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Introduction

Hydroponic, aeroponic, and aquaponic urban agricultural systems are often
discussed as promising alternatives to conventional field production (Barbosa
etal, 2015; Specht et al., 2014; Teoh et al., 2024). However, these systems are
not interchangeable. Each uses different mechanisms to deliver water and
nutrients to plants, and each involves distinct trade-offs in environmental
control, stability, yield, and scalability (Dunn, 2025; Garzén et al., 2023;
Maucieri et al., 2018; Okomoda et al., 2023). Because of these differences,
their value cannot be judged by efficiency alone. Instead, each system must be
evaluated based on the production context, including the goals, limitations,
and resources of the application (Wilhelm, ]J. A., & Smith, R. G., 2018; Specht et
al.,, 2014; Teoh et al., 2024). This paper compares hydroponic, aeroponic, and
aquaponic systems to examine how their strengths and limitations make them
better suited for different agricultural settings.

Background

We live in an ever-changing world where the population is rapidly increasing,
technology is advancing, and cities are growing bigger than ever. The United
Nations predicts that by 2050, 66% of the world’s population will be living in
cities (United Nations, 2014). With this comes pre-existing problems that will
only be exacerbated, namely: food, water, and land scarcity. Agriculture
accounts for approximately 69% of global freshwater use, making water one
of the central constraints on future food production (Food and Agriculture
Organization, n.d.). As humans increasingly migrate to cities, these resource
pressures have intensified interest in urban agriculture as a strategy to
produce food more efficiently and closer to areas of consumption.

Defined as “the cultivation, processing, and distribution of agricultural
products (food or non-food) in urban and suburban areas” (United States
Department of Agriculture, n.d.), urban agriculture can take shape in many
ways and exist in diverse environments across the globe, from the deserts of
Israel to cultural hotspots like Atlanta, Georgia, USA (Montgomery, 2025).
There’s even evidence that ‘urban agriculture’ existed as early as 3,500 B.C. in
Mesopotamia, and although urban agriculture there consisted of aqueducts
and basic technology, they were able to provide food locally, and it was
nonetheless urban (Aurora University, 2019). However, when most people
think of urban agriculture, they may picture futuristic, high-tech robots
gardening in a city with flying cars. Even though this seems like an imaginary
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reality, current research is moving urban agriculture closer to this idea through automated systems that use sensors,
monitoring technology, and other advanced machinery (Garzén et al., 2023; Palande et al., 2018). The most discussed
urban agricultural systems include hydroponics, aeroponics, and aquaponic systems (Barbosa et al., 2015; Specht et al,,
2014; Teoh et al., 2024).

The benefits of these systems are numerous and may provide solutions to our future food problems. Across the board,
these systems are more water and energy-efficient, produce higher yields, require less land, and can be more
profitable than traditional farming models (Barbosa et al.,, 2015; Goh et al., 2023; Love et al,, 2015; Specht et al., 2014).
Urban agriculture in general can also provide more opportunities for community involvement and fresh, local produce
for urbanites (Draper, 2010). This matters not just because fresh produce tastes better, but studies estimate that fresh
produce travels 1,500 food miles before being eaten (Harris, 2022). Furthermore, 10% of all fossil fuels are used for
food transportation (Hill, 2008). If produce can be grown in the city that buys it, these numbers could be reduced, and
large cities could contribute to a more sustainable system. Unfortunately, due to the high-tech requirements for urban
systems, they can often have a high initial setup and operating cost, require more skilled operators, and have more
complicated maintenance procedures (Lee, S., & Lee, J., 2019). This makes executing these systems difficult; however,
with adequate funding, proper implementation, continuing advancements, and time, the advantages can far outweigh
the disadvantages, and urban systems can become the future of agriculture (Gunapala et al., 2025).

Variables

The systems examined in this paper are evaluated through four major variables: control, stability, yield, and scalability.
Control refers to the degree to which growers can regulate plant growth conditions, including nutrient delivery, pH,
light, temperature, humidity, and other factors that influence photosynthesis and consumable biomass production
(Lewis Ivey et al., 2025; Wortman, 2015). Controlled environment agriculture is built around this principle, using
enclosed or partially enclosed systems to manipulate inputs such as light, nutrients, carbon dioxide, temperature, and
humidity in order to optimize plant performance (Lewis Ivey et al., 2025). However, increasing the number of
controllable variables also increases dependence on monitoring, infrastructure, and precise system management.
Stability refers to the ability of a system to maintain function when conditions change or components fail. This is
closely tied to buffering capacity, or the ability of a growing environment to resist sudden changes in root-zone
conditions (Ferentinos & Albright, 2003; Oklahoma State University Extension, n.d.). Systems that depend on
continuous delivery of water, oxygen, and nutrients are more sensitive to disruptions such as pump failure, power loss,
or interrupted flow. Reviews of highly engineered cultivation systems note that this dependence on continuous
technical operation is one of the key trade-offs associated with high-efficiency production (Tafesse et al., 2021; Garzén
etal., 2023).

