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topics: Agronomy and Horticulture, and Animal Farming. This series will help
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new knowledge that is required to be successful. The success of a farmer in modern
agriculture requires knowledge of events happening locally as well as globally that
impact input decisions and ultimately determine net profit.
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Preface

Hydroponic farming, a modern and innovative cultivation technique, offers numerous
benefits, such as reduced water usage, increased crop yield, and faster growth rates
compared to traditional soil-based farming. As the demand for sustainable agricultural
practices grows, hydroponics presents an environmentally friendly solution. Plants in
hydroponic systems rely entirely on the nutrients dissolved in the water. It is vital to
ensure the use of high-quality, balanced nutrient solutions tailored to the specific plants
that are being grown. The solution’s pH and electrical conductivity (EC) should be reg-
ularly monitored to avoid nutrient imbalances. Efficient water circulation and proper
oxygenation are essential for maintaining a healthy hydroponic system. Water should
be ensured that it constantly moves through the plant’s root zones and is adequately
aerated to prevent root rot and promote healthy plant development. Indoor hydroponic
farms must maintain stable temperature and humidity levels. Most plants thrive in
temperatures between 65°F and 75°F (18°C to 24°C). Modern hydroponic farms benefit
from technological advancements like sensors and automation. Systems that monitor
water levels, nutrient concentrations, and environmental conditions should be utilized.
This data enables real-time adjustments and ensures a productive, sustainable farm.
Hydroponic systems are versatile and can support various crops, including leafy greens,
herbs, fruits, and vegetables. Different crops can be experimented with to optimize
yield and cater to diverse market demands.
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Chapter1

Crop Substrates for Sustainable
Hydroponic Farming

Tesfahun Belay Mihrete

Abstract

Hydroponic farming, as a method of cultivating plants in nutrient-rich water
solutions without soil, presents a compelling solution to contemporary food security
challenges. This chapter explores the pivotal role of crop substrates in sustainable
hydroponic systems, emphasizing their functions in supporting plant growth and
their impact on resource efficiency and environmental sustainability. I discuss various
types of substrates, including inert materials like perlite and organic alternatives such
as coconut coir, focusing on their unique properties and contributions to nutrient
management, root health, and water retention. The chapter highlights challenges such
as substrate degradation and pH management, alongside opportunities for innovation
in substrate technology and regulatory frameworks. It concludes by advocating for the
integration of best practices and technological advancements to optimize hydroponic
farming for enhanced sustainability, productivity, and resilience in agriculture.

Keywords: hydroponic farming, sustainable substrates, coconut coir, perlite,
crop productivity, resource optimization, urban agriculture, environmental
sustainability, controlled environment agriculture, soilless cultivation

1. Introduction

Hydroponic farming revolutionizes agriculture by growing plants in nutrient-
rich water solutions without using soil [1]. This method has gained prominence
as a solution to global food security challenges due to its ability to maximize land
use efficiency, conserve water, and minimize environmental impact compared to
traditional soil-based farming practices [1, 2]. At the core of successful hydroponics
lies the careful selection and management of crop substrates—materials essential
for supporting plant roots, ensuring stability, and facilitating nutrient uptake in the
absence of soil [3]. The choice of crop substrates in hydroponic systems is pivotal as it
profoundly influences key aspects of plant growth such as nutrient availability, root
health, and water retention [4]. Farmers utilize various types of substrates in hydro-
ponics, each offering unique advantages and challenges [5]. Inert materials like perlite
and rock wool are chemically inert and provide excellent aeration and drainage,
crucial for preventing waterlogging and promoting healthy root development [5]. On
the other hand, natural materials such as coconut coir and peat moss derive organic
substrates, which offer good water-holding capacity and sometimes contribute
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essential nutrients to plants [6]. However, they may decompose over time, affecting
their structural integrity and nutrient retention capabilities [6, 7].

This chapter critically examines the role of crop substrates in sustainable
hydroponic farming practices. It delves into the diverse types of substrates used
in hydroponic systems, their specific functions in supporting plant growth, and
their significant impact on resource efficiency and environmental sustainability.
By exploring the intricate relationship between substrate selection and agricultural
outcomes, the chapter aims to provide a comprehensive understanding of how
farmers, researchers, and policymakers can optimize hydroponic farming practices
for long-term sustainability. Key considerations include how different substrate types
interact with hydroponic nutrient solutions, influencing factors such as pH levels,
nutrient uptake efficiency, and overall crop productivity. The chapter also emphasizes
the importance of selecting substrates that balance effective nutrient delivery with
sustainable practices, thereby minimizing environmental footprint and resource
wastage. Ultimately, by integrating knowledge of substrate characteristics and their
effects on plant physiology, hydroponic growers can enhance crop yields, conserve
water, and contribute to a more sustainable agricultural system.

2. Types of substrates used in hydroponic systems
2.1 Inert substrates

In hydroponic systems, substrates are essential components that provide physical
support to plant roots and facilitate nutrient delivery [8]. One category of substrates
commonly used is inert substrates, including materials like perlite, vermiculite, and
rock wool as shown in Figure 1 [9]. These substrates are chemically inert, meaning
they do not react with the nutrient solution [9]. They offer excellent aeration and
drainage properties, crucial for preventing waterlogging and promoting healthy root
development [10]. Their lightweight nature makes them easy to handle, but they
necessitate careful management of nutrient levels and pH in the solution since they do
not contribute any nutrients themselves [10, 11].

2.2 Organic substrates

Another category comprises organic substrates such as coconut coir and peat moss
as shown in Figure 2 [12]. Natural materials or bio-wastes from humans and animals
derive these substrates, as indicated in Figure 3, making them more sustainable
compared to inert options [12]. They typically possess good water-holding capacity
and may contribute some nutrients to the plants [13]. Coconut coir, for example, also
exhibits resistance to bacterial and fungal growth [14]. However, organic substrates
can decompose over time, affecting their structural integrity and nutrient retention
capabilities [15]. This decomposition may require periodic replacement or supple-
mentation with nutrients to maintain optimal growing conditions [15].

2.3 Composite substrates

Composite substrates represent a third category, blending inert and organic
materials to capitalize on their combined benefits [16]. These substrates aim to
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Figure 1.
Inert substrates in hydroponic farming systems. This figure shows common inert substrates like perlite, vermiculite,

pumice, and LECA, used in hydroponic systems for their excellent aeration, drainage, and non-reactive
properties, which support healthy root growth and stable nutrient conditions. Source: Olympios [9].
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Figure 2.
Organic substrates in hydroponic farming systems. This figure displays organic substrates such as coconut coir

and peat moss, valued for their natural water-holding capacity and ability to provide some nutrients, supporting
sustainable plant growth in hydroponic systems. Source: Younis et al. [12].
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Figure 3.

Cycle and benefits of organic and sustainable substvates in hydroponic farming. This figure illustrates the life cycle
of organic substrates, highlighting their sustainability benefits, including resource renewability, biodegradability,
and contribution to nutrient cycling within hydroponic farming systems. Source: Younis et al. [12].

enhance nutrient availability and moisture retention while mitigating the individual
drawbacks of each substrate type [8]. For instance, mixing perlite with coconut coir,
as shown in Figure 4, can provide both good aeration and effective nutrient reten-
tion [8]. Composite substrates are particularly favored in commercial hydroponic
setups where precise control over nutrient delivery and root health is paramount [17].

Figure 4.

Mixing perlite with coconut coir substrate in hydroponic farming. This figure demonstrates the combination of
perlite and coconut coir, blending their properties to enhance aeration, drainage, and moisture retention, creating
an optimal growing medium for hydroponic plant systems. Source: Zhao et al. [8].
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Researchers tailor these substrates to optimize plant growth by providing a balanced
environment that supports robust root systems and efficient nutrient uptake [18].

3. Functions of substrates in supporting plant growth

Substrates in hydroponic systems fulfill essential functions that are crucial for
supporting plant growth and optimizing crop productivity [19]. One primary func-
tion is nutrient delivery. Substrates serve as mediums through which nutrient solu-
tions flow, interacting with plant roots to facilitate nutrient uptake [20]. Growers
recognize inert substrates like perlite and rock wool for their excellent drainage and
aeration properties [21]. This ensures that roots have access to oxygen while allowing
nutrient solutions to permeate freely [19]. Organic substrates such as coconut coir and
peat moss not only provide physical support but also possess natural cation exchange
capacities [22]. They can retain and release essential nutrients as required by the
plants, contributing to efficient nutrient management [23]. Root aeration is another
critical function facilitated by substrates [24]. Adequate aeration is essential for root
health, allowing for optimal oxygen uptake necessary for root respiration and nutri-
ent absorption [25]. Inert substrates with high porosity ensure good air circulation
around the roots, preventing waterlogging and promoting healthy root development
[26]. Organic substrates, while generally denser, can still provide adequate aeration
when appropriately managed [27]. Techniques such as incorporating perlite or coarse
sand into organic substrates can enhance their aeration capacity, further supporting
robust root systems and enhancing nutrient uptake efficiency [26, 27].

Managing water availability is equally vital in hydroponic systems, and substrates
play a significant role in water retention [28]. Inert substrates like vermiculite and
rock wool have high water retention capacities, maintaining consistent moisture levels
around the roots [29]. They retain water and nutrients, gradually releasing them as
needed by the plants [29]. Organic substrates such as coconut coir also retain water
effectively but require careful monitoring to prevent waterlogging or drying out [30].
Effective management of substrate moisture content involves adjusting irrigation
schedules, optimizing drainage, and selecting substrates that balance water retention
with adequate aeration [31]. This ensures that plants receive sufficient water while
minimizing the risk of root diseases and nutrient imbalances [30, 31].

To summarize, substrates in hydroponic systems perform essential functions
beyond physical support, regulating nutrient availability, promoting root health
through aeration, and managing water retention. By understanding these functions
and selecting appropriate substrates, hydroponic growers can optimize growing
conditions, enhance crop yields, and maintain overall system efficiency.

4. Impact on resource efficiency and environmental sustainability

Hydroponic farming offers significant advantages in resource efficiency and
environmental sustainability, particularly through careful substrate selection and
management practices. Firstly, the choice of substrates optimizes resource utiliza-
tion in hydroponics [32]. Substrates like inert materials (e.g., perlite and rock
wool) and organic materials (e.g., coconut coir and peat moss) play crucial roles in
efficient water and nutrient management [33]. Inert substrates typically have high
water retention and good drainage properties, minimizing water waste through

5



Hydroponic Farming — A Modern Agriculture Technique

efficient delivery and retention of nutrient solutions to plant roots [34]. This not
only reduces water consumption compared to traditional soil-based agriculture but
also ensures that plants receive the precise amount of nutrients needed, minimizing
nutrient runoff and leaching [35]. Organic substrates, on the other hand, retain
nutrients and provide a sustainable alternative to peat moss, which researchers
increasingly recognize for its environmental impact due to extraction practices

[36]. Another benefit of hydroponics is the efficient use of space, as growers select
substrates based on their ability to maximize plant density and growth [37]. Vertical
farming systems, for instance, capitalize on substrates that provide structural
support while efficiently using vertical space, thereby increasing yield per unit area
[38]. Secondly, substrate choices and management practices influence environ-
mental sustainability in hydroponics [39]. Sustainable substrates such as coconut
coir and peat moss come from renewable resources and can be recycled or reused,
reducing waste and environmental impact compared to traditional soil-based
agriculture [40]. Furthermore, substrates like rock wool, despite being inert, can be
recycled and reused in hydroponic systems, promoting circular economy principles
and reducing overall waste generation [40, 41].

Case studies and research findings highlight the importance of sustainable sub-
strate management in reducing the environmental footprint of hydroponic farming
[42]. For instance, optimizing nutrient solutions and irrigation practices based on
substrate characteristics can minimize nutrient leaching and runoff, preventing
contamination of water bodies and soil [42, 43]. Proper disposal or recycling of
substrates at the end of their lifecycle further contributes to environmental sustain-
ability by reducing landfill waste and conserving natural resources [44]. In conclu-
sion, substrate choices and management practices in hydroponic farming have a
direct impact on resource utilization efficiency and environmental sustainability. By
selecting substrates that enhance water and nutrient efficiency, minimize waste, and
support sustainable practices, hydroponic growers can contribute to a more sustain-
able agricultural system that conserves resources, reduces environmental impact, and
enhances food production efficiency.

5. Challenges and opportunities in utilizing crop substrates
5.1 Technical challenges

One of the primary technical challenges in hydroponic farming relates to sub-
strate management. Substrates can degrade over time, affecting their physical struc-
ture and nutrient-holding capacity [45]. This degradation can lead to issues such as
compaction, reduced aeration, and uneven distribution of water and nutrients to
plant roots [45, 46]. Addressing these challenges requires innovative solutions, such
as using biodegradable substrates that maintain their integrity over longer periods
or developing substrate blends that enhance durability and nutrient retention [47].
P" fluctuation is another critical technical challenge in hydroponics [48]. Substrates
can influence the pH of the nutrient solution, affecting nutrient availability to
plants [49]. Managing pH levels involves regular monitoring and adjustment using
pH buffers or pH stabilizers to maintain an optimal range for plant growth [50].
Advanced monitoring technologies and automated pH adjustment systems are
emerging as solutions to streamline this process and ensure consistent crop perfor-
mance [51]. Disease management is also a concern in hydroponic systems, where
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the absence of soil does not eliminate the risk of plant pathogens [52]. Substrates
can harbor pathogens or promote their growth under certain conditions [52, 53].
Implementing strict sanitation protocols, using disease-resistant substrates, and
integrating biological control methods (e.g., beneficial microbes) are strategies
to mitigate disease risks without relying on chemical treatments that could affect
environmental sustainability [54].

