscore the necessity for a more resilient, efficient, and localized mode of food production. 
The most fundamental driver is the relentless trend of global urbanization, which is projected 
to result in over two-thirds of the world's population residing in cities by 2050 (William, et al., 
2025), creating a profound spatial disconnect between the geographical locations where food 
is predominantly produced and the dense urban centers where it is overwhelmingly 
consumed; this disconnect elongates supply chains, increases the carbon footprint of food 
miles, and exacerbates food waste, which is estimated to be as high as 30-40% for fresh 
produce, due to spoilage during transit and handling, thereby creating a compelling argument 
for situating food production within or immediately adjacent to urban environments to 
enhance food sovereignty, ensure freshness, and reduce logistical inefficiencies and their 
associated environmental impacts (Van Delden et al., 2021; Snyder and Gómez, 2022).  
 
Simultaneously, the specter of climate change poses an existential threat to traditional 
agriculture through an increase in the frequency and severity of extreme weather events, 
including debilitating droughts that cripple irrigation-dependent systems, catastrophic floods 
that can wipe out entire seasons of crops in a matter of days, and unseasonal frosts or 
heatwaves that disrupt pollination and plant development, thereby introducing a level of 
volatility and risk that jeopardizes global food security and necessitates an agricultural model 
that is entirely insulated from such external climatic shocks, a feat achievable only through 
the fully controlled environments characteristic of vertical farms (Al-Kodmany, 2018). 
Furthermore, conventional horticulture is itself a major contributor to environmental 
degradation, being the largest consumer of global freshwater resources, accounting for 
approximately 70% of all withdrawals, while also being a primary source of water pollution 
through the runoff of nitrogen and phosphorus fertilizers that cause eutrophication in rivers 
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and oceans, and the application of synthetic pesticides that harm biodiversity and human 
health; vertical farming directly confronts these issues by utilizing closed-loop hydroponic or 
aeroponic systems that can reduce water usage by up to 95% compared to field irrigation and 
completely eliminate the need for herbicides and pesticides, thereby preventing agricultural 
runoff and protecting surrounding ecosystems (Avgoustaki and Xydis, 2020; Lakhiar et al., 
2024).  
 
Compounding these issues is the ongoing and irreversible degradation and loss of arable land 
worldwide due to factors such as soil erosion, salinization from improper irrigation, 
desertification, and the conversion of agricultural land for urban and industrial development, 
which steadily diminishes the planet's capacity to support conventional farming and forces a 
reckoning with the need for agricultural systems that are not dependent on vast tracts of fertile 
topsoil and can instead repurpose non-arable land, including urban brownfields and 
abandoned warehouses, for highly productive food generation (Benke and Tomkins, 2017).  
 
Finally, the COVID-19 pandemic served as a stark and recent reminder of the fragility of 
globalized food supply chains, as border closures, labor shortages, and transportation 
disruptions led to empty supermarket shelves and highlighted the vulnerability of cities that 
are dependent on long-distance imports for their fresh produce, thereby accelerating interest 
in and the political will for localized food production systems like vertical farming that can 
bolster community resilience, provide a buffer against global shocks, and ensure a continuous, 
reliable supply of nutritious food regardless of external geopolitical or logistical disruptions 
(Snyder and Gómez, 2022). In essence, the need for vertical farming is a direct and logical 
response to the converging pressures of demographic shift, environmental instability, 
resource scarcity, and systemic vulnerability, positioning it not as a replacement for all 
traditional agriculture, but as an indispensable and complementary component of a 
diversified, robust, and sustainable future food system. 
 
How Vertical Farming Works 
Vertical farming (VF) represents a radical re-engineering of agricultural principles, 
functioning through the seamless integration of multiple advanced technological subsystems 
that operate in concert to create a perfectly optimized, soil-free environment for plant growth 
within a three-dimensional, vertically stacked architecture. The foundational element is the 
physical structure itself, which typically consists of multi-tiered racks or towers installed 
within a fully enclosed building, such as a repurposed warehouse or a purpose-built facility, 
effectively multiplying the cultivable area many times over relative to the building's footprint 
and enabling the volumetric production of food in a way that fundamentally decouples yield 
from horizontal land area. The most critical and energy-intensive component is the advanced 
lighting system, where customizable Light-Emitting Diodes (LEDs) have become the 
unequivocal standard, replacing sunlight with precisely engineered "light recipes" composed 
of specific wavelengths—such as deep blue (450 nm) to promote compact, leafy growth and 
red (660 nm) to stimulate photosynthesis and biomass accumulation—which can be 
dynamically adjusted in intensity and photoperiod for different crop types and even different 
growth stages within a single crop's life cycle, a level of spectral control that allows growers 
to manipulate plant morphology, accelerate growth rates, and enhance nutritional content in 
ways that are impossible in a natural environment (Jones et al., 2023).  
 