Yield refers to the amount of usable crop output a system produces, making it one of the clearest measures of overall
system performance (Barbosa et al,, 2015; Goh et al,, 2023). Yield is often measured through final harvest weight or
marketable biomass which is shaped by the system’s ability to produce year-round, speed of growth, and the
maintenance of favorable growing conditions throughout production (Wortman, 2015). Disruptions in water
availability, nutrient delivery, pH, or electrical conductivity can rapidly affect plant physiology

(Fathidarehnijeh et al., 2023; Wortman, 2015). Reduced water availability lowers cell turgor, impairs nutrient
transport, and suppresses photosynthesis (Chaves et al., 2002; Fathidarehnijeh et al., 2023; Qiao et al., 2024). In one
experimental study, low electrical conductivity combined with high pH reduced chlorophyll content and marketable
yield, with yield reductions reaching 44% in basil and 76% in kale, thus demonstrating how suboptimal nutrient or
solution conditions can quickly translate into major production losses (Wortman, 2015). Yield is useful in this
comparison because it shows not only how productive a system can be under ideal conditions, but also how strongly
production can decline when the system fails to maintain proper growing conditions.

Scalability refers to the ability to expand a system toward commercial production while maintaining performance at a
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tmanageable cost. Systems that provide high levels of environmental control often require more infrastructure,
monitoring, and maintenance, which can complicate scaling even when biological efficiency is high (Lewis Ivey et al.,
2025; Garzoén et al., 2023). Thus, scalability depends not only on productive capacity but also on the trade-offs among
precision, operational burden, and economic feasibility (Engle, 2015; Garzon et al., 2023; Love et al., 2015).

Taken together, these variables show that efficiency and resilience are often in tension. Systems designed for greater
control and faster resource delivery may support strong plant performance under ideal conditions, but they may also

become more vulnerable when key components are disrupted. Conversely, systems with greater natural buffering may
offer less precision but greater resilience. The central trade-off, therefore, is between optimization and vulnerability;
the same features that increase efficiency can also increase dependence on uninterrupted and carefully managed
system function. With this framework established, the following sections examine hydroponic, aeroponic, and
aquaponic urban agricultural systems individually to evaluate how each system navigates these trade-offs.

Hydroponics

Hydroponics involves suspending a plant above nutrient-rich water, either with or without a soil-less substrate like
expanded clay, coconut coir, perlite, vermiculite, or wood (Dunn, 2025). The base of the plant is contained in the
substrate, which provides mechanical support, aeration, water retention, and nutrient ion distribution, while the roots
hang in the water-nutrient solution (Sesanati et al., 2026). There are many different methods for hydroponic systems
that are highly customizable to optimize plant health and yield depending on the species (Varghese, 2024). The
nutrient solution can either be in an open system, where new water is consumed, or a closed system, where water is
recirculated (Fathidarehnijeh et al., 2023). The combination of substrate selection, nutrient solution, vertical versus
horizontal setup, and the environment can all have an effect on yield, which studies show can produce up to 11 times
higher yield than traditional soil-based farming, depending on the plant and configuration (Barbosa et al., 2015; Goh et
al.,, 2023; Gurung et al., 2019; Sardare, 2013).

Since hydroponics is considered a high-tech agricultural system, there is a lot of control and precision involved. Major
external factors, like climate and soil, are removed, and the entire system can be manually controlled. Water from the
system can be removed, replaced, or cleaned; nutrients and disease control agents can be directly distributed to the
plant through the water solution; and conditions like temperature, pH, and moisture can be adjusted to best suit the
plant’s needs (Paulitz, 1997). Another high-tech aspect that increases control is the use of sensors that allow for
automation. With the use of electrical conductivity probes, pH sensors, water temperature sensors, air
temperature/humidity sensors, and Internet of Things (IoT) network, the system can be fully monitored (Palande et
al., 2018). Each of these sensors monitors a crucial factor to plant health, and with the hands-off ability to control the
values of these properties, it can show improved plant growth and reduce labor costs.

Depending on the type of configuration used, varying amounts of mechanical and biological failure are inevitable. Some
areas of mechanical failure can be water pumps, nutrient pumps, sensors, lighting, and filtration. Fortunately, the use
of the aforementioned sensors that can detect and diagnose mechanical faults in real time represent ways to monitor
for these types of failures, making maintenance easier (Ferentinos & Albright, 2003). Systems can also fail biologically
through lack of nutrients, root hypoxia, root rot, pH imbalance, and limitation in light (especially in vertical farming)
(Balliu et al.,, 2021). Due to the lack of soil in hydroponic systems, soil-born bacteria and diseases are eliminated, which
reduces the need for pesticides. However, diseases like root rot are caused by other bacterial and fungal infections, and
in closed systems, where water is recirculating, plants are susceptible (Paulitz, 1997). There are ways to prevent the
spread of disease by using a combination of methods, including UV radiation, filtration, ozonation, sanitation, and
biocontrol agents (Paulitz, 1997).

Lastly, the cost of hydroponic farming is an important consideration when discussing viable implementation and
scalability. There are multiple factors to consider when calculating costs, such as initial setup costs, operational costs,
land costs, maintenance costs, energy consumption, water consumption, and profits associated with yield (Janakiballav
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Mishra et al., 2024). As mentioned earlier, hydroponics produces a higher yield than traditional farming, which directly
relates to higher profits. Looking at water consumption, when considering the higher yields of hydroponics, it uses
about 13 times less water than traditional farming (Barbosa et al., 2015). On the contrary, hydroponics requires about
80 times as much electricity, with 82% of it being used for heating and cooling, 17% for lighting, and <1% for water
pumps (Barbosa et al., 2015). Since hydroponics doesn’t require large plots of arable land, land costs are greatly
reduced, and the opportunity for the location of hydroponic farm operations is much greater than that of traditional
farms. The highest cost of hydroponics is the initial setup costs, which a study calculated to be more expensive than
traditional farming due to investments in higher technology, but found the operational costs to be cheaper
(Janakiballav Mishra et al., 2024). It appears that although hydroponics has these higher initial costs, over time, it
would be more profitable and provide numerous other benefits that would be worth waiting for the return on
investment.