5.2 Regulatory and economic considerations

Navigating regulatory frameworks is crucial for hydroponic farmers, par-
ticularly concerning substrate choices and their impact on food safety and envi-
ronmental regulations [55]. Regulatory bodies may have specific requirements
regarding substrate materials, nutrient management practices, and waste disposal
[56]. Compliance with these regulations ensures consumer safety and environmen-
tal protection while also influencing the feasibility and scalability of hydroponic
operations [57]. Economic factors also play a significant role in substrate utiliza-
tion in hydroponics [58]. The availability and affordability of substrates can affect
production costs and profitability [58, 59]. Market dynamics, such as fluctuations
in substrate prices or availability due to supply chain disruptions, influence farm-
ers’ decisions on substrate selection and management practices [60]. Economic
analyses help in evaluating the cost-effectiveness of different substrate options
and optimizing resource allocation to maximize returns on investment [61]. In
the final analysis, while hydroponic farming offers numerous benefits in terms of
resource efficiency and crop productivity, it also presents challenges that require
careful consideration and innovative solutions. Addressing technical challenges
related to substrate degradation, pH management, and disease control is essential
for sustainable farming practices. Navigating regulatory frameworks and economic
considerations ensures compliance with standards and optimizes operational
efficiency in hydroponic agriculture. By overcoming these challenges and seizing
opportunities through technological advancements and strategic decision-making,
hydroponic growers can enhance sustainability, profitability, and resilience in
modern agriculture.

6. Best practices and innovative solutions for sustainable hydroponic
farming

In the realm of sustainable agriculture, particularly within hydroponics, the
implementation of best practices is essential for optimizing resource use and environ-
mental impact [62]. One critical area involves nutrient management, where precision
delivery systems in hydroponics can minimize waste and maximize plant uptake [63].
For instance, techniques such as drip irrigation tailored to crop needs based on growth
stages ensure efficient nutrient utilization [63, 64]. This approach not only enhances
plant health but also reduces the overall environmental footprint associated with
nutrient runoff [65].

Water conservation is another pivotal aspect of sustainable hydroponic farming
[66]. Closed-loop systems that recycle water and nutrients significantly decrease
water usage compared to conventional soil-based agriculture [67]. Such systems
demonstrate a commitment to sustainability by minimizing water depletion and
nutrient pollution in surrounding ecosystems [68]. Additionally, integrating
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renewable energy sources, such as solar panels, to power hydroponic facilities under-
scores a broader strategy for energy efficiency and reducing carbon emissions [69].
Innovative solutions further propel sustainable agriculture forward by leveraging
cutting-edge technologies [70]. For instance, advancements in substrate technolo-
gies, such as biodegradable hydrogels or aeroponic systems, offer promising avenues
for improving resource efficiency and crop yields [71]. These technologies not only
reduce water and nutrient requirements but also enhance plant growth in controlled
environments [72]. Moreover, the integration of Internet of Things (IoT) sensors
and data analytics enables real-time monitoring of plant health and environmental
conditions, optimizing nutrient delivery and predicting crop yields with greater
precision as indicated in Figure 5 [73].

Real-world applications in countries like the Netherlands and Singapore display
successful implementations of advanced hydroponic systems [74]. In the Netherlands,
high-tech greenhouse facilities employ sophisticated climate control and water man-
agement technologies for year-round vegetable production [75]. Similarly, Singapore’s
vertical farming initiatives in urban spaces utilize hydroponic systems to maximize
land productivity and reduce dependence on food imports [76]. Looking ahead,
future research should focus on developing standardized metrics to assess sustain-
ability in hydroponic farming comprehensively. Exploring new substrates and scaling
up successful innovations will also be critical to advancing sustainable agriculture
and addressing global food security challenges in the years to come. By integrating
best practices, innovative technologies, and real-world case studies, hydroponic
agriculture can continue to evolve as a sustainable solution for meeting growing food
demand while preserving natural resources.
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Server Controller
=
i
il
Ultra Violet
T Sensor
fe) :
L2 \ 4

Air Humidity || Temperature
Sensor Sensor

Soil Ingredient || Soil Moisture
Sensor Sensor

Figure 5.

Internet of Things (IoT) sensors in smart farming. This figure illustrates the use of IoT sensors in smart farming,
displaying their vole in real-time monitoring of environmental conditions, optimizing nutrient delivery, and
improving precision in crop management within hydroponic systems. Source: Alahmad et al. [73].
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7. Conclusion

In conclusion, the effective selection and management of crop substrates are
fundamental to advancing sustainable hydroponic farming practices. This chapter has
underscored how substrates not only provide physical support and facilitate nutrient
delivery but also play a critical role in optimizing resource efficiency and minimiz-
ing environmental impact. From inert materials like perlite and rock wool to organic
options such as coconut coir and peat moss, growers must carefully consider the
distinct benefits and challenges of each substrate type to enhance crop productivity
and sustainability. By understanding the functions of substrates in supporting plant
growth—such as nutrient management, root aeration, and water retention—hydro-
ponic growers can tailor their systems to maximize efficiency while minimizing
water use and nutrient runoff. Moreover, the integration of innovative technologies
and best practices, such as precision nutrient delivery systems and closed-loop water
recycling, further enhances sustainability efforts in hydroponic agriculture. Looking
forward, ongoing research and practical applications will continue to refine substrate
choices, improve cultivation techniques, and expand the scalability of hydroponic
farming. By embracing these advancements and fostering collaboration among farm-
ers, researchers, and policymakers, hydroponic agriculture can contribute signifi-
cantly to global food security goals while promoting environmental stewardship and
resource conservation.
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chinense Cultivation in the Humide
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Abstract

In Mexico, the habanero chili (Capsicum chinense) is one of the most economically
important vegetables. The objective of this chapter was to evaluate the production
of the habanero chili (C. chinense) crop on biochar substrate in a hydroponic system
under a protected structure. The chili variety that was working with was Orange.
The experiment was established with a completely randomized design with five
treatments and 10 repetitions, totaling 50 experimental units. Three mixtures of
biochar and tepetzil were evaluated, in addition to a treatment with 100% biochar
and a control treatment (T1) with only tepetzil. The data were analyzed by analysis of
variance and the Tukey test (P < 0.05) using the Statistical Analysis System statistical
program. The results show no differences in terms of fruit weight; however, there
was a significant effect on the yield of the habanero pepper. The results demonstrate
a clear effect of biochar and hydroponics on yield, where 50% was used; the highest
value was obtained with 56.30 T ha-1. However, tropical agriculture usually plays
avery important role in the country’s economy. Therefore, the implementation of
hydroponics as an alternative form of crop production helps promote environmental
protection as well as sustainability.

Keywords: tropical vegetables, habanero chili, technology, tepetzil, crops

1. Introduction

Habanero peppers are predominantly grown in four main regions in Mexico at
a national level: the Pacific, North-Central, Gulf of Mexico and Yucatan Peninsula.
However, the states in the southeast, namely Yucatan, Tabasco, Campeche and
Quintana Roo, contribute the most to production, with 39, 30, 8 and 6%, respec-
tively. Even with Chiapas contributing 3%, the southeastern states remain the top
producers [1, 2]. The cultivation of habanero chili in controlled environments has
led to an increase in the use of different substrates such as tezontle, perlite, sand,
rock wool, coconut fibers, tepetzil or tepojal, peat, vermiculite and pumacite. The
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issue occurs when these components are hard to reach because of their distance,
availability, or cost, so it is crucial to find substitutes that are nearby and make use

of waste or by-products that can serve the same purpose as a commercial base [3, 4].
Several advanced and industrialized nations, such as the United States, the United
Kingdom, Spain, Japan and the Netherlands, have seen a rise in the utilization of
soilless indoor farming through hydroponic systems. This is performed in return for
soil, inorganic materials, or utilizing organic waste to boost vegetable production and
address the challenges presented by climate change [5]. Hydroponic is changing the
way agricultural crops are grown globally because of its low environmental impact,
enhanced pest management and increased crop output. Alternatively, hydroponics,
known as soilless agriculture, is seen to mitigate soil-based agriculture’s susceptibility
to environmental changes [6]. Additionally, there is a growing need for food produc-
tion in city settings where there is not much land available for sustainable agriculture,
particularly in reducing the carbon emissions from food supply and transportation

[7, 8]. Hydroponic nutrient solutions help minimize water and nutrient waste by
collecting and recycling drainage, typically utilizing just 5% of the water required in
traditional agriculture for the same level of production [8]. This raises the possibil-
ity of using charcoal residues as biochar to replace various substrates. Although the
use of charcoal in agriculture as a soil amendment or soil improver has been known
for thousands of years [9-11], its use as a substrate or soilless growing medium is
relatively recent and there has been little focus on charcoal as a substrate or biochar
in soilless crops [12, 13]. Fortunately, more information is now available on the
subject and there is even a compilation of research on the use of charcoal and other
raw materials as biochar in agriculture and as a medium for crops or substrates [14].
Biochar can be used as a substrate to partially replace the commercial substrates used
today; However, the characterization of these materials is a practice that has not been
given the importance it deserves, since it plays an essential role in the agronomic man-
agement of crops [15-18], allows knowing their characteristics and identifying which
substrates can be more optimal according to the requirements of the crop in question.
The most important quality of hydroponics is that it does not need the soil at any
stage of the plant’s development, neither as a support or as a source of nutrients, since
the water contains dissolved nutrients from which the plant absorbs them directly,
achieving greater efficiency in the regulation of nutrition and fertilizer use [4]. The
objective of this work is to learn about the cultivation of habanero peppers under the
hydroponic system and as substrate biochar and tepetzil (v/v) to better understand
the possible effects on Capsicum sp.

2. Habanero chili (C. chinense)

In Mexico, the species within the genus Capsicum are referred to as “chili, a
word that comes from the Nahuatl word chili (Figure 1) [19, 20]. This genus has
about 38 species, of which 12 (including varieties) are used by man; only five spe-
cies have been domesticated and cultivated (Capsicum annuum L., C. chinense Jacq.,
C. pubescens L., C. frutescens L. and C. baccatum L.), the rest are wild and semi-
cultivated species [21, 22].

Nowadays, the cultivation of habanero peppers is considered a traditional crop in
southeastern Mexico, forming part of the regional gastronomy, representing a great
opportunity for producers due to the high demand for habanero marketed both as
fresh fruit and for the preparation of sauces, pastes and dehydrated products, which
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Figure 1.
“Chile habanero” habanero chili in hydroponic system with protected structure.

are used to accompany our food [23-25]. In addition, the Yucatan Peninsula area
(Yucatan, Quintana Roo and Campeche) has had the Denomination of Origin for
habanero peppers since 2010 [26]. According to the Ministry of Economy [26], it
covers the finished product or products, including their characteristics, components,
form of extraction and production or elaboration processes (Figure 2). However, this
does not minimize the importance that the state of Tabasco represents with respect
to the production of habanero peppers. At the national level, habanero peppers are

Figure 2.
Habanero chili on carbon substrate in hydroponic system.
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mainly produced in four regions of the country: the Pacific, north-central, Gulf

of Mexico and Yucatan Peninsula; however, the states located in the southeast of
Mexico are the ones that have the largest share with respect to production, which

are Yucatan, Tabasco, Campeche and Quintana Roo, which contribute 39, 30, 8 and
6%, respectively [6, 27]. Of the three varieties of habanero peppers for the tropics

of Mexico (Uxmal, Jaguar, Mayapdn and Calakmul), it is known that the varieties
Mayapan and Calakmul adapt well in the state of Tabasco [28, 29], in addition, that
there are studies where Longoria [30] and Orange [31] varieties have been used in the
Tabasco region.

3. Biochar and tepetzil

Biochar is a fuel resulting from the combustion at high temperatures and without
oxygen (or very low concentrations) of wood for a certain time, where it undergoes
a decomposition of lignin, cellulose, hemicellulose and loss of extractables, causing
it to be a solid, fragile and porous material [32, 33]. This process is called pyrolysis,
where to obtain charcoal, temperatures of 300-700°C can be handled according
to the different processes for obtaining it: torrefaction, traditional slow pyrolysis,
modern slow pyrolysis, fast pyrolysis, gasification or hydrothermal carbonization [34,
35], the parameters that intervene in the properties of charcoal are: (1) the type of
organic matter used; (2) the carbonization environment (temperature and aeration)
and (3) the additions during the carbonization process (Figure 3). Biochar made
from agricultural waste is an alternative substrate for hydroponic production. The
literature suggests that there is better absorption of several nutrients in the presence
of biochar; However, the results seem to be dependent on the physical and structural
characteristics of the carbons, so it is not possible to generalize the results [35]. Asit is
arecalcitrant form of carbon, it acts as a long-term reservoir of this element, delaying
its return to the atmosphere as CO,, a situation that contributes to mitigating climate
change. An additional benefit is that the raw material for its production comes from

Figure 3.
Substrate with (a) charcoal 100%, (b) tepetzil 100% and (c) charcoal 50 and tepetzil 50%, respectively, in the
production of habanero chili for a hydroponic system.
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organic waste, which often causes environmental pollution problems [36]. Nowadays,
charcoal has several uses, highlighting its use as energy, caloric, for composting, in
artistic and food areas [37], in addition to its use as a pigment in the food industry, in
steel production, to purify water and in the medical industry. Its use is increasingly
expanding to diverse areas or industries; one of these areas is agriculture, both in
conventional agriculture as a soil improver or restorer, amendments and/or fertilizer
[38], as in soilless crop production where it has been tested as a substrate in hydro-
ponic systems [9, 39, 40]. Accordingly, when charcoal is used in agriculture, it is often
referred to as biochar; however, this term does not refer only to charcoal. According to
the International Biochar Initiative [41], biochar is a solid material obtained from the
thermochemical conversion of biomass carbonization in an oxygen-limited environ-
ment, a carbonized material that has undergone a pyrolysis process with low or no
oxygen conditions similar to charcoal. However, the difference lies in two particulari-
ties: (1) to produce biochar, a great variety of organic materials or feedstocks can be
used [42, 43] such as plant residues, wood or tree bark [44] and biosolids [45], among
others and (2) charcoal or any other carbonized material that is intended for agricul-
tural use is referred to as biochar [46], either for agricultural soils or as a component
of substrate for crops; Products similar to biochar may not be called this way if their
use is directed to the energy industry, as fuel, in filtering processes, as reducers in the
metallurgical industry [47].