The delivery of water and nutrients is managed through highly efficient soilless cultivation 
systems, primarily hydroponics, where plant roots are suspended in a continuously 
oxygenated, nutrient-rich aqueous solution, or the even more advanced aeroponics, where the 
roots are suspended in the air and periodically misted with a nutrient-dense aerosol, a method 
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demonstrated to reduce water usage by up to 98% compared to traditional field irrigation 
while also maximizing oxygen access to the root zone, which can significantly boost plant 
growth and health (Lakhiar et al., 2024). Simultaneously, a sophisticated climate control 
system, comprising Heating, Ventilation, and Air Conditioning (HVAC) units, meticulously 
regulates the ambient temperature, humidity, and CO2 levels, with the latter often being 
enriched to concentrations 3-4 times higher than atmospheric levels to dramatically accelerate 
photosynthetic rates and thereby increase yields, while also ensuring adequate air circulation 
to prevent fungal diseases and strengthen plant stems. The orchestration of these complex 
variables is managed by a centralized, automated control system powered by the Internet of 
Things (IoT), where a dense network of sensors continuously monitors real-time data on 
thousands of data points—including light intensity, nutrient solution pH and electrical 
conductivity (EC), root-zone temperature, and leaf canopy humidity—and feeds this 
information into cloud-based software platforms that use machine learning algorithms to 
make predictive adjustments, pre-emptively correcting deviations from optimal set points, 
automating nutrient dosing, scheduling harvests, and even identifying early signs of biotic or 
abiotic stress, thereby minimizing human labor and human error while maximizing 
consistency, resource efficiency, and overall system reliability (Zhang et al., 2024). In essence, 
a vertical farm functions as a cyber-physical system, a bio-manufacturing facility where crops 
are not grown but are rather "produced" under a tightly controlled and fully automated 
regimen, transforming the art of farming into a discipline of precision engineering and data 
science to achieve unprecedented levels of productivity and sustainability within an urban 
context. 
 
Why Vertical Farming 
The compelling rationale for investing in and adopting vertical farming extends far beyond 
its technological novelty, representing instead a strategic and necessary response to a matrix 
of critical global imperatives that range from ensuring basic food security to advancing 
environmental sustainability and economic resilience. Fundamentally, vertical farming is 
pursued because it offers a viable pathway to de-risk the food supply chain from a plethora 
of external disruptions; by relocating horticultural production into controlled, indoor facilities 
often situated within urban boundaries, it effectively insulates the cultivation of high-value, 
perishable crops from the escalating threats of climate change—such as droughts, floods, and 
unseasonal weather that devastate traditional harvests—while also building resilience against 
geopolitical instabilities, pandemics, and transportation bottlenecks that can cripple long-
distance supply chains, thereby guaranteeing a consistent, predictable, and local supply of 
fresh produce year-round, which is crucial for urban food sovereignty and national security 
(Snyder and Gómez, 2022; Van Delden et al., 2021).  
 
From an environmental stewardship perspective, the argument for VF is equally powerful, as 
it embodies the principles of a circular economy by achieving unparalleled resource 
efficiencies, most notably a reduction in water usage of up to 95% compared to conventional 
irrigated agriculture through recirculating hydroponic and aeroponic systems, and an 
exponential increase in land productivity, producing over 20 times more yield per square 
meter than greenhouses, which directly addresses the twin crises of freshwater scarcity and 
arable land loss while freeing up rural land for rewilding, conservation, or other uses 
(Avgoustaki and Xydis, 2020; Graamans et al., 2023). Moreover, the sealed, hyper-hygienic 
environment of a vertical farm eliminates the need for synthetic pesticides and herbicides, 
ensuring that the final product is free of chemical residues and that the production process 
creates no agricultural runoff, thus protecting soil and water ecosystems and providing 
consumers with a cleaner, safer food option. Economically, VF is justified by its potential to 
create new markets and high-skilled jobs in urban centers, ranging from engineering and data 
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science to logistics and agriculture technology, and to generate a reliable, high-quality product 
that can command a market premium, while its urban proximity drastically reduces food 
miles, cutting transportation emissions and delivering a product of exceptional freshness and 
extended shelf-life to consumers. In essence, vertical farming is not merely an alternative 
method of growing plants; it is a comprehensive systemic upgrade for horticulture, chosen 
because it directly confronts the most pressing limitations of the 20th-century agricultural 
model and provides a scalable, sustainable, and secure framework for feeding the 21st-century 
city. 
 