Aeroponics

Aeroponics is a system of soilless agriculture that involves the suspension of plants within the air, with the roots
exposed and periodically misted with nutrients. This misting system gives aeroponics complete environmental control
of the water and nutrient uptake of the plants (Lakhiar et al, 2020). The lack of soil means that aeroponics is a highly
efficient system that is sustainable in terms of its price, production, time, and land area usage. Soilless production is
more cost-effective, results in higher yields, produces quicker harvests from smaller areas of land, and saves more
water compared to other soilless systems (Lakhiar et al, 2020).

Aeroponics is also sustainable in its low environmental impacts due to its lack of need for soil maintenance and
fertilizers, which can cause runoff to pollute the environment. Despite needing less maintenance, aeroponic systems do
come with a high level of complexity. Due to the lack of a physical buffering medium (soil), highly accurate regulation
of nutrient concentration, ionic composition, and dissolved oxygen levels is crucial for plant health and growth and
requires real-time monitoring (Chu & Wan, 2026). Similarly, aeroponics has high water and energy demands and needs
reliable access to these resources, which results in a high capital investment (Chu & Wan, 2026). One of the downsides
of these complexities is that it requires technical expertise, which is why aeroponics is best suited for dense urban
cities or research-focused areas like universities, which will have people trained to use aeroponics. Small cities or rural
settings would not be as realistic due to the likely lack of trained expertise and fewer resources available to maintain
complex systems.

In terms of efficiency, aeroponics provides real-time data that enables precise control, early issue detection, resource
efficiency, and informed decision making; ultimately leading to improved crop yields, reduced resource consumption,
and more sustainable agricultural practices (Garzon et al, 2023). Aeroponics also make efficient usage of space within
greenhouses or controlled environmental spaces in urban agriculture settings and effectively exploits the vertical
space and air humidity balance to optimize the development of roots, tubers, and foliage (Gopinath et al, 2017).
Efficient usage of space in urban settings makes the most of limited water supplies to maximize crop yields. Due to this
high efficiency, aeroponics can also be utilized to grow high-value crops such as potatoes, yams, lettuce, and other leafy
vegetables, which normally cannot be grown effectively in an urban context (Kim et al., 2024). This is due to the
advanced misting technologies providing 100% oxygen delivery to the roots and stem to promote efficient growth
(Gopinath et al, 2017). Maximum oxygen delivery is a major reason why aeroponics excels in terms of crop yield and
can produce three times the growth of traditional farming.

In terms of cost and scalability, the benefit-cost ratio is 1.14, which translates to profitability and economic viability at
both small and large scales (Singha et al., 2026). Like most soilless systems, aeroponics has a high initial cost due to the
complex technology required, but has high profitability when utilized to grow high-value crops. A study also found that
the application of these technologies were applied with advanced integration 57% of the time, which means new
technologies were used to create new processes that enhanced the system’s efficiency, rentability, and sustainability
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concentrations (Korbee et al., 2025). These findings suggest that aquaponic yield is not uniformly lower than
hydroponic yield, but it is more dependent on crop choice and system management.

Scalability is one of the major challenges for aquaponics. Although the system can improve resource efficiency through
nutrient recycling, scaling it requires more infrastructure, labor, and technical management than simpler production
systems. Commercial aquaponic systems may require large fish tanks, plant raceways, filtration systems, pumps, and
monitoring equipment (Engle, 2015; Tokunaga et al.,, 2015). These infrastructure needs can be considerable in system
establishment costs. Across U.S. aquaponics studies, total investment costs ranged from $58,760 to $1,020,536, annual
net returns ranged from losses of more than $11,000 to profits of $278,038, and rates of return ranged from 0% to
27% (Engle, 2015). Labor is also a major constraint, accounting for 46% of operating costs and 40% of total annual
costs in one commercial aquaponics analysis (Tokunaga et al., 2015; Engle, 2015). Therefore, while aquaponics has
strong potential for sustainable nutrient recycling and specialized crop production, its broader scalability depends on
whether producers can manage its biological complexity, infrastructure costs, labor demands, and variable
profitability.

Implications

The comparison of hydroponic, aeroponic, and aquaponic systems shows that urban agriculture should be evaluated as
a practical planning decision rather than only as a technological advancement. These systems have strong potential to
support local food production, reduce food miles, and improve access to fresh produce, especially as urbanization,
industrialization, and land-use pressures continue to limit conventional agricultural space (Audate et al., 2019; Harris,
2022; Hill, 2008; Joshi et al., 2022; United Nations Department of Economic and Social Affairs, Population Division,
2019). However, their success depends on whether the system fits the setting’s available land/space, funding, labor,
technical support, water access, and energy reliability (Wilhelm, J. A., & Smith, R. G., 2018; Specht et al., 2014; Teoh et
al,, 2024).