As already mentioned, in hydroponics, it is very usual to see the use of substrates
as a growing medium, the most frequent being tezontle, perlite, sand, rock wool,
coconut fiber, tepetzil or tepojal, peat, vermiculite and pumacite [48]. In Mexico,
coconut dust or fiber, tezontle, perlite, pumacite, tepetzil, compost, cucumber bark
peat, rice husks and worm humus, among other materials, are used as substrates for
various crops [49].

Tepetzil, also known as tepojal, pumita or caltete, is an inorganic material that
comes from volcanic foam when lava with high water content and volatile gases is
expelled from the volcano. Its use as a substrate is because it improves drainage in soils
and in mixture with other substrates, presents high porosity and moisture retention,
is light and has neutral pH. However, it is a component that is not recommended for
use on its own [50]. Furthermore, unlike tezontle, tepetzil is even more limited in
terms of its availability; in Mexico, there are two tepetzil accumulation sites: one in
Calimaya, State of Mexico, near Nevado de Toluca and another in Perote, Veracruz,
near the Orizaba peak volcano [3]. The same author indicates that the long-term
availability of tepojal is uncertain due to the great demand by manufacturers of light
blocks for construction and mentions that the tepojal from Calimaya is of lower qual-
ity and is increasingly mixed with soil particles.

3.1 Characteristics physicochemical properties of a biochar and tepetzil

The substrate should be light, hold seedlings or cuttings firmly, retain sufficient
moisture, be sufficiently porous to drain excess water, allow root aeration, be free
of weeds, nematodes and diseases, be suitable for sterilization without changing
its properties, have sufficient nutrients for initial healthy plant development, low
salinity, adequate pH, be stable and not swell or shrink excessively or form crusts in
the sun [51], the substrate must have a high capacity to retain readily available water,
high aeration, low bulk density, high porosity, low salinity, high buffer capacity, low
decomposition speed, structural stability, reproducibility and availability, low cost
and easy handling (mixing and disinfection) [52].
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No matter what raw material is used as substrate, it is important that these have
certain characteristics which are segmented into physical characteristics, chemi-
cal characteristics and biological characteristics (the latter in the case of organic
materials); within the physical characteristics, we have the real and apparent density,
granulometric distribution, porosity and aeration, water retention, permeability, pore
size distribution, structural stability; chemical characteristics such as cation exchange
capacity, pH, electrical conductivity, buffer capacity, nutrient content, C/N ratio; and
biological characteristics such as microbial population, organic matter content, state
and speed of decomposition [53, 54]. Table 1 presents some optimal values for some
of the physical and physicochemical properties in the substrates.

Since the characteristics present in biochar (and any other biochar) are depen-
dent on the raw material and type of pyrolysis used, it is necessary to evaluate its
characteristics and its incorporation as a hydroponic substrate to understand and
explain the effects on the different plants produced in these soilless growing media
[55-57]. However, the characterization of substrates is a process that has not been
given much importance and yet plays an essential role in the agronomic management
of crops [58].

The need to find partial or complete substitutes not only for tepetzil but also
for any commercial substrate is important; new substrates must be found that
are even considered by-products or residues from other industries to reduce their

Properties Unit Optimum value
Particle size mm 0.25-2.50
Bulk density

* In open air container g-cm3 0.50-0.75
* Ingreenhouse 0.15
Real density

* Organic materials gecm’® 145

* Mineral materials 2.65
Total pore space % vol. >85
Aeration capacity % vol. 10-30
Readily available water % vol. 20-30
Reserve water % vol. 4-10
Total available water % vol. 24-40
Concentration <30

pH (pH in H,0)

¢ For cultural media 5565
* For organic materials 5.2-5.5
Electrical conductivity (1:5-v:v) mS/cm 0.36-0.65

Cation exchange capacity
* Permanent fertigation meq100 g

* Occasional fertigation Nil or very low >20

Table 1.
Optimum levels of physical and physicochemical properties of a biochar and tepetzil.
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environmental impact by not giving them a productive use, for example, due to the
hardiness of the biochar pits in Tabasco, charcoal residue is produced that is not
marketed due to its reduced size [59].

4. Hydroponic

Hydroponic, from the Greek “hydro” (water) and “ponos” (labor or work), is a
soilless crop production technique [60] that has been practiced for centuries, although
it has been used commercially for the last 50 years and has been increasing, contribut-
ing to sustainable agriculture as a new technology [61]. It is a technique that is not
specific to any type of vegetable, so leaf vegetables, stem vegetables, inflorescences,
roots, pods, fruits and bulbs can be grown, thus being able to cultivate from home cul-
tivation for own consumption, to important productions for commercialization [5].

The most important quality of hydroponics is that it does not need the soil at
any stage of plant development, neither as a support nor as a source of nutrients,
because the water contains dissolved nutrients from which the plant will take them
directly, achieving greater efficiency in the regulation of nutrition and fertilizer use
[62]. The hydroponics that was worked was a drop system in this method tubes are
used, emitters that drip the nutrient solution directly onto the roots of the plants
with the growth, development and fruiting. It is controlled by a timer. This type of
technique is ideal for the cultivation of plants with a specific nutrient demand, such
as Solanaceae, Curbitaceae, Capsicum and Lactuca. The substrate, which was used
in this work was hydroponics using a drop system, so the biocarbon and tepetzil
substrates can be used.

The nutrient solution to be used is the Steiner solution (Table 2) [62], which,
before its preparation, the water must be adjusted to a pH of 6.0 using sulfuric acid
and phosphoric acid, taking phosphoric acid as a source of phosphorus in the solu-
tion. The nutrient solution was applied at 50% of its concentration during the first
45 days of plant growth, and then the Steiner solution was supplied at 100% at the
beginning of flowering onwards.

A drip hydroponic system was used to supply the nutrient solution (Table 3).
There will be eight irrigations during the day, with an interval of 1 hour between
each one, starting at 08:00 a.m. and the last one at 03:00 p.m. Each irrigation will last
1 minute for the first 30 days and then increase to 2 min each irrigation from flower-
ing onwards. Per irrigation, 280 mL/min of the solution will be supplied on average.

Regarding micronutrients, the commercial product Haifa Micro Combi was used,
which contains Fe 74%, Mn 3.7%, Zn 1.1%, Cu 0.8% and Mo 0.5%; Nutri-Boro 11%,
was used as a source of Boron, both products were added together with the Steiner
solution through the hydroponic system (Table 3).

Nutrient solution (meq/L)

Anions Cations

NO;- H,PO,- S0, K Ca” Mg

12 1 7 7 9 4
Table 2.

Anions and cations for the nutrient solution [62].
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Fertilizer Quantities
meq/L g/1000 L
Calcium nitrate 9 1060
Magnesium sulfate 4 494
Potassium sulfate 4 360
Potassium nitrate 3 303
Phosphoric acid 1 23mL
Table 3.

Fertilizers for the nutrient solution.

4.1 Experimental

For the experiment, a completely randomized design was used with five treat-
ments and 10 replications for a total of 50 experimental units, where three of the five
treatments were the volumes of biochar mixed with tepetzil, in addition to treatment
of only biochar and the control treatment which consists of only tepetzil (Table 4).

4.2 Fruit yield

The results were subjected to an analysis of variance (ANOVA) and a comparison
of Tukey means (P < 0.05) using the statistical program Statistical Analysis System
[63]. The total yield was obtained by adding the total weight of all the cuts per plant
and treatment to subsequently extrapolate the yields per hectare (T ha™).

Regarding the yield with the hydroponic system, from which a total of 15 cuttings
were obtained, a significant difference was found between the treatments, as shown
in Table 5; the T3 (tepetzil 50% and biochar 50%) and T4 (tepetzil 25% and biochar
75%) treatments did not present significant differences between them, in turn, they
were the treatments with the highest statistical yields with respect to the control
treatment (T1), with a difference of 56.72 and 54.72 T ha™ (T3 and T4, respectively)
over the T1 treatment. The T2 (tepetzil 75% and biochar 25%) and T5 (biochar 100%)
treatments are not significantly different from the T3 and T4 treatments, but neither
from the control treatments. The yield of the C. chinense pepper grown in an NFT

Treatments Tepetzil Biochar
%

T1 (control) 100 0

T2 75 25
T3 50 50
T4 25 75

T5 0 100

Table 4.

Tepetzil and biochar substrate treatments and percentages.
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Treatments Tepetzil (%) Biochar (%) Yield (T ha™)
1 (control) 100 0 3795>
2 75 25 4435
3 50 50 56.72*
4 25 75 54.72°
5 0 100 4964

*Means with the same literal are statistically equal according to the Tukey test (P < 0.05).

Tables.
The yield fruit habanevo in vesponse to substrate mixtures of tepetzil and biochar.

(Nutrient Film Technique) hydroponic system without salinity restriction was 2.87 kg
per plant, with an estimated yield of 46.1 Mg ha™", considering the area per plant
adopted of 0.6225 m? [64].

5. Conclusions

The results show that the hydroponic system using the drip technique with the
substrate mixed with 50% biochar and tepetzil showed a higher yield, obtaining
56.30 T ha™. Therefore, tropical vegetables often play a very important role in the
Mexican economy. Therefore, the implementation of hydroponics as an innovative
alternative form of crop production helps promote environmental protection as well
as sustainability. Hydroponics, if this technology is applied to the production of
tropical vegetables, does not require soil directly, but a substrate, in this case, biochar
and tepetzil with the hydroponic system, mineral nutrients dissolved in water are
provided, which is called nutrient solution, and the nutritional needs of habanero
chili crops are covered.
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Chapter 3

Perspective Chapter: Best and
Sustainable Practices for a Modern
Cultivation Technique

Guangjae Lee, Jeongwook Heo and Dongeok Kim

Abstract

Consumers prefer high-quality agricultural products due to increased interest
in income, lifespan, and health. We should be interested in the stable production of
agricultural products with high-quality functional materials. Various control facilities
that combine hydroponics or plant factory technology with the Internet of Things
(I0T), artificial intelligence (AI), and deep learning will be introduced. Due to labor
shortages, automation element technologies for labor reduction in hydroponics,
aquaponics, and plant factories are expected to advance. In order for agricultural
products produced in plant factory systems to be competitive with similar agricultural
products produced in the field, new cultivation technologies are needed to increase
plant productivity and reduce production costs. There is a need to develop recycling
technology for badges and nutrient solutions. Improving sales and profitability
through improved light efficiency and shortened growing seasons are important for
maintaining the sustainability and profitability of the plant factory industry.

Keywords: hydroponics, LED, plant factory, nutrient solution, smart

1. Introduction

Recently, rapid climate change, including high temperatures, droughts, heavy
rains, or heavy snowfalls, has emerged as a serious problem in terms of agricultural
production and food security. Hydroponics and facility cultivation are being focused
on avoiding serious environmental risks and protecting crops for stable produc-
tion. It is estimated that the initial facility cultivation in Korea was performed about
500 years ago.

The early stages of agricultural facilities have developed into hot caps, plastic
mulching, plastic tunnels, plastic houses, glass houses, precision agriculture, plant
factories, and smart farms.

In recent years, precision agriculture or controlled environment agriculture
(CEA), has emerged as a technology-based crop production system consisting of
various nutrient supply systems, including hydroponics, aeroponics, and aquaculture,
which optimizes the use of resources such as water, energy, and space to produce
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crops throughout the year [1]. When growing plants in open fields, yields and qual-
ity vary depending on weather conditions and other external factors, but CEA is
designed to avoid these effects [2].

Although food shortages exist worldwide, consumers in most countries prefer
high-quality agricultural products due to agricultural technology development and
rising incomes. Farmers also tend to produce high-quality agricultural products to
meet consumer demand or increase their own income.

Facility cultivation and plant factories are isolated from the outside, so they can
provide stable agricultural products without being affected by diseases, pest damage,
climate, etc.

However, plant factory systems are difficult to commercialize because they require
high installation and operation costs and advanced operating technology.

Among various photosynthetic factors, light plays the most important role not
only in facility cultivation but also in plant factories. The light assimilation function
provides the energy required for photosynthesis, which suggests that light is the
ultimate energy source for green plant metabolism, and photosynthetic efficiency
varies depending on the spectral wavelength (light quality) [3]. Light quality plays
an important role in the transition of plants from vegetative growth to reproductive
growth [4] and aging [5].

In this chapter, we will focus on hydroponics, plant factories, artificial light-
ing, and functional materials. The characteristics of LEDs as a light source and the
characteristics of the light environment in plant factories with artificial lighting are
discussed.

2. Product quality improvement
2.1 Specific ingredients as functional chemicals
2.1.1 Flavonoids

Flavonoids are secondary metabolites found in plant organs and tissues and are
produced through complex interactions with plant survival and environmental fac-
tors. The main component that directly affects flavonoids is light as an energy source.
Light controls plant growth stages and maintain photosynthetic efficiency through
light intensity, quality, and irradiance [6].