Benefits of Vertical Farming 
The adoption of vertical farming confers a multitude of significant benefits that address 
critical shortcomings of conventional agriculture, positioning it as a cornerstone for 
developing more sustainable and resilient food systems. One of the most lauded advantages 
is its exceptional resource efficiency, particularly regarding land and water use; by stacking 
growth layers vertically, VF can achieve productivity rates 20 to 100 times greater per unit of 
horizontal land area than traditional field farming, effectively decoupling food production 
from land availability and making it possible to cultivate food on non-arable land or within 
urban centers, thereby preserving natural ecosystems and reducing pressure for agricultural 
expansion (Al-Kodmany, 2018). Concurrently, the closed-loop nature of hydroponic and 
aeroponic systems allows for the recirculation of water and nutrients, leading to dramatic 
reductions in water consumption of up to 95% compared to conventional irrigated agriculture, 
a critical advantage in an era of increasing water scarcity and drought (Avgoustaki and Xydis, 
2020).  
 
Furthermore, the complete isolation from the external environment eliminates the need for 
synthetic pesticides and herbicides, ensuring the production of clean, residue-free food and 
preventing agricultural runoff, which is a leading cause of eutrophication in freshwater and 
marine ecosystems, thereby significantly reducing the chemical footprint of horticulture. This 
controlled environment also facilitates year-round, predictable production independent of 
seasonal variations, adverse weather events, or the impacts of climate change, which 
guarantees a consistent and reliable supply of fresh produce to markets, stabilizes prices, and 
strengthens local food security against the disruptions that frequently affect traditional supply 
chains, such as those experienced during the COVID-19 pandemic (Snyder and Gómez, 2022).  
 
The proximity to urban consumers drastically shortens supply chains, reducing food miles, 
associated transportation emissions, and post-harvest spoilage, which can be as high as 30% 
for fresh produce, thereby delivering a more nutritious and longer-lasting product to the 
consumer while minimizing the carbon footprint of distribution. Additionally, VF enables 
precise manipulation of growing conditions to enhance the nutritional quality and taste of 
crops; through tailored LED light spectra and precise nutrient management, growers can 
boost the concentration of beneficial phytochemicals, such as vitamins and antioxidants, in 
leafy greens and herbs, creating functional foods with enhanced health benefits (Jones et al., 
2023). Finally, vertical farming promotes urban resilience and economic development by 
creating new, high-tech job opportunities in fields such as robotics, data analysis, and systems 
engineering, revitalizing unused urban spaces like abandoned warehouses, and contributing 
to a circular economy by reducing waste and resource consumption, making cities more self-
sufficient and less vulnerable to external shocks in the global food system. Other notable 
benefits of VF are: 
 
i. Exceptional Land Use Efficiency: The most significant merit of vertical farming is its ability 
to produce vastly more food on a significantly smaller land footprint. By stacking cultivation 
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in multiple vertical layers, VF can achieve yields 20 to 100 times greater per square meter of 
base area than conventional open-field agriculture (Al-Kodmany, 2018). This land-sparing 
effect is crucial for conservation, allowing for the potential rewilding of agricultural land and 
enabling food production in urban settings where horizontal space is scarce and expensive. 
 
ii. Dramatic Water Conservation: Vertical farming systems, particularly hydroponics and 
aeroponics, are closed-loop systems that recirculate water and nutrients. This design leads to 
extraordinary water efficiency, with studies showing reductions in water usage of up to 95% 
compared to traditional irrigated field farming (Avgoustaki and Xydis, 2020). This is a critical 
advantage in regions facing water scarcity and drought conditions exacerbated by climate 
change. 
 
iii. Year-Round, Climate-Independent Production: By operating within fully controlled 
environments, vertical farms are completely insulated from external weather conditions, 
seasons, and climate change impacts such as droughts, floods, and unseasonal frosts. This 
allows for the predictable and reliable production of high-quality crops 365 days a year, 
strengthening food security and stabilizing market supply (Van Delden et al., 2021). 
 