In large cities, urban agriculture may help address limited land availability and high demand for fresh produce
(Wilhelm, J. A., & Smith, R. G., 2018; Specht et al., 2014; Teoh et al., 2024). Controlled systems can be especially useful
because they allow crops to be grown year-round rather than being limited by seasonal field conditions (Lewis Ivey et
al., 2025; Specht et al,, 2014). However, this benefit comes with practical demands. Systems that rely on pumps,
climate control, misting, artificial lighting, or continuous monitoring require reliable infrastructure and skilled
maintenance (Garzdén et al., 2023; Lewis Ivey et al,, 2025; Palande et al., 2018). Therefore, the main implication for
large cities is that high-efficiency systems can be valuable, but only when their energy, labor, cost, and technology
requirements can be supported over time.

Educational settings like K-12 schools, colleges, and universities create a unique opportunity by allowing urban
agriculture to serve more than one purpose. In addition to producing food, these systems can support research,
education, sustainability programs, and student engagement (Audate et al., 2019; Draper & Freedman, 2010). In K-12
school settings, gardens and controlled growing systems can also be used as hands-on learning tools that connect
students to food systems, environmental science, nutrition, and community health (Audate et al., 2019; Draper &
Freedman, 2010). College and university students may benefit from more complex systems as they allow the study of
nutrient cycling, water conservation, plant growth, system design, and environmental trade-offs (Graber & Junge,
2009; Lewis Ivey et al., 2025; Maucieri et al., 2018). This makes educational campuses important testing grounds for
controlled environment agriculture, especially when faculty expertise, student labor and learning, and institutional
sustainability goals help support long-term maintenance.

Small cities and rural areas face different constraints. These areas may have more available land, but they may not
have the same funding, technical labor, or infrastructure needed for advanced controlled systems (Engle, 2015; Garzén
etal, 2023; Teoh et al., 2024). In these settings, lower cost and lower maintenance approaches may be more realistic
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than systems that require constant technical oversight (Engle, 2015; Wilhelm, J. A., & Smith, R. G., 2018; Teoh et al,,
2024). In these settings, lower cost and lower maintenance approaches may be more realistic than systems that
require constant technical oversight (Engle, 2015; Wilhelm, J. A., & Smith, R. G., 2018; Teoh et al., 2024). Urban
agriculture may be most valuable when it supports community access, local participation, and small-scale production
rather than maximum yield per square foot (Audate et al., 2019; Draper & Freedman, 2010; Wilhelm, J. A., & Smith, R.
G., 2018). Controlled systems may still be useful, but their benefits struggle to outweigh their start-up costs and
maintenance demands in rural areas.

These implications show that urban agriculture cannot be treated as a complete replacement for traditional farming.
Many staple crops, fruit trees, and livestock require land and conditions that are not realistic for most urban
production systems (Wilhelm, J. A., & Smith, R. G., 2018; Specht et al., 2014; Teoh et al., 2024). Instead, urban
agriculture is best understood as a complementary strategy that can strengthen local food systems when matched to
the needs and resources of the community (Audate et al., 2019; Wilhelm, ]. A., & Smith, R. G., 2018; Specht et al., 2014).
Its future value depends less on whether a system is technologically advanced and more on whether it can remain
practical, affordable, and sustainable in the setting where it is used.

Conclusion

Hydroponic, aeroponic, and aquaponic systems each offer different strengths and limitations within urban agriculture
(see Table 1.). Hydroponics provides strong environmental control, reliable production, and clearer pathways for
commercial scaling, making it especially useful for large cities where consistent, high-volume production is needed in
limited space. Aeroponics offers high efficiency through rapid growth, strong oxygen access, and reduced water use,
which may make it valuable in dense urban areas or research-focused settings where space and water conservation are
major priorities. However, aeroponics’ reliance on misting technology also makes it more vulnerable to technical
failure, so it may be less practical in settings without strong technical support. Aquaponics is best suited for contexts

Table 1. Comparison of Hydroponic, Aeroponic, and Aquaponic systems to the variables discussed; Control, Stability,
Yield, and Scalability, along with relevant subcategories.

Variables Sub-Categories Hydroponics Aeroponics Aquaponics
Control Environmental Complete Complete Limited
Biological failures Medium Low High
Stability
Complexity Complex Complex Most Complex
Land usage Low Low Medium
Yield
Yield High Higher Medium
Initial cost High High Very High
Scalability Profitability High High Medium
Scale of production | High Medium Small

Note: Each category is compared using relative, general measures that best characterize the differences among each system. Environmental control refers to the
level of control of the environment within the system which includes control of different factors such as pH, nutrient level, moisture levels, climate control, and
artificial lighting. Biological failures address susceptibility to diseases, pests, and system imbalances. Complexity corresponds to how many biological and
mechanical components are involved in the system. Land usage describes how much land is required for the system, which relates to its ability to be vertically
positioned. Yield compares the quantity, size, and speed of food produced, which is high in all the systems compared to traditional farming, with small differences
among them. High initial cost only looks at the cost of starting these systems and does not include operational costs. Profitably relates to yield by comparing it to
the cost, maintenance, and overall profit margins. Scale of production measures how large each system can get and still be feasible, profitable, and manageable.