Lee et al. [7] reported the total flavonoid content of lettuce was higher in the
red 80/blue 40 pmol m~*s™* and R60/B60 pmol m™*s~! treatments (0.72 cate-
chin mg g™' FW). Flavonoids have a wide range of pharmacological activities [7]. The
blue LED or a combination of red and blue LEDs increased the phenolic compound
content of amaranth sprouts compared to fluorescent lighting [8]. In a closed plant
factory, the total phenolic content of lettuce at 4 weeks was measured as 0.313, 0.262,
and 0.383 mg GAE/plant in control, side anion treatment, and upwelling treatment
groups, respectively [9]. When synthesizing various experimental results, total
flavonoid content varies depending on the cultivation method and variety [7].

2.1.2 Phenolic compounds and antioxidants

It is generally known that there are about 4000 kinds of polyphenol substances
in plants. Phenolic compounds are divided into three types: simple phenols, phenolic
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acids, hydroxycinnamic acid derivatives, and flavonoids, and these substances have a
certain level of antioxidant, antimutagenic, and anticancer properties [10].

Lee et al. [7] reported the total phenol content differed depending on the cultiva-
tion method, with 117.84 mg-100 g™' GE in aeroponics, 98.57 mg-100 g™ GE in hydro-
ponics, and 74.62 mg-100 g™' GE in perlite cultivation. In addition, the highest phenol
compound content was observed in the red-blue LED 80/40 pmol m™ s treatment
(0.76 GAE mg-100 g' FW reached) [7]. The total phenol content of Peucedanum

japonicum by light source was the highest at 105.77 mg-100 g™ GE in RB, followed
by 92.52 mg-100 g~ GE in RBW, 89.08 mg-100 g™* GE in fluorescent light (FL), and
82.00 mg-100 g"' GE in RBGW, showing differences depending on the light source.

The extract of 3.08 mg g in field cultivation of Peucedanum japonicum was
higher than that of 2.39 mg g™' in greenhouse cultivation [11]. The phenol content
of red lettuce was highest when the LED R:B light intensity was 90:30 pmol m™s™,
and that of green lettuce was highest when the LED R:B light intensity was
80:40 pmol m™?s™* [12].

In lettuce cultivation, when downward anion treatment was applied, total phenol
content and productivity increased, but antioxidant activity decreased because the
leaf area of lettuce was the largest [9]. Carrot leaves contain antioxidant components
and are suitable as leaf vegetables [13].

2.1.3 Glucosinolate

Glucosinolate (GLS) is a representative phytoalexin that contains nitrogen and
sulfur and is a secondary metabolite biosynthesized in approximately 100 species
of Brassica plants [14, 15]. GLS is known to determine the unique taste and aroma
of crops and exhibit various functional properties in vivo. Kale (Brassica oleracea L.
acephala) was reported to be rich in glucosinolates (GSLs) [16], Kushad et al. [17]
reported that among vegetables, kale (Brassica oleracea var. acephala DC.), Chinese
kale (B. oleracea var. alboglabra Bailey), red cabbage (B. oleracea var. capitata f. rubra
L.), Brussels sprouts (B. oleracea var. germmifera Zenker), kohlrabi (B. oleracea var.
gongylodes L.), and broccoli (B. oleracea var. italic Plen) were rich in GSLs.

The main GLS in the sprouts 6 days after sowing of kale were progoitrin, gluco-
napine, sinigrin (SIN), glucoerucine, glucoraphamin (GLP), glucoiberin (GLB), and
4-hydroxyglucobrassicin [18], and it is thought that the difference in the contents of
glucosinolate components in different growth stages of kale is due to the difference in
contents in different growth stages [19]. When the LED light source was blue:white
(1:1), red:blue:white (2:1:3), and blue:white + fluorescent light (FL) (1:1:1), the
contents of GLS in all treatment groups in the plant factory kale cultivation were high
in the order of glucosinolate, GLB, SIN, gluconasturtin, progoitrin, GLP, and epipro-
goitrin regardless of the light source [19].

Photoperiod-dependent changes in phytochemicals of broccoli and GSL biosyn-
thesis in Arabidopsis thaliana have also been reported [20, 21]. In kale shoot tissue,
wavelengths of 640 nm and 730 nm were found to have high SIN content, but other
wavelengths did not affect GSL accumulation [22].

Blue and white LEDs and FL showed high contents of PRO, EPI, SIN, GLP, and
GLN, while red, blue, and white LEDs (RBW) showed the highest contents of GLB,
GLBR, and total GLS [19]. The glucosinolate content of watercress was lowest in
LED red:blue (9:1) and highest in LED red:blue (7:3). LED red:blue:green (1:1:1) had
a negative effect on the growth of watercress, but played a positive role in increasing
functional components [23].
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2.1.4 Ascorbic acid

The ascorbic acid is a type of water-soluble vitamin that is sensitive to heat and
is abundant in vegetables and fruits. Depending on the cultivation methods, the
ascorbic acid content of Peucedanum japonicum was the highest in aeroponics at
108.23 mg-100 g, followed by perlite at 88.05 mg-100 g~ and nutrient film technique
(NFT) at 80.83 mg-100 g, showing statistical significance depending on the treat-
ment [24].

A high correlation between ascorbic acid and glucose content was reported in
lettuce grown under 16 hours of light [25]. In addition, ascorbic acid in cabbage
grown under blue LED increased [26]. Kim and Lee [27] reported that ascorbic acid
in lettuce is greatly affected by photoperiod. Spinach ascorbic acid content increased
with increasing cultivation days [28], but there was no significant change in spinach
ascorbic acid content depending on harvest time [11].

The growth and ascorbic acid content of lettuce is significantly affected by supple-
mental UV-A LED irradiation [27]. The ascorbic acid content of cabbage increased
with additional UV-A LED irradiation [29], and the ascorbic acid content of lettuce
increased by 20-30% in blue and red LED+UV-A LED treatments compared to when
no UV-A LED irradiation was performed [27].

It was shown that vitamin C content varies depending on the growth stage, harvest
time, and cultivation method of the crop [11, 28]. This is thought to be because the
vitamin C content of crops is a type of phytochemical and is a variable affected by the
environment.

2.1.5 Amino acids

Cysteine content in Peucedanum japonicum was highest in aeroponics at
46.76 mg-100 g™, followed by NFT and perlite, and according to artificial lighting
source, fluorescent lamps were the highest at 43.53 mg-100 g™, and LED red, blue,
green, white types (such as RB, RBW, and RBGW) did not show statistical signifi-
cance [24].

Methionine content according to Peucedanum japonicum cultivation method
was highest in NFT and aeroponics, and lowest in perlite at 75.64 mg-100 g™, and
according to artificial lighting source, methionine content was highest in FL at
79.43 mg-100 g', and RB, RBW, and RBGW did not show statistical significance
among treatment groups [24].

Kim and Choi [30], glutamic acid and aspartic acid in the elm tree were
58.5 mg-100 g~' and 53.8 mg-100 g, respectively, accounting for 18.26% of the
major amino acids. The methionine content was detected at 7.7 mg-100 g™, but
only a trace amount of cysteine was detected. Depending on the type of crop, the
amino acid content may vary depending on the cultivation method, even for the
same crop [30].

2.1.6 Anthocyanin

Anthocyanins are a type of phytochemicals that constitute natural pigments in
plants and are water-soluble substances of the flavonoid series that are abundantly
contained in fruits, vegetables, and flowers. Among them, the light environment
is known to be an effective environmental factor that promotes the production and
expression of phytochemicals including anthocyanins [31, 32].
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Anthocyanin synthesis varies depending on the type of crop as well as the light
environment such as light quality, light intensity, and photoperiod. Cryptochrome,
which acts as a photoreceptor for blue light and UV-A, is known to promote the
expression of genes related to anthocyanin biosynthesis [32, 33].

As the photoperiod of plants shortens, anthocyanin accumulation increases in
broccoli [21], but decreases in potatoes [34], and berries [35].

Anthocyanins accumulate relatively more under blue light conditions or
shorter photoperiods. As the dark cycle decreased under blue LED, anthocyanin in
lettuce significantly increased [27]. Lee and Kim [36] reported the accumulation
of anthocyanin increased under red-blue LEDs of 634, 659, and 450 nm, and it
was possible to produce red mustard with excellent growth and high anthocyanin
content under light intensity of 300 pmol m™ s™* and photoperiod (h) of 16/8
using LED [37].

2.2 Nutrient elements in fruits
2.2.1 Calcium

Calcium is not easily transported within the plant, so calcium deficiency
occurs frequently. It is known as the main cause of tip burn, which causes necrosis
of young plant leaves and reduces marketability in plant factories [38]. Calcium
is an important component of plant cell walls, and once fixed in the cell wall,
it is immobile. Calcium cannot move between tissues with different calcium
levels, and tissues often compete for the distribution of calcium delivered from
the roots [39].

Calcium deficiency disorders are commonly observed in tissues with low
transpiration rates, such as fruits and young leaves [40], and calcium transport is
not related to the transpiration of fruits and the cation exchange capacity of fruit
tissues. The apical transport of calcium absorbed from leaves is greater than basal
calcium transport [41], and high relative humidity accelerates Ca transport in
plants [42].

To increase the calcium content of hydroponically grown tomatoes, supplementa-
tion of Ca-gluconate (C1,H,,Ca0y4-H,0, Ca-glu) was the most effective supplemental
calcium source compared to calcium chloride and calcium carbonate [43], and the
inclusion of 0.9 me L™" Ca-glu in the nutrient solution could increase the calcium
content of tomato fruits by 49% [42].

The Ca-glu leaf treatment could prevent calcium deficiency in green peppers and
apples [44], and the fruits treated with higher amounts of calcium at the mature
green stage of tomatoes had more cell wall components than fruits treated with lower
amounts of calcium during ripening [45]. The common tomatoes lost 25% of cellulose
and 53% of hemicellulose during ripening [45]. The content of alcohol-insoluble
substances (AIS), a cell wall component, had a similar effect on tomatoes as calcium,
and fruits with higher calcium content also had higher AIS contents [11]. The AIS
composition of common tomatoes decreased, while that of fleshy tomatoes remained
constant during ripening [46].

Tip burn requires skilled techniques, and early detection of tip burn can help to
manipulate environmental parameters to improve the freshness of lettuce grown in
plant factories [47]. Early detection of tip burn can help growers manipulate con-
trolled environmental parameters to improve the freshness of lettuce grown in plant
factories [47].
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2.2.2 Selenium

Selenium has been applied to forage crops along with other fertilizers, along with
some other crops in Finland and New Zealand [48]. Generally, low concentrations
of sodium selenite are nontoxic and are easily absorbed by plant roots. Chen [49]
reported that rice selenate fertilizer had 3.59% higher selenium content than rice
treated with selenite fertilizer. In addition, when selenium was applied to the leaves,
the yield, sweetness, flavor, total amino acid, and ascorbic acid content of green tea
significantly increased [50].

The National Research Council of the United States announced the recommended
daily intake of selenium as 50-200 pg [51], and sodium selenite (Na,SeO,) is added to
the nutrient solution during hydroponic cultivation to increase the selenium content.
The selenium content of Chinese leafy vegetables increased as the selenium concen-
tration in the nutrient solution increased [52]. The selenium content and firmness
of tomato fruits increased rapidly as the selenium concentration in the nutrient
solution increased [53]. In addition, considering the fruit weight, available solids,
and the National Research Council recommendation for the daily selenium intake of
50-200 pg for adults [51], the optimal selenium concentration in the tomato nutrient
solution was 1 mg L™" [53].

3. Hydroponics as labor savings
3.1 Hydroponics

Hydroponics is the cultivation of plants without soil and can be divided into
cultivation using only water and cultivation using a medium. Hydroponics dates back
to the eighteenth century and is thought to have existed before that [54]. The global
hydroponics market forecast is estimated to rise at a CAGR of 13.7% over the forecast
period. In 2023, the hydroponics industry share is expected to be valued at US$ 12,644
million. The market is expected to surpass US$ 45,623 million by 2033 [55].

In the early days of hydroponics, readily available and inexpensive substrates
were used for hydroponics, but commercial substrates such as rockwool and cocopeat
became mainstream. Hydroponics has the advantages of producing uniform and
high-quality crops, increasing productivity due to faster growth, reducing labor,
reducing water consumption, year-round cultivation, and reducing the area required
for production, as crops are grown under optimal conditions [56].

Hydroponics has been used to improve the quality of high-quality lettuce [57],
and tomatoes [58]. Hydroponic systems can predict yield and harvest time, improve
fruit quality, and control nutrient supply and environmental conditions [59], but they
require advanced technology and operational capabilities. The industry is growing
in the United States as demand for fresh, locally grown, and safe food increases [55].
Hydroponic products have a better appearance, which attracts consumers. Precise
control improves the shelf life of products under shelf and refrigerated conditions
compared to conventional cultivation systems [60].

Various hydroponic systems such as nutrient film technology (NFT), drip sys-
tem, aeroponics, Ebb Flow, hydroponics, and wick systems have gained popularity.
Hydroponics and plant factories rely on machines and facilities based on sensors for
most of the work previously done by humans. In particular, most environmental
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factors such as ventilation, temperature, shading, water, and fertilizer supply, can be
controlled through computers, smartphones, and machines and devices.

Recently, a system that predicts disease occurrence through the leaves of crops has
been developed and is in the practical stage. Plant factories are a form of advanced
agricultural industry that has developed based on hydroponics technology.