vi. Elimination of Pesticides and Herbicides: The sealed, hygienic environment of a vertical 
farm prevents the intrusion of pests and diseases, effectively negating the need for synthetic 
chemical pesticides, herbicides, or fungicides. This results in cleaner produce free of chemical 
residues and eliminates agricultural runoff, a major source of water pollution and ecosystem 
damage from conventional farming. 
 
v. Reduced Food Miles and Enhanced Freshness: Situating vertical farms within or near urban 
centers drastically shortens the supply chain from farm to consumer. This reduction in "food 
miles" lowers transportation-related carbon emissions, minimizes spoilage and food waste 
(which can be 30% or more for fresh produce), and delivers a fresher, longer-lasting product 
to the market. 
 
Demerits of Vertical Farming 
I. Prohibitively High Energy Consumption: The most significant drawback of vertical farming 
is its intensive energy demand, primarily for the artificial lighting required for plant 
photosynthesis and the HVAC systems needed for climate control. Energy can constitute 60-
70% of operational costs and is the largest contributor to the system's carbon footprint, 
especially if the electricity is sourced from fossil fuels (Graamans et al., 2023). This high energy 
cost remains the primary barrier to its economic and environmental sustainability. 
 
ii. Substantial Capital and Operational Costs: The initial capital expenditure (CAPEX) for a 
vertical farm is extremely high, covering costs for the building, multi-tiered growing systems, 
advanced LED lighting, climate control infrastructure, and automation technology. 
Consequently, the operational expenditure (OPEX) is also significant, dominated by electricity 
bills, making the economic model challenging without substantial investment and premium 
product pricing (Touliatos et al., 2024). 
 
iii. Technological Complexity and Reliability Risks: Operating a vertical farm requires 
specialized expertise in horticulture, engineering, and data science. The reliance on complex 
technology introduces risks; a failure in the lighting, irrigation, or climate control system for 
even a short period can lead to a complete crop loss, posing a significant operational hazard. 
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vi. Limited and Economically Constrained Crop Suitability: The current economic model of 
VF is primarily viable for a limited range of high-value, fast-growing, and compact crops. 
Leafy greens (lettuce, kale), herbs (basil, cilantro), and microgreens dominate production. 
Fruiting crops like tomatoes, cucumbers, and grains have higher light requirements, longer 
growth cycles, and larger plant architectures, making them economically challenging to grow 
profitably in most current VF systems (Williams and Liu, 2025). 
 
v. Potential for High Carbon Footprint: While VF offers many environmental benefits, its 
carbon footprint is highly sensitive to the local energy mix. If powered by a carbon-intensive 
grid, the global warming potential of VF produce can be higher than that of conventionally 
grown, field-based alternatives, undermining its sustainability claims (Graamans et al., 2023). 
 
Techniques of Vertical Farming 
The operational core of vertical farming lies in its soilless cultivation techniques, which are 
engineered to deliver water, nutrients, and oxygen directly to plant roots with maximum 
efficiency within a controlled indoor environment. These systems replace soil with either a 
water-based solution or an inert growing medium, enabling precise resource management 
and preventing soil-borne diseases. The three primary techniques are hydroponics, 
aeroponics, and aquaponics, each with distinct mechanisms, advantages, and operational 
considerations that make them suitable for different scales and goals of production. 
 
1. Hydroponics 
Hydroponics is the most widely adopted and foundational technique in vertical farming, 
where plants are grown with their roots submerged in or continuously exposed to a nutrient-
rich oxygenated water solution (Mir, et al., 2022). This method eliminates the uncertainty of 
soil quality and allows for direct control over the plant's diet. Several subtypes exist, with the 
most common being the Nutrient Film Technique (NFT), where a very shallow stream of 
nutrient solution continuously flows along a channel, allowing the roots to absorb what they 
need while the top part remains aerated; the Deep Water Culture (DWC) system, where plants 
are suspended on a floating raft with their roots dangling directly into a deeply oxygenated 
reservoir of nutrient solution, which is highly effective for fast-growing leafy greens; and the 
Ebb and Flow (or Flood and Drain) system, where the growing tray is periodically flooded 
with the nutrient solution and then allowed to drain, which ensures that roots get both 
nutrients and oxygen in cycles (Mir, et al., 2022). The primary advantage of hydroponics is its 
proven reliability and relative simplicity compared to other methods, leading to high growth 
rates and water savings of up to 90% over traditional agriculture. However, it can be 
vulnerable to waterborne pathogens if not properly managed, and pump failures can quickly 
lead to crop loss. A potential solution to the energy consumption and subsequent costs of VF 
is to seek to align production with electrical supply (such as in Figure 1, William et al., 2025). 
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Figure 1. Circular economy solution for VF systems utilising anaerobic digestion (AD). In this model, horticultural 
production waste is managed via co-location with AD, and resources including energy, nutrients and CO2 (and 
for certain systems, heat) can be reclaimed and re-used, for maximum efficiency. William, A.V. et al. (2025). 