ARTIFACTS - ISSUE 24 - SUMMER 2026 | URBAN AGRICULTURE IN REVIEW PAGE 25



where sustainability, education, and resource cycling are major goals, such as college/university campuses,
demonstration facilities, or community-based food projects. By integrating plant production with fish farming,
aquaponics can model nutrient recycling and closed-loop production, although its biological complexity makes it
more management-intensive than simpler systems.

Overall, no single system is best in every context. Large cities may benefit most from hydroponics or aeroponics when
strong technical support is available, since these systems can support high production in limited space. College
campuses may be especially well suited for aquaponics and aeroponics because they can support education, research,
sustainability, and community engagement. Therefore, the most effective approach is not to identify one superior
system, but to match each system’s balance of control, stability, yield, and scalability to the needs and limitations of
the setting. As more research is conducted, technology evolves and equipment becomes more accessible, which may
lead to one system becoming significantly better than the other. Until then, each system discussed has a unique place
in today’s agricultural urban landscape.
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	Urban Agriculture in Review: Hydroponics, Aeroponics, Aquaponics
	Skylar Griffith, Rhea Fowler & Matthew Mincemeyer
	Introduction  Hydroponic, aeroponic, and aquaponic urban agricultural systems are often discussed as promising alternatives to conventional field production (Barbosa et al., 2015; Specht et al., 2014; Teoh et al., 2024). However, these systems are not interchangeable. Each uses different mechanisms to deliver water and nutrients to plants, and each involves distinct trade-offs in environmental control, stability, yield, and scalability (Dunn, 2025; Garzón et al., 2023; Maucieri et al., 2018; Okomoda et al., 2023). Because of these differences, their value cannot be judged by efficiency alone. Instead, each system must be evaluated based on the production context, including the goals, limitations, and resources of the application (Wilhelm, J. A., & Smith, R. G., 2018; Specht et al., 2014; Teoh et al., 2024). This paper compares hydroponic, aeroponic, and aquaponic systems to examine how their strengths and limitations make them better suited for different agricultural settings.
	Background  We live in an ever-changing world where the population is rapidly increasing, technology is advancing, and cities are growing bigger than ever. The United Nations predicts that by 2050, 66% of the world’s population will be living in cities (United Nations, 2014). With this comes pre-existing problems that will only be exacerbated, namely: food, water, and land scarcity. Agriculture accounts for approximately 69% of global freshwater use, making water one of the central constraints on future food production (Food and Agriculture Organization, n.d.). As humans increasingly migrate to cities, these resource pressures have intensified interest in urban agriculture as a strategy to produce food more efficiently and closer to areas of consumption.
	Defined as “the cultivation, processing, and distribution of agricultural products (food or non-food) in urban and suburban areas” (United States Department of Agriculture, n.d.), urban agriculture can take shape in many ways and exist in diverse environments across the globe, from the deserts of Israel to cultural hotspots like Atlanta, Georgia, USA (Montgomery, 2025). There’s even evidence that ‘urban agriculture’ existed as early as 3,500 B.C. in Mesopotamia, and although urban agriculture there consisted of aqueducts and basic technology, they were able to provide food locally, and it was nonetheless urban (Aurora University, 2019). However, when most people think of urban agriculture, they may picture futuristic, high-tech robots gardening in a city with flying cars. Even though this seems like an imaginary
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	reality, current research is moving urban agriculture closer to this idea through automated systems that use sensors, monitoring technology, and other advanced machinery (Garzón et al., 2023; Palande et al., 2018). The most discussed urban agricultural systems include hydroponics, aeroponics, and aquaponic systems (Barbosa et al., 2015; Specht et al., 2014; Teoh et al., 2024).
	The benefits of these systems are numerous and may provide solutions to our future food problems. Across the board, these systems are more water and energy-efficient, produce higher yields, require less land, and can be more profitable than traditional farming models (Barbosa et al., 2015; Goh et al., 2023; Love et al., 2015; Specht et al., 2014). Urban agriculture in general can also provide more opportunities for community involvement and fresh, local produce for urbanites (Draper, 2010). This matters not just because fresh produce tastes better, but studies estimate that fresh produce travels 1,500 food miles before being eaten (Harris, 2022). Furthermore, 10% of all fossil fuels are used for food transportation (Hill, 2008). If produce can be grown in the city that buys it, these numbers could be reduced, and large cities could contribute to a more sustainable system. Unfortunately, due to the high-tech requirements for urban systems, they can often have a high initial setup and operating cost, require more skilled operators, and have more complicated maintenance procedures (Lee, S., & Lee, J., 2019). This makes executing these systems difficult; however, with adequate funding, proper implementation, continuing advancements, and time, the advantages can far outweigh the disadvantages, and urban systems can become the future of agriculture (Gunapala et al., 2025).
	Variables  The systems examined in this paper are evaluated through four major variables: control, stability, yield, and scalability. Control refers to the degree to which growers can regulate plant growth conditions, including nutrient delivery, pH, light, temperature, humidity, and other factors that influence photosynthesis and consumable biomass production (Lewis Ivey et al., 2025; Wortman, 2015). Controlled environment agriculture is built around this principle, using enclosed or partially enclosed systems to manipulate inputs such as light, nutrients, carbon dioxide, temperature, and humidity in order to optimize plant performance (Lewis Ivey et al., 2025). However, increasing the number of controllable variables also increases dependence on monitoring, infrastructure, and precise system management.    Stability refers to the ability of a system to maintain function when conditions change or components fail. This is closely tied to buffering capacity, or the ability of a growing environment to resist sudden changes in root-zone conditions (Ferentinos & Albright, 2003; Oklahoma State University Extension, n.d.). Systems that depend on continuous delivery of water, oxygen, and nutrients are more sensitive to disruptions such as pump failure, power loss, or interrupted flow. Reviews of highly engineered cultivation systems note that this dependence on continuous technical operation is one of the key trade-offs associated with high-efficiency production (Tafesse et al., 2021; Garzón et al., 2023).