About 10-15 years ago, there were reports that hydroponics or plant factories
could reduce labor by about 30%, but now the technology has developed so quickly
that it is meaningless to even mention it. Currently, crop cultivation is indirectly
controlled through interfaces, but recently, various control facilities that combine the
Internet of Things (IoT), artificial intelligence (AI), and deep learning will become
mainstream.

Labor is reduced through optimal cultivation and optimal environments such as
hydroponics, aquaponics, and plant factories. In the future, various technologies will
be developed to reduce labor.

3.2 NFT system

Nutrient film technique (NFT) is a hydroponic technique where a very shallow
stream of water containing all the dissolved nutrients required for plant growth is
recirculated past the bare roots of plants in a watertight gully, also known as channels
(https://enwikipedia.org/wiki/Nutrient_film_technique) [Accessed: September 25,
2024].

NFT systems are either open systems that intermittently supply nutrient solutions
when using a medium, such as for vegetables, or closed systems that circulate nutrient
solutions when not using a medium, such as for leafy vegetables. NFTs require a high
level of skill from the user, mainly in adjusting nutrient solution requirements accord-
ing to the various growth stages of the plant.

NFT is an ideal system compared to other hydroponics or soil cultivation [61], and
the optimal flow rate for improving the growth rate of lettuce hydroponics is 20 L/h
[62]. Lettuce accounts for approximately 7% of the entire US industry [55], and let-
tuce is grown almost exclusively in hydroponics by NFT systems.

The water flow in NFT must be balanced with other factors such as temperature,
pH, electrical conductivity (EC), slope of the path, and concentrations of nitrogen,
potassium, and calcium to ensure that the plants can sufficiently absorb the nutrients
they need for growth. NFT has also been used in lettuce, garlic, potatoes, tomatoes,
cucumbers, strawberries, and beans [63]. Total yield and commercial yield of long-
ripened tomatoes varied with cultivar and growing period (P < 0.01), indicating that
cultivar performance was affected by growing period [64].

3.3 Aquaponics

Small-scale aquaponics systems feature aquariums and plant cultivation facilities
and are also used indoors to create esthetically pleasing indoor spaces. Aquaponics
is a technology that combines aquaculture and hydroponics into one system, using
nutrient-rich water from aquaculture to grow plants [65]. In aquaponics systems,
most nutrients essential for plant growth can be supplied from fish feed. The pH of
the system plays an important role in nutrient concentration, as well as influencing
the accumulation of various nutrients. This is a conventional system that takes into
account water volume and nutrient utilization [66].
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Figure 1.
Schematic diagram of the aquaponics tank where plants and fish grow together [69].

The water quality of an aquaponics system is very important because it is a limited
factor. It is also necessary to maintain adequate water quality to provide optimal
conditions for plant growth and a healthy environment for fish to ensure a successful
system. Nevertheless, plants and fish have different water quality requirements. In
particular, EC strength and water pH are key factors for potential aquaponics systems.
The pH of hydroponic water plays an important role in fish health through the oxida-
tion of NO, and NHy, in this system [67]. Schreier et al. [68] mentioned that fish waste
and fish feed in hydroponic systems can release H" through nitrification by adding
ammonia to the hydroponic effluent.

Geranium (Pelargonium zonale) and goldfish (Carassius auratus auratus) were fed
0.4 g of fish feed per day (Figure 1). The diet components were calcium (0.40%),
phosphorus (1.80%), crude fat (4.0%), crude fiber (5.0%), crude meal (13.0%),
and crude protein (36.0%). KHCO; + Fe-EDTA treatment was more desirable for
sustainable water quality and the growth of geranium plants in hydroponic systems
[69]. Choi et al. [69] suggested that future studies should investigate the effects of
fish and feed densities on the hydroponic growth of aquatic plants, plant bioactive
compounds, and plant morphological growth in response to fish.

4. Plant factory
4.1 Plant factory

Plant factories are systems that combine hydroponics and IT technologies
to artificially control and regulate environmental factors such as temperature,
humidity, light, and carbon dioxide to produce crops all year round. Recently, cli-
mate change has become a problem that threatens the stable production of crops,
and interest in alternative cultivation methods is growing [7, 70]. In particular,
plant factories have gained popularity as a solution to three similar undesirable
alternatives: food shortage or unstable supply, resource shortage, and environ-
mental destruction [71].

However, there are also disadvantages, such as the initial installation cost of the
plant factory system, the need for skilled labor, and the rapid spread of diseases when
pests are introduced into the plant factory system [54]. Fully controlled light-growth
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plant factories require a lot of electrical energy for artificial lighting for crop cultiva-
tion, while they have high yields and reduced field management labor [72].

Ikeda et al. [73] reported that lettuce grown under optimal conditions grows eight
times faster than lettuce grown under normal conditions, and this rapid growth rate is
the main cause of physiological disorders related to mineral nutrition.

By cultivating medicinal crops with high demand through customized optimal
environmental management for each crop, high-quality, high yields, and year-round
cultivation through shortened cultivation periods are possible [74], so it is worth
actively attempting to cultivate medicinal plants with high added value in plant
factories.

Since the amount of physiologically active substances in plants varies depending
on the cultivation method, it is necessary to study the optimal cultivation conditions
for mass production by varying the harvest period and cultivation conditions [75].

Improving sales and profitability through improved light source efficiency and
shortened growing periods is important for creating sustainability and profitability
in the plant factory industry, and ragweed was selected as a recommended crop in the
Controlled Ecological Life Support System project promoted in the United States [76].

New cultivation technologies are needed to increase plant productivity and reduce
production costs so that agricultural products produced in plant factory systems can
compete with general agricultural products produced in the field. Recently, various
leafy vegetables have been produced in plant factories, but as an alternative to the
initial installation and operating costs of plant factories, it is important to cultivate
value-added crops that save electric energy and increase income [77], and to discover
and cultivate functional materials and pharmaceutical materials using LED lights of
various wavelengths.

4.2 Control of light conditions

Environmental factors such as light, temperature, humidity, CO, concentra-
tion, and nutrient supply have a great influence on the growth and development
of plants. Among them, light is the main energy source for photosynthesis and is
considered a major factor that regulates the growth and development of plants as
a stimulus signal [78].

Sunlight has various wavelengths of light and is free, but its quality and photope-
riod are difficult to control. On the other hand, light conditions such as photoperiod
can be easily controlled using artificial lighting in plant factories [79].

When artificial light sources such as trichromatic lamps, sodium lamps, and red
LEDs were used to supplement light before sunrise and after sunset, red LEDs supple-
mented with 1.2 pmol m ™ s™" reduced electrical energy consumption and significantly
increased the yield of kale leaves [79].

Fully controlled photo-growing plant factories enable high-quality, high-yield
cultivation all year round but artificial lighting for crop cultivation requires a lot of
electrical energy [72]. Therefore, it is important to increase light use efficiency (LUE)
in plant factories, and a multifaceted approach is required. To improve LUE, light
quality was changed [80, 81], and crop productivity was improved by controlling
photoperiod [82].

The quality of light irradiated to plants is known to affect plant growth and develop-
ment through selective activation of various photoreceptors [83]. Light causes differ-
ences in growth and secondary metabolite synthesis [19], with red and blue wavelengths
being effectively absorbed by chlorophyll and used for photosynthesis [84].

41



Hydroponic Farming — A Modern Agriculture Technique

4.2.1LED

LEDs can produce special wavelengths, which can have various effects on plants.
Although LEDs are expensive, they have many advantages, such as excellent per-
formance, a relatively high energy conversion factor, a wide spectrum, a relatively
low surface temperature, and a long lifespan [85]. Improved lighting efficiency and
shortened crop-growing seasons are essential to maintaining the sustainability and
profitability of the plant factory industry.

Fully controlled photo-growth plant factories enable high-quality, high-yield
crops all year round but require a lot of electrical energy for artificial lighting for crop
cultivation [72]. Therefore, increasing the light use efficiency (LUE) in plant factories
is important and requires a multifaceted approach. Light quality has been changed to
improve LUE [80, 81, 86], and crop productivity has been improved by controlling
photoperiod [82].

The cumulative electrical energy consumption is reduced by 75.6% for red LEDs
and 70.7% for blue LEDs compared to fluorescent lamps [87]. Dorais et al. [88]
reported that tomato yields increased at high light intensities (150 pmol m™s™").
Improving light efficiency and shortening crop growth periods to improve sales and
profitability are most important for maintaining the sustainability and profitability of
the plant factory industry.

LEDs can selectively irradiate wavelengths suitable for crop photosynthesis and
are capable of close-range lighting, and the peak wavelengths of LEDs are red light
in the range of 630-670 nm and blue light in the range of 430-470 nm [89-91]. The
effects on plant growth responses and secondary metabolite yields vary depending on
the light source.

Red LEDs promote plant biomass increases such as fresh weight, dry weight,
plant height, and leaf area [90], and affect the growth of the aboveground part of
lettuce [92].

Blue LEDs have been found to induce chlorophyll formation and development
without directly affecting plant growth, and blue light has been associated with
underground growth in lettuce [92].

Green light has a higher reflectance when irradiated to plants than other wave-
lengths and has been considered to be less useful for plant growth, especially photo-
morphogenesis and photosynthesis [92].

Red and blue wavelengths of light are effectively absorbed by chlorophyll and
used for photosynthesis [84]. UV rays that cause stress to plants are divided into three
regions according to wavelength: UV-A (315-380 nm), UV-B (280-315 nm), and
UV-C (100-280 nm). UV-A and some UV-B contained in solar radiation reach the
Earth’s surface, but UV-C is blocked by the ozone layer and does not reach the Earth’s
surface. Therefore, UV-A accounts for approximately 95% of the UV rays reaching the
Earth’s surface. On the other hand, in greenhouses, the intensity of the transmitted
UV rays is drastically reduced due to the characteristics of the covering material that
absorbs UV rays [93].

4.3 Pulse, duty rate, and photoperiod

The effects on plant growth responses and secondary metabolite yields vary
depending on the light source. Cho et al. [94] also suggested that the Photosynthetic
Photon Flux Density (PPFD) level (=100 pmol m72s) of pulsed LEDs was an
important factor affecting plant growth and LUE. Despite the decrease in PPFD, none
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of the pulsed LEDs significantly reduced the SPAD value. Pulsed LEDs with millisec-
ond cycles did not inhibit chlorophyll biosynthesis in wheat leaves during vegetative
growth [95].

Most of the early studies compared the efficiency of pulsed LEDs and continuous
LEDs (control) at different duty ratios at the same light intensity. In plant factories, LEDs
can be controlled by intermittent and pulsed lighting [96]. The ultimate goal of using
pulsed LEDs in horticulture is not simply to explore the effects of pulsed irradiation on
crop growth and development but to save energy without growth inhibition.

The light use efficiency was highest when irradiated with 1 kHz pulsed LEDs [97].
Simultaneous pulse irradiation of red and blue LEDs is known to be more effective
in improving growth and development than alternative pulse irradiation using red
and blue LEDs. Pulsed LED light quality also affects plant growth and development,
and pulsed red light increases the length and fresh weight of hypocotyls, and pulsed
blue light induces chlorophyll a, b, and carotenoid accumulation [98]. LEDs can be
controlled in plant factories with intermittent and pulsed lighting [96].

Son et al. [97] reported that pulsed LEDs with a duty ratio of 75% and a low
frequency did not significantly inhibit plant growth, suggesting that pulsed LED
irradiation technology has the potential to reduce energy consumption during crop
production in plant factories.

Photoperiod affects flowering responses, growth, and development of plants [99],
and the growth of leafy kale seedlings was significantly affected by supplemental
radiation during shortened daylight hours in a greenhouse [100].

4.4 Electrical conductivity (EC)

Electrical conductivity (EC) is used as an auxiliary means of measuring the
concentration of fertilizer salts in a nutrient solution and is the amount of ions that
conduct electricity in the culture medium. EC measurement is an indirect and rapid
method to measure the total concentration of ions, including dissolved nutrients, in
a solution [101, 102]. Electrical conductivity does not mean that the fertilizer compo-
nents are present in the same proportions when the nutrient solution is first prepared.
Since plants have different absorption tendencies depending on the type of fertilizer
component and pH, electrical conductivity and pH should be measured regularly.

Generally, leafy vegetables have a rating of 1.0-1.5 dS m™’, fruits and vegetables
have a rating of 2.0-3.0 dS m™, and for special purposes, the rating is temporar-
ily increased to 4.5 dS m™" for cultivating fruit crops. Typically, EC is maintained
in the range of 1.5-3.5 dS m™" to obtain optimal yields [103]. If the EC range of the
crop is higher than the ideal range for hydroponic cultivation, nutrient absorption is
hindered due to increased osmotic pressure, while low EC can seriously affect plant
health and yield.

Samarakoon et al. [104] reported that the absorption rate of all nutrients increased
with increasing nutrient solution concentration (EC), but did not contribute to the
increase in yield, but the optimal EC for 20-25 days of hydroponic cultivation for
carrot leaf production was reported to be 3.0 dS m™ [13]. Supplying 1.5 dS m™ of
EC during the seedling and flowering stages of tomatoes and 4.5 dS m™" of EC dur-
ing the fruiting and harvest stages significantly promoted growth and improved
yield and quality [105]. High uptake of ions may have caused nutrient imbalance in
plants, which may have reduced total dry matter production. EC above a certain level
increased N, P, K, and Ca uptake by plants but did not significantly increase leaf
growth and yield [104].
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4.5 Plant density

The planting density varies depending on the characteristics of the crop, and most
leafy vegetables are planted at 15-20 x 15-25 cm spacing to secure light for photosyn-
thesis and space for the leaves to grow to an appropriate size. The linear relationship
between the dry weight of new shoots and the fresh weight was observed to be linear
regardless of the planting distance. In the explanatory function equation, the crop
growth rate, relative growth rate, and loss time showed a quadratic function form [106].