 
2. Aeroponics 
Aeroponics represents a more advanced and efficient evolution of soilless cultivation, 
developed with research support from organizations like NASA. In this system, plant roots 
are suspended in the air within a closed chamber or channel and are periodically misted with 
a fine, nutrient-dense aerosol. This environment provides the roots with unparalleled access 
to oxygen, which is a key limiting factor in growth rates in other systems, as shown in Figure 
2. Aeroponics has been demonstrated to use up to 98% less water than field farming and even 
less than hydroponics, while also often accelerating plant growth due to the optimal oxygen 
conditions at the root zone (Lakhiar et al., 2024). The fine misting nozzles can deliver a precise 
blend of nutrients directly to the roots, minimizing waste. The main drawbacks of aeroponics 
are its higher technological complexity and cost. The system is entirely dependent on 
functioning pumps and nozzles; a clogged nozzle or a short-term pump failure can cause roots 
to desiccate and lead to rapid, total crop loss, requiring sophisticated monitoring and 
redundancy systems. 
 

 
Figure 2: A Typical Aeroponics systems (Mohad and Sahar, 2023). 
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3. Aquaponics 
Aquaponics integrates aquaculture (the raising of aquatic animals such as fish) with 
hydroponics in a symbiotic, closed-loop ecosystem. In this system, nutrient-rich wastewater 
from the fish tanks, which contains ammonia from fish waste, is circulated to the plant 
growing beds. Beneficial bacteria naturally colonize the system and convert the ammonia first 
into nitrites and then into nitrates, which are an ideal form of plant fertilizer. The plants then 
uptake these nitrates, effectively filtering and purifying the water, which is subsequently 
recirculated back to the fish tanks. The primary merit of aquaponics is its holistic approach, 
creating a sustainable ecosystem that produces two products (fish and plants) while 
eliminating the need for synthetic fertilizers. It is often promoted as an ultra-sustainable 
model. However, it is also the most complex system to manage, requiring a careful balance 
between fish, plants, and bacteria. The water quality parameters (pH, ammonia, nitrite, nitrate) 
must be meticulously monitored for the health of both fish and plants, and the system is 
generally less productive per unit area than a dedicated hydroponic or aeroponic system, 
making it less common in large-scale, high-tech commercial vertical farms focused solely on 
maximizing vegetable output (William, et al., 2025). When hydroponic and fish farming, 
vegetable, flower, and herb production are combined, mutualistic relationships between 
plants and fish can be created, as shown in Figure 3. Hydroponics and aquaculture are 
combined in aquaponics to produce food. Conventional soil-based horticulture uses about 
10% as much water as an aquaponics system (Mohad and Sahar, et al., 2023). These systems 
can benefit harsh rural environments or urban where land is poor quality or scarce (Mir, et 
al., 2022).  

 
Figure 3: An aquaponics system (Martin, et al., 2020). 

 
Fruits and Vegetables Produced Using Vertical Farming 
Among the most successfully and widely produced leafy greens are various cultivars of 
lettuce (such as butter head, romaine, and loose-leaf), kale, arugula, spinach, Swiss chard, and 
bok choy, while the herb category is led by basil, which is particularly well-suited to VF 
conditions, along with cilantro, mint, parsley, and chives. These crops typically complete their 
growth cycle in just 3-4 weeks, allowing for 12-15 harvests per year from the same growing 
tower, creating a highly efficient and profitable turnover that forms the economic backbone 
of the industry. Microgreens and sprouts represent another highly successful category, valued 
for their ultra-fast growth (often 7-14 days), extremely high nutrient density, and premium 
price point, making them perfectly suited for the high-cost environment of a vertical farm 
where space is at a premium and rapid cycles are essential for profitability (Mir, et al., 
2022).The current commercial landscape is overwhelmingly dominated by leafy greens and 
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herbs, which possess ideal traits for indoor vertical farming, including a compact growth habit, 
short production cycle, high market value, and low light requirements compared to fruiting 
crops. However, the range of crops cultivated in vertical farms is strategically selected based 
on economic viability, growth characteristics, and market demand, with a clear dominance of 
specific plant types that align with the inherent advantages and constraints of controlled 
environment agriculture (Martin, et al., 2020).  
 