	Yield refers to the amount of usable crop output a system produces, making it one of the clearest measures of overall system performance (Barbosa et al., 2015; Goh et al., 2023). Yield is often measured through final harvest weight or marketable biomass which is shaped by the system’s ability to produce year-round, speed of growth, and the maintenance of favorable growing conditions throughout production (Wortman, 2015). Disruptions in water availability, nutrient delivery, pH, or electrical conductivity can rapidly affect plant physiology  (Fathidarehnijeh et al., 2023; Wortman, 2015). Reduced water availability lowers cell turgor, impairs nutrient transport, and suppresses photosynthesis (Chaves et al., 2002; Fathidarehnijeh et al., 2023; Qiao et al., 2024). In one experimental study, low electrical conductivity combined with high pH reduced chlorophyll content and marketable yield, with yield reductions reaching 44% in basil and 76% in kale, thus demonstrating how suboptimal nutrient or solution conditions can quickly translate into major production losses (Wortman, 2015). Yield is useful in this comparison because it shows not only how productive a system can be under ideal conditions, but also how strongly production can decline when the system fails to maintain proper growing conditions.
	Scalability refers to the ability to expand a system toward commercial production while maintaining performance at a
	tmanageable cost. Systems that provide high levels of environmental control often require more infrastructure, monitoring, and maintenance, which can complicate scaling even when biological efficiency is high (Lewis Ivey et al., 2025; Garzón et al., 2023). Thus, scalability depends not only on productive capacity but also on the trade-offs among precision, operational burden, and economic feasibility (Engle, 2015; Garzón et al., 2023; Love et al., 2015).  Taken together, these variables show that efficiency and resilience are often in tension. Systems designed for greater control and faster resource delivery may support strong plant performance under ideal conditions, but they may also become more vulnerable when key components are disrupted. Conversely, systems with greater natural buffering may offer less precision but greater resilience. The central trade-off, therefore, is between optimization and vulnerability; the same features that increase efficiency can also increase dependence on uninterrupted and carefully managed system function. With this framework established, the following sections examine hydroponic, aeroponic, and aquaponic urban agricultural systems individually to evaluate how each system navigates these trade-offs.
	Hydroponics  Hydroponics involves suspending a plant above nutrient-rich water, either with or without a soil-less substrate like expanded clay, coconut coir, perlite, vermiculite, or wood (Dunn, 2025). The base of the plant is contained in the substrate, which provides mechanical support, aeration, water retention, and nutrient ion distribution, while the roots hang in the water-nutrient solution (Sesanati et al., 2026). There are many different methods for hydroponic systems that are highly customizable to optimize plant health and yield depending on the species (Varghese, 2024). The nutrient solution can either be in an open system, where new water is consumed, or a closed system, where water is recirculated (Fathidarehnijeh et al., 2023). The combination of substrate selection, nutrient solution, vertical versus horizontal setup, and the environment can all have an effect on yield, which studies show can produce up to 11 times higher yield than traditional soil-based farming, depending on the plant and configuration (Barbosa et al., 2015; Goh et al., 2023; Gurung et al., 2019; Sardare, 2013).
	Since hydroponics is considered a high-tech agricultural system, there is a lot of control and precision involved. Major external factors, like climate and soil, are removed, and the entire system can be manually controlled. Water from the system can be removed, replaced, or cleaned; nutrients and disease control agents can be directly distributed to the plant through the water solution; and conditions like temperature, pH, and moisture can be adjusted to best suit the plant’s needs (Paulitz, 1997). Another high-tech aspect that increases control is the use of sensors that allow for automation. With the use of electrical conductivity probes, pH sensors, water temperature sensors, air temperature/humidity sensors, and Internet of Things (IoT) network, the system can be fully monitored (Palande et al., 2018). Each of these sensors monitors a crucial factor to plant health, and with the hands-off ability to control the values of these properties, it can show improved plant growth and reduce labor costs.
	Depending on the type of configuration used, varying amounts of mechanical and biological failure are inevitable. Some areas of mechanical failure can be water pumps, nutrient pumps, sensors, lighting, and filtration. Fortunately, the use of the aforementioned sensors that can detect and diagnose mechanical faults in real time represent ways to monitor for these types of failures, making maintenance easier (Ferentinos & Albright, 2003). Systems can also fail biologically through lack of nutrients, root hypoxia, root rot, pH imbalance, and limitation in light (especially in vertical farming) (Balliu et al., 2021). Due to the lack of soil in hydroponic systems, soil-born bacteria and diseases are eliminated, which reduces the need for pesticides. However, diseases like root rot are caused by other bacterial and fungal infections, and in closed systems, where water is recirculating, plants are susceptible (Paulitz, 1997). There are ways to prevent the spread of disease by using a combination of methods, including UV radiation, filtration, ozonation, sanitation, and biocontrol agents (Paulitz, 1997).