4.6 Automation
4.6.1 Plant automation

Plant automation refers to the use of technology and control systems to automate
and optimize the processes and equipment in a manufacturing or industrial plant.
Plant biotechnology can be defined as the use of tissue culture and genetic engineer-
ing techniques to produce genetically modified plants that exhibit new or improved
desirable characteristics (https://www.plantengineering.com/plant-automation/)
[Accessed: September 25, 2024].

4.6.2 Benefit of automation of plant operations

Increased productivity and efficiency: Automated systems can work faster and
more accurately than manual labor, leading to increased output and reduced waste.

Improved quality control: Automated systems can be programmed to perform spe-
cific tasks with high precision and consistency, which can lead to improved product
quality.

Reduced labor costs: Automation can reduce the need for human labor, which can
lower labor costs and increase profitability.

Enhanced safety: Automated systems can reduce the risk of accidents and injuries
in the workplace.

Increased flexibility: Automated systems can be easily reprogrammed to adapt to
changing production needs, which can increase the flexibility of plant operations.

Remote monitoring and control: Automated systems can be controlled and monitored
remotely, which can reduce downtime and improve response times to problems (https://
www.plantengineering.com/plant-automation/) [Accessed: September 25, 2024].

4.7 Plant factory modules

Plant factory automatic system consists of a drive module that transports the tray,
an environmental sensing module that controls the environment, a vision module that
monitors the growth, and a main computer module.

The drive module controls the precise location of the tray movement, such as the
entrance of the tray which planted plants, selecting and storing to grow, and exit for
harvesting. The environmental sensing module consists of a number of temperature
sensors, humidity sensors, optical sensors, and CO, sensors in the cultivation room. It
monitors and controls the environment.

The vision module is a monitoring system installed in the robot’s shuttle and
monitors the degree of growth from up and down, front and rear, right and left, and
all directions through the office.
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The main computer module is a main control system that collects information
from the drive module, environmental module, and vision module. It takes charge of
all control of the room according to work instructions and processes data from the
collected information (https://www.famecs.com/eng/view.do?no=414) [Accessed:
September 25, 2024].

5. Reduced environmental load and new crops
5.1 Recycling nutrient solution

Nutrient solutions are commonly recycled during hydroponic cultivation to reduce
waste [107, 108]. Nutrient imbalances can result in an oversupply of ions such as SO™,
Ca*’, and Mg*?, which can affect growth and yield and increase electrical conductiv-
ity (EC), necessitating disposal of the solution [109].

Quality irrigation water can be a limiting factor in many commercial hydroponic
greenhouses [110]. Some large commercial operations routinely analyze recycled
solutions for individual nutrient levels in the laboratory, but most farmers prefer to
discard recycled solutions [104, 111].

However, nutrient solution recycling can minimize fertilizer waste and reduce
environmental pollution caused by frequent disposal. Image analysis of the canopy
area of the plant community showed that the negative effects of recycling began
2 weeks after transplanting and were not observed when the recycled solution was
discarded after 2 weeks or when reverse osmosis water was continuously used [112].

Considering the ion balance of the recycled nutrient solution in hydroponic cultiva-
tion of paprika, it was most effective to replace it every 4 weeks, and considering the yield
and nutrient and water absorption, it was also possible to replace it every 8 weeks [113].

Even when the nutrient solution was recycled, the ion accumulation and salinity
increased dramatically, which had a short-term negative effect on fruit yield and fruit
quality [113]. Therefore, it is necessary to replace the nutrient solution periodically
during the growing period.

Nutrient solution recycling can often improve the efficiency of mineral nutrient
solution use and reduce soil and groundwater contamination outside the greenhouse.
However, recycling can increase the density of specific microorganisms in the nutri-
ent solution or cause nutrient imbalance due to the accumulation of specific ions,
which affects crop yield and quality [113].

The EC of the recycled solution is measured to determine nutrient status [114].
Maintaining the EC of the recycle solution at a target level does not necessarily result
in optimal concentrations of individual plant nutrients [102]. A recycling system
based on EC control was tested and compared to a system without recycling, and it
was found that rose flower yield and quality were not affected by recycling [115].
There was a good relationship between the EC and ion concentrations of the supplied
solution, the recycled leachate solution, and the non-recycle leachate solution.

5.2 Recycling medium

Among artificial substrates, rockwool has excellent physical and chemical proper-
ties and is widely used in crop production [116]. Rockwool is expensive to purchase
and difficult to dispose of after use. To compensate for these shortcomings, studies
have been conducted to reuse the substrate [117].
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Cocopeat is a popular substitute for rockwool, which is made from the outer shell
of coconut and can be used as compost after use [118]. When the coir substrate was
recycled as a seedling substrate after 2 years of hydroponic tomato cultivation, the
growth was best when the coir content of the substrate was 75% or more for cabbage
and 85% or more for lettuce [119]. Hydroponic cultivation accounts for more than
75% of the organic substrate cultivation area in China, and it can save water and
fertilizer, increase yield, and protect the environment [120, 121].

In closed and open hydroponic systems, the physicochemical properties of the root
medium have a significant impact on strawberry growth and yield [122], and the root
medium changes its physicochemical properties due to the continuous decomposition
of the substrate components. These particles can be decomposed by physical forces or
microbial influences [123].

Due to the limited root volume and low ion buffering capacity, irrigation water
and nutrient content must be carefully controlled [103, 118]. Many formulations of
essential macro- and micronutrients have been developed to enhance plant growth
and nutrient uptake [124, 125]. Controlling the chemical composition and concentra-
tion of nutrient solutions is a key technology for recycling substrate cultivation.

5.3 Management drainage solution

The changes in the chemical characteristics of the drainage solution as well as the
growth, yield, and fruit quality were investigated in relation to the number of years
the root media used. The changes in nutrient composition of the drainage solution
and their effect on tissue nutrient content can be used to modify the nutrient com-
position in the drainage solution when the solution is reused in closed hydroponic
cultivation of strawberries [126].

5.4 Utilization of renewable energy in agriculture

On the national level, the proportion of renewable energy is increasing due to the
influence of RE100, etc. Farms are also installing small-scale solar power generation
facilities to generate electricity and use it for environmental control. Since a lot of electric
energy is needed for heating and cooling, the trend of increasing installation of small-
scale renewable energy facilities is currently slowing down. This is because the perception
has spread that it would be better not to use renewable energy at all, as replacing heating
and cooling energy with renewable energy requires a lot of facility installation costs.

5.5 Introduction of medicinal crops

Hydroponics has been mainly used to improve the quality of vegetables such as
lettuce, tomatoes, cucumbers, bell peppers, peppers, and melons. Recently, due to the
diversity of consumers, the cultivation of medicinal plants with high economic value
has also increased [127].

Cultivating medicinal crops with high demand under customized environmental
conditions can achieve high yields and high quality, shorten the cultivation period,
and enable sustainable cultivation [74].

Ice plant is known as a highly functional plant that is good for preventing adult dis-
eases in Japan [128], and is also recognized as a high value-added crop in Korean plant
factories. In Korea, plant factories are performing well in the niche market, not only
carrot [13], leaf kale [19], Peucedanum japonicum [24], ragweed [76], ice plant [106],
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quinoa [129], but also Indian pennywort (Centella asiatica), which is used as a food
and pharmaceutical material with rapidly increasing domestic demand [130, 131].

6. Conclusion

Consumers increasing interest in income, health, and the environment is already
reflected in the market, and their preference for high-quality agricultural products is
reflected.

Hydroponics facilitates year-round crop production by meeting consumers’
demands for consistent and diverse agricultural products in a clean environment.

It is necessary to promote to general consumers that hydroponics and plant factory
cultivation are eco-friendly by minimizing irrigation and fertilizer amounts, prevent-
ing environmental pollution, and increasing space utilization.

In order to achieve eco-friendly cultivation, recycling technologies for media and
nutrient solutions should be developed and expanded, and sales and profitability
improvement through light efficiency and shortened growing periods are important
for energy savings.

Agricultural products produced in plant factory systems should be price competi-
tive with general agricultural products through the development of plant factory-spe-
cific species produced on-site, cultivation technologies, productivity improvements,
and production cost reduction technologies.

The labor shortage will also act as a stimulating factor for the development of
hydroponics, aquaponics, and plant factories, and automation element technolo-
gies for labor savings are expected to develop. Various control facilities combining
hydroponics or plant factory technology with the Internet of Things (IoT), artificial
intelligence (AI), and deep learning will be introduced.

We must continuously strive to develop quality and crisis response technologies
for the stable production of high-quality agricultural products and consumers’ inter-
est in the environment.
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Abstract

Global food security is increasingly challenged by unpredictable climatic condi-
tions and population growth. Currently, most farmers rely on soil-based cultivation
methods for food production. The limitations of this approach mainly include high
dependence on the seasonal changes and chemical additives. These limitations
suggest that traditional cultivation methods may not be sufficient to supply the
world’s food needs in the future. As a result, alternative, sustainable food production
methods are needed. Hydroponic technology has emerged as a promising alternative,
allowing for improved food production at both local and commercial scales. This
review article, therefore, explores the potential of hydroponic systems to support
plant growth and further looks at the performance of various crops in hydroponic
systems. The key findings from the literature point out that while lettuce is still a
common food crop produced hydroponically, herbs, certain fruits and medicinal
plants are also gaining popularity. The review also exposed a gap in the research
regarding the impact of hydroponic systems on health-promoting compounds and
secondary metabolites on plant species. In addition, the review provides evidence that
hydroponic cultivation accelerates plant growth as compared to soil-based cultivation
methods. Finally, the review highlights the role of technology in optimizing hydro-
ponic practices.

Keywords: sustainability, climate change, food security, economy, controlled
environment agriculture

1. Introduction

Food security is a major challenge worldwide, and this challenge is attributed
to climate change and rapid population growth. The latter influences food demand
significantly, as the population continues to grow the food demand also grows [1].
A projection made by United Nations indicates that by 2037, there will be 9 billion
people on earth and 10 billion around 2050, to match this increase, a rise in global
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food production is required [2]. Currently, food production is dependent on soil-
based cultivation method, and this method has several limitations, such as climate
change, urbanization, pollution and seasonal variations. In addition, farmers rely
mainly on chemical inputs to enhance food production. This approach affects soil
health and is unfriendly to the environment [3]. Based on this, traditional cultivation
method is not guaranteed to produce enough food in the future [1]. There is therefore
a need to search for alternative methods to help enhance or improve food produc-
tion sustainably. Recently, hydroponic technology has emerged as a promising and
innovative method to improve food production at both local and commercial scales
[4-6]. The nutrient solution in hydroponic systems is independent of substrates,
such as perlite, sand, peat moss, etc. [6]. As compared to traditional cultivation
methods, hydroponics is increasingly gaining popularity in agricultural sector due to
several advantages it offers. To mention a few, it uses water efficiently, has improved
control over nutrient levels, is able to produce plants in areas with poor soil quality
and enables year-round cultivation, especially in space-constrained regions [6-8]. In
addition, beyond cultivating food crops, specialty crops like herbs and ornamentals
can be cultivated in hydroponics [9]. According to Gashgari, et al. [1], hydroponic
cultivation has been proven to enhance plant growth as compared to the traditional
cultivation system. Similarly, Mariyappillai et al. [10] revealed that hydroponically
grown plants, such as lettuce (Lactuca sativa), grow quicker and result in more yield
as compared to soil-dependent/grown plants. Furthermore, research by Groenveld
etal. [11] and Goddek et al. [12] demonstrates that hydroponic cultivation promotes
faster growth and results in an improved yield.

Overall, hydroponics offers a sustainable solution to meet the global food demand
using fewer resources [13, 14]. Hydroponics also reduces land and water requirements
by 75 and 90%, respectively, presenting a potential solution to global food scarcity
[15, 16]. Based on this, some farmers are transitioning from traditional cultivation
methods to hydroponic cultivation, intending to address global food security, which
is threatened by climate change [17]. This literature review, therefore, provides a
comprehensive discussion of hydroponic cultivation systems and their potential to
enhance food production. The review further compares hydroponic cultivation sys-
tems to conventional soil-based methods. It also highlights the economic implications
of hydroponic systems and lastly, the use of technology, such as light-emitting diodes
(LEDs), in hydroponic system is highlighted.

2. Overview of the commonly used hydroponic systems in agriculture

There are various types of hydroponic systems that the growers can choose from,
and each system is accompanied by its own advantages and limitations. These hydro-
ponic systems are highlighted in Table 1.

2.1 The nutrient film technique (NFT)

The NFT is a closed hydroponic system with a simple design, and it is commonly
used by both small-scale and commercial growers who specialize in the production of
fast-growing crops, such as lettuce, baby greens and herbs [24]. In a study conducted
on five lettuce varieties, NFT and EBB and flow systems were compared, the number
of days to maturity was reduced by the NFT compared to the EBB and flow [25].
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Hydroponic Benefits Limitations

system

Nutrient film The recycling of water in the NFT allows The continuous irrigation is energy-

technique (NFT) the user to save water [18] intensive [19]

Deep water Uses a minimum initial investment [20] There is little room for automation,

culture and this system requires constant

supervision [20]

Aeroponics The use of aeroponics can save the grower The possibility of blocked nozzles can
about 98% of water, 60% of fertilizer and have a negative impact on cultivated
100% on the cost of pesticides [21] plants [20]

Wick system The closed nature of wick system limits The wick system is suitable for small-
run-off and promotes proper plant scale farming and only accommodates
nutrition, and this promotes the uniform plants with short life cycle [23]
production [22]

Table 1.