Beyond leafy greens, significant commercial and research progress has been made in 
cultivating fruiting vegetables, though these present greater challenges due to their larger 
plant architecture, higher energy demands for fruit production, and longer growth cycles. 
Strawberries have emerged as the most commercially successful fruiting crop in VF, as their 
compact, vertical growth habit, high value per kilogram, and ability to be harvested 
repeatedly over a period of months justify the higher operational costs; advanced vertical 
farms use automated mobile gully systems and precisely tuned LED spectra to manipulate 
flowering and improve sugar content, making year-round, locally grown strawberries a viable 
market reality (Williams and Liu, 2025). Research and limited commercial production are also 
underway for vine crops such as tomatoes, peppers, and cucumbers, which require more 
sophisticated management, including high-wire training systems to guide plant growth 
vertically, more powerful and specialized lighting spectra to support flowering and fruiting, 
and often the introduction of managed pollinators like bumblebees or the use of 
parthenocarpic (seedless) varieties that do not require pollination. While possible, the 
economic case for these larger crops is more challenging to make at present, though 
advancements in energy efficiency and crop genetics are steadily improving their viability. 
Other vegetables being explored in research settings include dwarf varieties of eggplants, 
beans, and peas, which are selected for their compact size and determinate growth habits. 
Looking to the future, research is pushing the boundaries even further into the realm of 
molecular farming, where vertical farms are used as pristine bio-factories to grow plants 
engineered to produce high-value pharmaceuticals, vaccines, or nutraceuticals, an application 
that leverages the ultra-clean and precisely controlled conditions of VF for purposes far 
beyond traditional food production. In summary, while the current crop portfolio of vertical 
farming is strategically narrow, it is steadily expanding through relentless innovation in 
agronomy, lighting science, and plant breeding, gradually transforming VF from a producer 
of simple greens into a diverse source of a wider array of fresh fruits and vegetables for urban 
populations (Kozai and Niu, 2020). 
 
Yield of a Vertical Farm Compared to Greenhouse and Other Farms 
The yield advantage of vertical farming (VF) over traditional agricultural systems is its most 
compelling and frequently cited benefit, representing a paradigm shift in land productivity 
that is fundamentally enabled by the multi-layer cultivation and continuous, optimized 
growing conditions within controlled environments. When measured on an annual yield per 
unit of base area (e.g., kg/m²/year), vertical farms demonstrably outperform all other forms 
of agriculture by an order of magnitude, a difference that is most starkly illustrated through 
a direct comparison of a universally grown crop like lettuce. A seminal life cycle assessment 
study by Graamans et al. (2023) provided a quantitative comparison, finding that a state-of-
the-art vertical farm could produce between 100 and 140 kg of lettuce per m² per year, a figure 
that is contingent on the number of stacked layers, the efficiency of the light spectrum, and 
the speed of the growth cycle enabled by 24-hour optimized conditions. In contrast, a high-
tech, semi-controlled greenhouse, which benefits from free solar light but is still subject to 
seasonal variations in light intensity and temperature, produces a significantly lower but still 
impressive yield of approximately 40 to 50 kg/m²/year. Traditional open-field farming, 
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constrained by seasons, weather, pests, and soil quality, lags far behind, with an average 
annual yield of just 3 to 6 kg/m²/year, as shown in Table 1 below. 
 