	Lastly, the cost of hydroponic farming is an important consideration when discussing viable implementation and scalability. There are multiple factors to consider when calculating costs, such as initial setup costs, operational costs, land costs, maintenance costs, energy consumption, water consumption, and profits associated with yield (Janakiballav
	Mishra et al., 2024). As mentioned earlier, hydroponics produces a higher yield than traditional farming, which directly relates to higher profits. Looking at water consumption, when considering the higher yields of hydroponics, it uses about 13 times less water than traditional farming (Barbosa et al., 2015). On the contrary, hydroponics requires about 80 times as much electricity, with 82% of it being used for heating and cooling, 17% for lighting, and <1% for water pumps (Barbosa et al., 2015). Since hydroponics doesn’t require large plots of arable land, land costs are greatly reduced, and the opportunity for the location of hydroponic farm operations is much greater than that of traditional farms. The highest cost of hydroponics is the initial setup costs, which a study calculated to be more expensive than traditional farming due to investments in higher technology, but found the operational costs to be cheaper (Janakiballav Mishra et al., 2024). It appears that although hydroponics has these higher initial costs, over time, it would be more profitable and provide numerous other benefits that would be worth waiting for the return on investment.
	Aeroponics  Aeroponics is a system of soilless agriculture that involves the suspension of plants within the air, with the roots exposed and periodically misted with nutrients. This misting system gives aeroponics complete environmental control of the water and nutrient uptake of the plants (Lakhiar et al, 2020). The lack of soil means that aeroponics is a highly efficient system that is sustainable in terms of its price, production, time, and land area usage. Soilless production is more cost-effective, results in higher yields, produces quicker harvests from smaller areas of land, and saves more water compared to other soilless systems (Lakhiar et al, 2020).
	Aeroponics is also sustainable in its low environmental impacts due to its lack of need for soil maintenance and fertilizers, which can cause runoff to pollute the environment. Despite needing less maintenance, aeroponic systems do come with a high level of complexity. Due to the lack of a physical buffering medium (soil), highly accurate regulation of nutrient concentration, ionic composition, and dissolved oxygen levels is crucial for plant health and growth and requires real-time monitoring (Chu & Wan, 2026). Similarly, aeroponics has high water and energy demands and needs reliable access to these resources, which results in a high capital investment (Chu & Wan, 2026). One of the downsides of these complexities is that it requires technical expertise, which is why aeroponics is best suited for dense urban cities or research-focused areas like universities, which will have people trained to use aeroponics. Small cities or rural settings would not be as realistic due to the likely lack of trained expertise and fewer resources available to maintain complex systems.
	In terms of efficiency, aeroponics provides real-time data that enables precise control, early issue detection, resource efficiency, and informed decision making; ultimately leading to improved crop yields, reduced resource consumption, and more sustainable agricultural practices (Garzón et al, 2023). Aeroponics also make efficient usage of space within greenhouses or controlled environmental spaces in urban agriculture settings and effectively exploits the vertical space and air humidity balance to optimize the development of roots, tubers, and foliage (Gopinath et al, 2017). Efficient usage of space in urban settings makes the most of limited water supplies to maximize crop yields. Due to this high efficiency, aeroponics can also be utilized to grow high-value crops such as potatoes, yams, lettuce, and other leafy vegetables, which normally cannot be grown effectively in an urban context (Kim et al., 2024). This is due to the advanced misting technologies providing 100% oxygen delivery to the roots and stem to promote efficient growth (Gopinath et al, 2017). Maximum oxygen delivery is a major reason why aeroponics excels in terms of crop yield and can produce three times the growth of traditional farming.
	In terms of cost and scalability, the benefit-cost ratio is 1.14, which translates to profitability and economic viability at both small and large scales (Singha et al., 2026). Like most soilless systems, aeroponics has a high initial cost due to the complex technology required, but has high profitability when utilized to grow high-value crops. A study also found that the application of these technologies were applied with advanced integration 57% of the time, which means new technologies were used to create new processes that enhanced the system’s efficiency, rentability, and sustainability
	concentrations (Korbee et al., 2025). These findings suggest that aquaponic yield is not uniformly lower than hydroponic yield, but it is more dependent on crop choice and system management.
	Scalability is one of the major challenges for aquaponics. Although the system can improve resource efficiency through nutrient recycling, scaling it requires more infrastructure, labor, and technical management than simpler production systems. Commercial aquaponic systems may require large fish tanks, plant raceways, filtration systems, pumps, and monitoring equipment (Engle, 2015; Tokunaga et al., 2015). These infrastructure needs can be considerable in system establishment costs. Across U.S. aquaponics studies, total investment costs ranged from $58,760 to $1,020,536, annual net returns ranged from losses of more than $11,000 to profits of $278,038, and rates of return ranged from 0% to 27% (Engle, 2015). Labor is also a major constraint, accounting for 46% of operating costs and 40% of total annual costs in one commercial aquaponics analysis (Tokunaga et al., 2015; Engle, 2015). Therefore, while aquaponics has strong potential for sustainable nutrient recycling and specialized crop production, its broader scalability depends on whether producers can manage its biological complexity, infrastructure costs, labor demands, and variable profitability.