The benefits and limitations associated with the use of various hydroponic cultivation methods.

Another recent study was conducted on spinach and lettuce grown in the NFT, which
both exhibited high yield and high content of mineral nutrients [26]. NFT consists of
grow channels powered by mechanical pumps to circulate nutrient solution making
them available to plants [20]. In this system, plant roots are suspended in the gullies
with a constant flow of nutrient solution necessary for growth of plants [27].

2.2 Deep water culture (DWC)

Deep water culture, also referred to as direct hydroponic culture, is a stationary
hydroponic system consisting of floating rafts placed over containers filled with
nutrient-rich solution [20]. In this growing system, plant roots are continuously
immersed in nutrient-rich water solution [15]. This system is highly efficient, cost-
effective and is admired for the cultivation of large quantities of lettuce varieties
and other leafy green vegetables [28]. A study by Majid, et al. [29] recommends deep
water culture for the cultivation of lettuce and other leafy vegetables. It is important
to note that this technique can be used by both well-established and small-scale
farmers, and requires constant aeration to increase the amount of dissolved oxygen,
which is usually achieved with the aid of air bubblers [20]. The lack of oxygen can
hinder the roots from functioning properly [30]. Continuous monitoring of not only
the nutrient concentration and oxygen, but also the buildup of mold, fungi, water pH
and electrical conductivity (EC), is important for proper growth and development of
the plants [18].

2.3 Aeroponics

Another common hydroponic system is aeroponics, and this is a system that does
not use any growing medium [21]. In this system, the plants are supported by either
vertical or horizontal panels and their roots are misted by nutrient-rich solution [20].
Plants grow well in aeroponics because of the continuous exposure of the roots to
the air, which promotes root aeration and further ensures that plants have full access
to oxygen [31]. This system is mostly intended for small horticultural commodities,
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it necessitates a high capital investment and operational costs [20] and is ideal for
growing leafy vegetables, such as lettuce and spinach (Spinacia oleracea) [18]. A study
by Chandra et al. [32] demonstrates an increase in yield and total phenolics on leafy
vegetables, herbs (basil, kale and parsley) and fruit crops (bell pepper, cherry tomato
and squash) grown in the aeroponic system. This study compared the aeroponic
system to the soil-based growing method. Another study revealed that aeroponics are
also popular for potato tuber cultivation, as they can result in an improved yield per
unit area compared to conventional tuber production method [33].

2.4 The wick system

The wick hydroponic system, also known as the passive or self-feeding system, is
ano pump [34], aerator or electricity system [18]. It is best suitable for growing herbs
where the plants are grown in a pot containing an inert medium and a wick (cloth),
which sucks up the nutrient solution from its tank onto the plant [35]. The wick sys-
tem is not compatible for plants with high water requirements [23]. There is limited
or no research on this type of hydroponic system. Further studies need to focus on
evaluating the response of plant species to this type of hydroponic system.

2.5 Vertical farming in the controlled environment

Vertical farming is a farming practice that takes place in a controlled environment
where plants are stacked on top of each other in vertical racks [36]. This is a highly
efficient system, and it produces a high yield because plants are stacked upwards
(mostly in shelves against the wall) in layers maximizing the production area [37, 38].
The loss of agricultural land to urbanization and the increase of food demand have
popularized vertical farming [36] compared to the traditional farming method. That
is due to vertical farming only requiring 5% of water for the same output of produce
grown in the open field [38]. A lot of horticultural crops can be grown in a vertical
farm, including crops, such as microgreens, salad leaves, strawberries (Fragaria
species), spinach (Spinacia olaracea) and culinary herbs [39]. Considering the land
constraints especially in the urban areas, vertical farming is the efficient alternative
way to grow crops in the hydroponic settings; this system, however, requires con-
tinuous controlling and monitoring of the temperature, light, relative humidity and
nutrient levels [40].

3. Performance of agricultural commodities in the hydroponic systems

As explained above, hydroponics can be used to grow a variety of plants, including
fruits, vegetables, flowers and medicinal plants [41]. This growing method allows
farmers or producers to produce crops all year round using less area and achieve
higher crop yields [9]. Several studies demonstrated that hydroponics minimizes
environmental degradation, enhances food production and most importantly
improves food sustainability [9, 42]. Hydroponically grown crops have a better nutri-
tional content than soil-grown plants, leading to improved human health [43]. On
the other hand, hydroponic systems have been known for growing fruit and vegetable
crops such as lettuce. It has, however, been discovered that the number of agricultural
commodities that are successfully grown in such systems is increasing, and this is due
to the reliability and cost-effectiveness of this growing method. Recently, hydroponic

62



Perspective Chapter: An Overview of Hydroponic Cultivation for Sustainable Food Production

DOI: http://dx.doi.org/10.5772/intechopen.1008345

systems, such as deep water culture and nutrient film technique, have been able to
successfully grow food-based commodities, including cereals, fruit and vegetables as
well as herbs (Table 2) [25, 29, 45, 47, 55]. It is unusual and surprising that medicinal
plants and ornamental crops are also grown in hydroponic systems. Table 2 shows the
list of crops that can be grown in the hydroponic systems. Furthermore, various stud-
ies have compared the performance of crops grown conventionally and in hydropon-
ics and discovered that growing crops in the latter systems have a greater potential

to address global food security because they enhance yield of various crops, such as
tomato [56], strawberry (‘Ozark Beauty, Fragaria x ananassa) [57] and lettuce [29],
and also shorten time to maturity [29, 56]. A detailed comparison of crops grown
conventionally and in the hydroponic system is presented in Table 3.

Name of crop Type of hydroponic Reference
system

Cereals

Maize (Zea mays cv. Kaveri-244+, cv. BHARAT Hybrid Sultan Deep water culture [25]

702, cv. Getco seeds GP-901, cv. Essence-Platinum)

Durum wheat (Triticum turgidum L. cv. Claudio W.) NS [44]

Maize (Zea mays L. var. Jubilee) Deep water culture [25]

Fruit and vegetable crops

Tomato (Solanum lycopersicum L. cv. Bush Goliath) NS [45]

Tomato (Solanum lycopersicum L. cv. Pannovy) Nutrient film technique [45]

Pepper (Capsicum annuum L. cv. Friariello) Nutrient film technique [46]

Lettuce (Lactuca sativa) Nutrient film technique [47]

Lettuce (Lactusa sativa L., var. Longifolia) Deep water culture and [29]
nutrient film technique

Chili (Capsicum annuum) Deep water culture [48]

Herbs

Basil (Basil ocimum sp.) Deep flow culture/deep [49]
water culture

Dill (Anethum graveolens L.), Rocket (Eruca sativa), Coriander Nutrient film technique [47]

(Coriandrum sativum L.) and Parsley (Petroselinum crispum)

Ornamental crops

Chrysanthemum (Chrysanthemum x morifolium Ramat.) Deep water culture [50]

French marigold (Tagetes patula L.) Deep flow technique [51]

Marigold (Tagetes patula)

European black nightshade (Solanum nigrum) NS [52]

Marvel of Peru (Mirabilis jalapa)

Chrysanthemums (Chrysanthemum indicum) NS [50]

Chrysanthemums Chrysanthemum cv. “Rajkumari” NS [53]

Medicinal plants

Milkweed (Euphorbia peplus) Deep water culture [54]

Table 2.

Growth of various plant species in various hydroponic systems.
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4. Economic viability of the hydroponics

From the economic point of view, hydroponic cultivation is cheaper than the
traditional cultivation methods. Hydroponic systems are technically efficient when it
comes to saving water and fertilizers [6]. There are, however, a few limitations with
the hydroponic systems such as high startup costs [61]. Research studies have shown
that the costs of producing hydroponic vegetables inside greenhouses are higher
compared to traditional farming systems. The hydroponic systems require electricity
as a source of energy, and costly equipment, such as air and water pumps [62, 63].
During the installation of the climate-controlled system, several aspects should be
considered, including system availability, system efficiency, transportation cost and
the initial cost of the system [64]. To overcome these challenges, the Kratky hydro-
ponic system should be adopted. This system offers an opportunity to grow crops
sustainably and it reduces the costs that are associated with advanced hydroponic
systems. In addition, this method does not necessitate the use of timers, air pumps,
climate monitoring systems or additional labour [65]. It, however, encourages the
rapid growth of minor crops, such as lettuce and herbs, because they can be cultivated
with just one initial application of the nutrient solution throughout the full cropping
season [66]. In addition, it can boost food security while offering urban farmers and
residents a profitable and sustainable business opportunity [63]. On the other side,
Folorunso, et al. [67] investigated the profitability of hydroponics under two produc-
tion scales, namely small- and medium scales, and this author discovered that at both
production scales, hydroponic systems were found to be largely profitable. According
to this research, small-scale farming produced a net return of R115.66/m? annually,
while medium-scale farming produced a net return of R540.05/m” annually [67].

5. Environmental benefits of hydroponic systems
5.1 Climate change and water use efficiency

Climate change has become increasingly recognized as one of the greatest chal-
lenges to humankind and all other life on earth [68]. The agricultural industry is
affected by extreme weather occurrences, such as heatwaves, droughts, floods and
irregular precipitation [69, 70]. These climatic shifts have a significant impact on
crop yield directly endangering the availability of food and nutrition [71]. Climate
change has significant socioeconomic impacts in addition to its biological impacts.
The aforementioned problems associated with climate change lead to reduced agri-
cultural production, which in turn influences higher food costs [72]. To address these
challenges, extensive adaptation and mitigation methods are required. Recently,
hydroponics emerged as an effective and efficient method of food production that
can reduce the pressure faced by farmers. Crops grown in hydroponics are not
dependent on external environmental conditions. A controlled environment protects
crops from external factors and ensures continuous production while minimizing the
risks of crop loss. This therefore ensures that there is a continuous food supply for
everyone [73].

In addition, climate change affects the water resources needed for agricultural pro-
ductivity, as higher temperatures, increased evapotranspiration and decreased pre-
cipitation lead to a greater requirement for irrigation [74]. Water security is another
common challenge worldwide, and limited access to clean water is getting worse
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day by day [75]. Seventy per cent of the water extracted from water bodies, globally,
is used for agricultural production [76]. Soil farming consumes substantially more
water than hydroponics, as much of the water is lost to leaching and not absorbed by
the plant’s roots [77]. The hydroponic cultivation alone saves about 95% of irrigation
water [78]. In the hydroponic systems, water is not wasted because the plant is grown
directly in the nutrient solution and water flows through the pipes where it can be
recycled and reused [4]. To ensure that there is enough food supply, it is vital to adopt
various innovative and climate smart agricultural practices such as hydroponics [79].

5.2 Carbon footprint reduction

Food production and consumption have a substantial environmental impact,
and the current view is that we need to switch to more sustainable growing tech-
niques [80, 81]. Conventional agriculture requires significant inputs of pesticides,
herbicides, fertilizers and chemicals-based substances, which harm the soil and pose
serious threats to human health and the environment [82]. Hydroponics is one of
the sustainable growing techniques that is proven to reduce the risks associated with
extreme weather and pests. It decreases reliance on toxic chemicals like insecticides
and pesticides [83]. Hydroponic farming is a useful environmentally friendly technol-
ogy that results in minimal negative effects on the environment [84] while enhancing
growth and yield [85]. Hydroponics is an alternative to conventional agriculture and
can boost output without producing a large amount of waste substances into the
environment [82, 86]. Conventional agriculture depends primarily on soil and the soil
becomes less fertile because of continuous, repeated cultivation, which also results
in decreased productivity and quality attributes [87]. In contrast, hydroponics is a
soilless method that ensures efficient land use [10]. Hydroponics allows more precise
control over crop nutrition, resulting in more effective nutrient regulation and water
management [88]. In hydroponic system, untreated wastewater can be used to irrigate
crops, and this reduces the demand on natural water sources [89, 90]. Hydroponic
systems can be a solution to agricultural food production challenges since they have
a lower environmental impact, use less energy, water and fertilizer, and require less
acreage while improving agricultural yield [91].

6. The use of technology to enhance production in hydroponics

Since the climate change and a rapid increase in the human population threaten
the agricultural food systems, some farmers have slowly shifted to controlled environ-
ment agriculture (CEA) where limited space is used to sustainably grow high-quality
crops. Hydroponic cultivation is one of the innovative and promising methods to
grow crops, providing numerous advantages over conventional farming methods.
Various crops have recently been produced successfully in hydroponic systems, as
outlined in Table 1, and high nutritional quality and yield have been achieved, thus
promoting sustainable development goals (SDGs) (Figure1).

Most importantly, in CEA the use of solid-state light sources is the key technol-
ogy to enhance photosynthetic activities [92]. Over the past years, light-emitting
diodes (LEDs) have been preferred because of their unique properties and added
advantages over other light sources, such as inflorescence and incandescence [93,
94]. Specifically, LEDs are cost effective, use less energy and have a long lifespan.

In a recent review compiled by Ngcobo and Bertling [94], the application of LED
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SGD 1 SDG 2 SDG 3 SDG 13

Figure 1.
Sustainable development goals that arve directly affected by hydroponic cultivation (SDG 1- Zero hunger; SDG
2- No poverty; SDG 3- Good health and well-being; and SDG 13- Climate action).

technology in hydroponic systems is discussed briefly and it is highlighted that it
plays a pivotal role in enhancing photosynthetic activities, thereby enhancing growth,
yield and quality. Other authors have also proven that technology enhances yield and
quality of various horticultural crops grown hydroponically [52, 95, 96]. LEDs affect
plant morphological and physiological responses by manipulating photosynthesis

as they allow wavelengths to be matched to those of plant photoreceptors, such as
phytochrome red and far red. Additionally, different wavelengths of light affect pho-
tosynthetic pigments in plants, such as chlorophylls and carotenoids [97]. Without
supplemental lights in hydroponics, photosynthesis cannot be optimized, as such the
yield and quality can be compromised.