This astronomical yield differential—where VF can produce over 20 times more than a 
greenhouse and over 30 times more than an open field on the same footprint—is attributable 
to two primary factors: layer multiplication and temporal efficiency. The vertical stacking of 
growth levels effectively multiplies the cultivation area; a ten-layer farm instantly de facto has 
ten times the growing area of a single-level greenhouse or field. Furthermore, temporal 
efficiency is maximized through the elimination of seasonal downtime; vertical farms can 
achieve up to 15-20 harvest cycles per year for leafy greens by maintaining ideal conditions 
24/7, whereas open-field farming is typically limited to 1-3 cycles, and greenhouses may 
achieve 4-8 cycles depending on climate and technology. However, this extraordinary yield 
comes with a critical and substantial caveat: the massive input of energy, primarily in the form 
of electricity for artificial lighting, which is the principal cost and environmental burden of 
VF. Greenhouses, by utilizing sunlight, have an inherent energy cost advantage, and their 
yield is achieved with a much lower direct energy input per kilogram of produce, though they 
may require significant energy for heating in colder climates. Therefore, while vertical 
farming is unequivocally the champion in terms of volumetric productivity per unit of land 
area, its sustainability and economic viability cannot be assessed on yield alone; the metric of 
yield per unit of energy consumed is a more holistic and critical measure where the current 
advantage often lies with well-designed greenhouses, though continuous improvements in 
LED efficacy and renewable energy integration are rapidly closing this gap for VF. In essence, 
the choice between systems involves a trade-off between the supreme land use efficiency of 
vertical farms and the superior energy and economic efficiency of sunlight-driven 
greenhouses, with the optimal solution for a given region often depending on local factors 
such as land cost, energy prices, climate, and market demands for local produce. 
 
Table 1: Yields of horticultural crops grown under VF compared to others. 

Crops Yield in VF due to Tech. (tons/ha) Field Yield (tons/ha) 

Carrots 58 30 
Raddish 23 15 
Potatoes 150 28 
Tomatoes 155 45 
Pepper 133 30 
Strawberry 69 6 
Peas 9 6 
Cabbage 67 50 
Lettuce 37 25 
Spinach 22 12 
Total (Average) 71 28 

(Source: Kozai and Niu, 2020). 

 
Effective Vertical Farming across the World 
The global implementation of vertical farming demonstrates remarkable adaptability to 
regional challenges, with successful enterprises emerging across continents through distinct 
business models, technological innovations, and strategic market positioning. In North 
America, the model is characterized by large-scale, highly automated facilities funded by 
significant venture capital and focused on supplying major retail and grocery chains. 
Companies like Aero-Farms (Newark, New Jersey) and Bowery Farming (New York and New 
Jersey) exemplify this approach, utilizing proprietary aeroponic systems and sophisticated 
IoT-driven analytics to optimize growth conditions for leafy greens and herbs, achieving 
massive scale and brand recognition while emphasizing pesticide-free, locally grown produce 
to meet consumer demand for transparency and sustainability (Zhang et al., 2024).  
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Similarly, in Asia, vertical farming has been driven by geographic constraints and food 
security imperatives, with Japan emerging as a global leader following the 2011 earthquake 
and tsunami, which highlighted vulnerabilities in the food supply chain. Spread Co.'s "Techno 
Farm" in Kyoto is a paradigm of automation, producing over 30,000 heads of lettuce daily 
with 98% water recycling and minimal human labor, showcasing an unprecedented level of 
industrial efficiency in food production. In Singapore, a city-state with over 90% of its food 
imported, the government's "30 by 30" goal (to produce 30% of its nutritional needs locally by 
2030) has catalyzed innovation; companies like Sky Greens have developed a patented, low-
carbon, hydraulic-driven vertical farming system that is both energy-efficient and 
commercially viable, while other startups are pioneering the production of strawberries and 
baby vegetables in high-tech indoor facilities, making vertical farming a cornerstone of 
national food security strategy (Van Delden et al., 2021). 
 
In Europe, the vertical farming landscape is diverse, with a notable trend towards 
decentralized and integrated urban models. Infarm (headquartered in Germany) has 
pioneered a network of modular, data-driven "farming units" installed directly in 
supermarkets, distribution centers, and even restaurants. This hyper-local model drastically 
reduces food miles to mere feet, provides consumers with living plants that are harvested on-
demand, and allows for centralized monitoring and agronomy, representing a radical 
rethinking of retail-integrated agriculture. In the United Kingdom and the Netherlands, a 
focus on scientific research and integration with existing horticultural expertise has led to the 
development of advanced R&D facilities and commercial farms that often work in partnership 
with universities to refine LED light recipes and energy management systems, pushing the 
boundaries of crop variety and system efficiency. The effectiveness of these global models is 
not accidental but is underpinned by common success factors: a sharp focus on a clear market 
need (be it food security, hyper-freshness, or brand identity), relentless innovation in 
automation to control labor costs, strategic location within or near urban consumption hubs, 
and increasingly, a commitment to integrating renewable energy sources to mitigate the 
primary challenge of energy consumption. These examples collectively illustrate that vertical 
farming is not a one-size-fits-all solution but a flexible and scalable toolkit that can be uniquely 
configured to address the specific agricultural, economic, and environmental demands of 
regions around the world. As shown in figure 4.  
 