	Implications  The comparison of hydroponic, aeroponic, and aquaponic systems shows that urban agriculture should be evaluated as a practical planning decision rather than only as a technological advancement. These systems have strong potential to support local food production, reduce food miles, and improve access to fresh produce, especially as urbanization, industrialization, and land-use pressures continue to limit conventional agricultural space (Audate et al., 2019; Harris, 2022; Hill, 2008; Joshi et al., 2022; United Nations Department of Economic and Social Affairs, Population Division, 2019). However, their success depends on whether the system fits the setting’s available land/space, funding, labor, technical support, water access, and energy reliability (Wilhelm, J. A., & Smith, R. G., 2018; Specht et al., 2014; Teoh et al., 2024).
	In large cities, urban agriculture may help address limited land availability and high demand for fresh produce (Wilhelm, J. A., & Smith, R. G., 2018; Specht et al., 2014; Teoh et al., 2024). Controlled systems can be especially useful because they allow crops to be grown year-round rather than being limited by seasonal field conditions (Lewis Ivey et al., 2025; Specht et al., 2014). However, this benefit comes with practical demands. Systems that rely on pumps, climate control, misting, artificial lighting, or continuous monitoring require reliable infrastructure and skilled maintenance (Garzón et al., 2023; Lewis Ivey et al., 2025; Palande et al., 2018). Therefore, the main implication for large cities is that high-efficiency systems can be valuable, but only when their energy, labor, cost, and technology requirements can be supported over time.
	Educational settings like K-12 schools, colleges, and universities create a unique opportunity by allowing urban agriculture to serve more than one purpose. In addition to producing food, these systems can support research, education, sustainability programs, and student engagement (Audate et al., 2019; Draper & Freedman, 2010). In K-12 school settings, gardens and controlled growing systems can also be used as hands-on learning tools that connect students to food systems, environmental science, nutrition, and community health (Audate et al., 2019; Draper & Freedman, 2010). College and university students may benefit from more complex systems as they allow the study of nutrient cycling, water conservation, plant growth, system design, and environmental trade-offs (Graber & Junge, 2009; Lewis Ivey et al., 2025; Maucieri et al., 2018). This makes educational campuses important testing grounds for controlled environment agriculture, especially when faculty expertise, student labor and learning, and institutional sustainability goals help support long-term maintenance.
	Small cities and rural areas face different constraints. These areas may have more available land, but they may not have the same funding, technical labor, or infrastructure needed for advanced controlled systems (Engle, 2015; Garzón et al., 2023; Teoh et al., 2024). In these settings, lower cost and lower maintenance approaches may be more realistic
	than systems that require constant technical oversight (Engle, 2015; Wilhelm, J. A., & Smith, R. G., 2018; Teoh et al., 2024). In these settings, lower cost and lower maintenance approaches may be more realistic than systems that require constant technical oversight (Engle, 2015; Wilhelm, J. A., & Smith, R. G., 2018; Teoh et al., 2024). Urban agriculture may be most valuable when it supports community access, local participation, and small-scale production rather than maximum yield per square foot (Audate et al., 2019; Draper & Freedman, 2010; Wilhelm, J. A., & Smith, R. G., 2018). Controlled systems may still be useful, but their benefits struggle to outweigh their start-up costs and maintenance demands in rural areas.
	These implications show that urban agriculture cannot be treated as a complete replacement for traditional farming. Many staple crops, fruit trees, and livestock require land and conditions that are not realistic for most urban production systems (Wilhelm, J. A., & Smith, R. G., 2018; Specht et al., 2014; Teoh et al., 2024). Instead, urban agriculture is best understood as a complementary strategy that can strengthen local food systems when matched to the needs and resources of the community (Audate et al., 2019; Wilhelm, J. A., & Smith, R. G., 2018; Specht et al., 2014). Its future value depends less on whether a system is technologically advanced and more on whether it can remain practical, affordable, and sustainable in the setting where it is used.
	Conclusion  Hydroponic, aeroponic, and aquaponic systems each offer different strengths and limitations within urban agriculture (see Table 1.). Hydroponics provides strong environmental control, reliable production, and clearer pathways for commercial scaling, making it especially useful for large cities where consistent, high-volume production is needed in limited space. Aeroponics offers high efficiency through rapid growth, strong oxygen access, and reduced water use, which may make it valuable in dense urban areas or research-focused settings where space and water conservation are major priorities. However, aeroponics’ reliance on misting technology also makes it more vulnerable to technical failure, so it may be less practical in settings without strong technical support. Aquaponics is best suited for contexts
	Table 1.  Comparison of Hydroponic, Aeroponic, and Aquaponic systems to the variables discussed; Control, Stability, Yield, and Scalability, along with relevant subcategories.
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	where sustainability, education, and resource cycling are major goals, such as college/university campuses, demonstration facilities, or community-based food projects. By integrating plant production with fish farming, aquaponics can model nutrient recycling and closed-loop production, although its biological complexity makes it more management-intensive than simpler systems.
	Overall, no single system is best in every context. Large cities may benefit most from hydroponics or aeroponics when strong technical support is available, since these systems can support high production in limited space. College campuses may be especially well suited for aquaponics and aeroponics because they can support education, research, sustainability, and community engagement. Therefore, the most effective approach is not to identify one superior system, but to match each system’s balance of control, stability, yield, and scalability to the needs and limitations of the setting. As more research is conducted, technology evolves and equipment becomes more accessible, which may lead to one system becoming significantly better than the other. Until then, each system discussed has a unique place in today’s agricultural urban landscape.
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