 
Figure 4: Yield Multiplier Comparison among Farming Methods.  Mohad and Sahar, (2023) 
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CONCLUSION AND RECOMMENDATIONS 
This review has synthesized evidence confirming that VF systems can achieve unparalleled 
resource efficiencies, including massive reductions in land and water use, the elimination of 
agricultural runoff and pesticides, and year-round production insulated from climate 
volatility.  Vertical farming has emerged as a critical solution for addressing food 
sustainability challenges in urban areas, particularly as the global urban population continues 
to rise. This innovative approach to agriculture offers numerous advantages over traditional 
rural farming, as evidenced by its alignment with the three pillars of sustainability: economic, 
social, and environmental. The integration of cutting-edge cultivation methods, such as 
hydroponics, aeroponics, and aquaponics, has revolutionized the agricultural landscape, 
challenging the necessity for soil-based farming for a variety of crops. Vertical farming is a 
transformative approach that addresses the pressing issue of food security. By harnessing 
innovative technologies, optimizing resource utilization, and promoting local food 
production, vertical faming offers a sustainable solution to feeding the world’s population. 
Vertical farming has the potential to transform the food production landscape, enhancing food 
security by increasing yields, improving accessibility and reducing environmental impact. In 
vertical farming the extraordinary yield potential per unit area far surpasses that of traditional 
greenhouses and open-field agriculture, positioning VF as a powerful land-sparing 
technology. However, the review has also critically established that these considerable 
benefits are currently counterbalanced by substantial challenges, most notably the high 
energy consumption for artificial lighting and climate control, which drives operational costs 
and defines the system's environmental footprint, and the consequent economic model that 
remains largely confined to high-value leafy greens and herbs. The successful global 
implementations from North America to Asia and Europe demonstrate that VF is not a 
monolithic concept but an adaptable solution that can be tailored to address specific regional 
needs, from food security in land-scarce Singapore to hyper-local freshness in European 
supermarkets. Therefore, while vertical farming is not a panacea capable of replacing 
conventional agriculture for all crop types, it represents an indispensable and complementary 
component of a diversified, robust, and future-proof food system, crucial for nourishing 
increasingly urbanized populations. To overcome existing barriers and unlock the full 
potential of vertical farming, the following evidence-based recommendations are proposed 
for key stakeholders: 
 
I. For Researchers and Engineers: Prioritize Energy Innovation: Accelerate R&D into next-
generation technologies, including LED systems with photon efficacies exceeding 4.0 μmol/J, 
hybrid lighting that integrates solar light pipes, and the direct integration of onsite renewable 
energy sources such as photovoltaics to decarbonize the VF energy footprint. 
Expand the Crop Portfolio: Intensify research into the environmental recipes (light, nutrients, 
climate) and breeding of dwarf or compact varieties for a wider range of fruiting crops, 
legumes, and root vegetables to diversify economic opportunities and nutritional outputs. 
Develop Circular Systems: Investigate methods for better waste valorization, such as 
converting inedible plant biomass into bioenergy or compost, and improving water and 
nutrient recapture technologies to enhance circularity. 
 
ii. For Policymakers and Urban Planners: Develop Supportive Policy Frameworks: Create 
targeted incentives, such as grants, tax credits, or subsidized energy rates for renewable-
powered farms, to de-risk investment and lower the barrier to entry. 
Incorporate VF into Urban Planning: Zoning laws and urban development strategies should 
explicitly include provisions for CEA facilities, encouraging the use of brownfield sites and 
integrating food production into the urban fabric. 
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Fund Public Research and Pilots: Allocate public funding for interdisciplinary research and 
pilot projects that explore the integration of VF into local food systems, public schools, and 
community food security programs. 
 
iii. For Investors and Industry Leaders: Adopt a Techno-Economic Focus: Move beyond mere 
production metrics and invest in businesses that demonstrate a clear path to profitability 
through technological differentiation, automation, and energy management, as outlined in 
techno-economic frameworks (Touliatos et al., 2024). Foster Collaboration and 
Standardization: Encourage industry-wide collaboration on data sharing and the 
standardization of performance metrics to accelerate collective learning, improve system 
inter-operability, and provide transparent sustainability reporting to consumers. By heeding 
these recommendations, the vertical farming sector can evolve from a promising niche to a 
mainstream pillar of sustainable urban food systems, effectively addressing its current 
limitations and fully realizing its role in creating a more secure and resilient food future. 
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