Through the Fourth Industrial Revolution, traditional farming has been trans-
formed into a more efficient growing system through advancements in agricultural
technology. As a result, smart hydroponic systems have been introduced. This grow-
ing technique involves controlling the operations systematically to enhance agricul-
tural production [98]. This includes, amongst others, operations like automated water
management/ irrigation, smart sensors, artificial intelligence (AI) and the Internet
of Things (IoT). Even though this technology increases agricultural efficiency, it has,
however, several limitations, such as high initial cost and the need for technical exper-
tise. Growing crops in smart hydroponic environments is an avenue that still needs to
be explored by researchers as there is minimal information available on this area but
has a huge potential to address global food security [99].

7. Challenges and limitations linked to hydroponic systems

Even though hydroponic cultivation method has emerged as a promising system
to produce food sustainably regardless of the season, it has its drawbacks. The initial
setup cost and technical expertise are major challenges in hydroponic cultivation. One
has to be financially ready when starting a hydroponic operation, as there is a signifi-
cant amount of cost that is associated with the startup of the operation [64]. One of
the basic requirements in hydroponic production is the expertise for the management
of nutrients, lights and pests [1]. Even during the installation phase of the controlled
environment, technical expertise is required, meaning that highly skilled person-
nel need to be hired to assemble the building materials. On the other side, energy is
vital for the proper functioning of the hydroponic system. To optimize the produc-
tion, pumps for continuous water circulation, filters and other energy-consuming
components are necessary. In the case of a smart hydroponic system, more energy is
required. To address energy-related issues, the installation of solar panels is recom-
mended, even though this comes at a higher cost. Nutrient management is another
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key issue, as nutrient availability is dependent on water pH. It is not easy to maintain
neutral soil pH in some other types of hydroponics.

8. Conclusions

In most countries, agricultural production is threatened by a rapid increase in
human population as the per capita land availability decreases leaving limited arable
space for agricultural activities. Most farmers rely on open-field agriculture, which
has several limitations, such as labour and water use for crop production. On the
other hand, human activities like the burning of fossil fuel are the major causes of
environmental issues, which are a serious threat to food production systems. In this
review, the alternative cost-effective method of growing crops for global sustainable
food production is extensively discussed. Most farmers are transitioning from the
conventional or soil-based methods to hydroponic systems. The review has shown
an increase in the number of crops that grow successfully in hydroponic systems,
surprisingly latter systems also allow the growth of medicinal and ornamental plants.
The review further compared the response of food crops to both conventional and
hydroponic systems and revealed that the hydroponic system reduces time to matu-
rity and improves yield and size of crops, on top of that production in this system is
all year round. The use of technology in hydroponics is also highlighted as modern
agriculture advocates for innovation to produce maximum yield. Based on this, farm-
ers can safely transition to this growing system to guarantee more yield throughout
the year. The effect of this system on fruit quality is, however, not clear and still
needs further investigation. It must be noted that there are limitations attached to
the hydroponic system but they are minimal as compared to soil-based agriculture.
Lastly, there is a need to find innovative and environmentally friendly methods that
have a potential to partially reduce the use of chemical-based fertilizers in hydropon-
ics for a sustainable production of crops.
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Chapter 5

Hydroponic Farming: Innovative
Solutions for Sustainable and
Modern Cultivation Technique

Gamachis Korsa, Abate Ayele, Setegn Haile and Digafe Alemu

Abstract

As conventional soil-based farming face limitations due to diminishing arable land
per capita, advanced agricultural technologies have emerged as a promising solutions.
Among these, hydroponic farming — a soilless crop cultivation method - stands out
as a leading innovation in vegetable production, offering a viable response to these
pressing challenges. This chapter explores the world of hydroponic farming, high-
lighting the best and most sustainable practices associated with this modern cultiva-
tion technique. By reviewing peer-reviewed articles from reputable educational
journals, the chapter categorizes the findings into four key areas: types of hydroponic
farming systems, factors that affect their performance, substrate constituents, and
potential applications in modern agriculture. The findings of the current review indi-
cate that hydroponic farming is an effective tool for combating hunger and improv-
ing food safety, especially in developing countries with limited water resources. By
implementing innovative techniques that enhance resource utilization, reduce health
impact, and create a more sustainable for food production, hydroponics represents a
significant advancement in agriculturral environment.

Keywords: cultivation, hydroponic, soil-less farming, substrate, sustainable

1. Introduction

The rapidly expanding global population is placing a significant strain on food
security, a vital pillar of national prosperity and economic growth. As the world’s
population continues to swell, the availability and accessibility of nutritious food have
become a pressing concern, directly impacting a country’s overall well-being and eco-
nomic stability. The escalating demand for food necessitates the use of more energy,
water, and soil resources, which can have negative environmental consequences.

The widespread adoption of intensive farming practices can lead to soil degradation,
nutrient depletion, and reduced soil fertility, ultimately threatening the long-term
productivity of the land [1, 2].

The global population has more than doubled since 1960 and is anticipated to

reach 9.8 billion by 2050. Although between 2015 and 2018 the growth rate remained
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relatively stable at 10.6 and 10.8% respectively, the number of people suffering

from undernourishment increased by 4.6%, rising from 785.4 million in 2015 to

821.6 million in 2018. This population increase intensifies the pressing issue of food
security, which is a crucial element of sustainability. Consequently, investing in
agriculture is critical to ensure food security and combat global hunger and poverty
[3]. Conventional farming practices face numerous challenges, such as inefficient
irrigation water usage, the requirement for large tracts of land, and dependence on
chemical fertilizers. Consequently, soilless agriculture has emerged as a promising
alternative that addresses these issues. In addition to conserving and rehabilitating
agricultural land, soilless farming — particularly when employing closed-loop systems
— offers numerous benefits: it recycles a predetermined amount of water, reduces
irrigation water consumption by 85-90%, can be utilized in locations unsuitable for
traditional farming, generates minimal environmental pollution, and generally results
in higher yields compared to conventional methods [4].

.As the availability of arable land declines and environmental factors become more
challenging, farmers are increasingly turning to innovative soilless farming methods
to cultivate crops, particularly vegetables. Soilless cultivation involves growing plants
in mediums other than soil, using irrigation water to supply essential nutrients. This
approach offers a range of benefits, including more sustainable agricultural practices,
improved soil conservation, and advanced industrial techniques. In hydroponics,
essential nutrients are delivered through mediums such as rock wool, hydroton, and
perlite for various crops, including leaf lettuce, tomatoes, peppers, and cucumbers.
On the other hand, aeroponics is a subset of hydroponics where plants are suspended
in the air, and their roots are periodically misted with a nutrient solution from an
automated sprinkler system connected to a central nutrient reservoir, ensuring
efficient and accurate delivery. This method is effective for growing a wide range of
vegetables and fruits, including beets, broccoli, cabbage, carrots, potatoes, tomatoes,
and watermelon [5, 6].

The term “hydroponics” originates from the combination of the Greek words
“hydro,” meaning water, and “ponos,” meaning labor. Hydroponics involves grow-
ing plants in nutrient-rich water, often without the need for a solid medium like
soil. Unlike traditional farming methods, hydroponic plants do not require a solid
foundation, instead receiving a balanced mix of nutrients dissolved in water. One of
the key advantages of hydroponics is the reduced labor costs, as the process typically
takes place in controlled environments with automated irrigation and fertilization
systems [7].

In densely populated urban areas, hydroponic farming is an ideal solution due to
limited land availability. By using rooftop and vertical hydroponic systems, farmers
can cultivate a variety of vegetables, reducing the distance food travels and increasing
local food security. This innovative approach yields 1000 times more produce than
conventional methods, making it an attractive solution for compact cities. In addition
to issues like low soil fertility in various arable regions, limited natural soil fertil-
ity replenishment by microorganisms resulting from ongoing cultivation, frequent
droughts, unpredictable climate and weather conditions, rising temperatures, river
pollution, ineffective water management, and significant water waste, as well as
decreasing groundwater levels, conventional soil-based agriculture faces substantial
threats to food production. If these challenges persist, it may soon become unfeasible
to feed the entire population [8, 9]. The evolution of hydroponics has been a signifi-
cant development in modern agriculture, holding immense potential to transform
the way we grow crops. From its historical roots to its current widespread adoption,
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hydroponics has evolved as a sustainable and innovative approach to address the
pressing issues of food security and environmental sustainability [10].

This innovative approach enables the production of a large quantity of crops,
vegetables, and plants in a controlled environment. One of the significant benefits
of hydroponics is the superior quality of the harvested products, which boasts
better taste, nutritional value, and overall yield compared to soil-based cultiva-
tion. Additionally, hydroponics offers several advantages, including reduced costs,
decreased risk of disease, and eco-friendliness [11]. Hydroponics is also a contempo-
rary agricultural method that eliminates the need for soil in crop cultivation, earning
it the label of soilless farming. This approach is an effective alternative for producing
nutritious fruits and vegetables, as it reduces exposure to soil-borne pathogens by not
utilizing soil for growth. Hydroponics aligns with the 2030 Sustainable Development
Goals (SDGs) zero hunger agenda, enabling individuals to grow their food at home.
This initiative has the potential to empower young people and women, thereby
contributing to the country’s economic growth. The use of the root dipping technique
in hydroponic farming has been found to promote exceptional growth and high yields
in jute mallow production [12].

Compared to conventional farming techniques, hydroponics has several advan-
tages, including reduced water consumption — typically using 90% less water. The
popularity of hydroponics stems from its cost-effectiveness and health benefits for
consumers. By growing plants without soil, hydroponics eliminates the risks of pests
and diseases, eliminating the need for expensive treatments and preservation meth-
ods. Soilless cultivation is increasingly adopted in protected agriculture to enhance
the management of the growing environment and minimize unpredictability in soil
water and nutrient conditions. Recently, the method of soilless culture has shifted
from an open to a closed-loop system, which is recognized for improved water use
efficiency while preserving yield quality [13, 14]. The integration of next-generation
technologies in soilless vegetable production is poised to revolutionize yield, effi-
ciency, and sustainability. Artificial intelligence (AI)-powered monitoring systems
and precision farming methods enable the precise tracking of crucial factors such as
nutrient levels and pH in soilless vegetable production, ultimately informing the suc-
cessful implementation of cutting-edge technologies that can optimize crop growth
and reduce environmental impact [15].

Despite the success of hydroponics on a large scale, implementing this method on
a small scale, particularly in urban and suburban settings, poses unique challenges. In
rural communities, where access to suitable technologies is limited, the adoption of
hydroponics can be even more daunting. However, recent advancements in technolo-
gies such as the Internet of Things (IoT) and Industry 4.0 have paved the way for
precision agriculture on a small scale. This approach enables farmers to monitor and
control key variables like pH, electrical conductivity, and temperature with precision,
resulting in increased yields and reduced resource consumption [16].

New approaches to soilless production, such as hydroponic farming, hold great
potential to solve agricultural issues related to sustainability, productivity, and
efficient use of resources. It describes the start expenses, ongoing costs, and potential
revenue of hydroponic systems with traditional soil-based farming to assess the
economic viability of these systems through a comprehensive cost-benefit analysis.
This technology allows for sustainable agricultural methods and assists in achieving
the growing requirements of the world’s food systems [17].

The chapter conveys that hydroponic farming is a viable and sustainable option
for modern agriculture. By adopting best practices, such as efficient nutrient
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management, water conservation, environmental control, and responsible resource
use, hydroponics can significantly contribute to sustainable food production. This
method not only supports the demands of a growing population but also addresses
environmental concerns, making it an essential aspect of the future of farming.
Through innovation and adherence to sustainable practices, hydroponic systems can
lead to increased food security and healthier ecosystems. Therefore, this chapter
focused on hydroponic farming — best and sustainable practices for modern cultiva-
tion techniques.

2. Overview of hydroponic farming system for modern cultivation
techniques

The requirement for innovative agricultural techniques to be developed continues
to be continually in demand, particularly because of the numerous difficulties that
traditional farming encounters. Hydroponics is a unique advancement technology
that has solved these issues. High-yielding hydroponic systems can be placed strategi-
cally close to population centers by farmers, which will reduce shipping time and
fertilizer loss [18]. Soilless agriculture can thrive in various locations, such as balco-
nies, rooftops, greenhouses, and areas that are not suitable for traditional farming.

In this method, fully soluble nutrients are dissolved in water and delivered to the
plants using various irrigation technologies, such as injection systems. The plants are
supported using above-ground structures like benches, beds, and troughs were well-
suited for cultivating fruiting and leafy vegetables, strawberries, and ornamental
plants [19].

In soilless cultivation, crops rely on a nutrient-rich solution for growth, as
they do not come into contact with soil and precipitation. To ensure healthy plant
development and optimal yields, this solution must be supplied in excess, which
results in a significant amount of excess water and nutrients being removed from
the root systems [20]. Hydroponics reduces water use by up to 90% and lowers the
risk of nutrient runoff and soil erosion by doing away with the requirement for
soil. Compared to conventional farming methods, hydroponic systems’ controlled
environment allows for exact monitoring of temperature, light, and nutrient
levels, which enhances plant growth and increases yields. Hydroponics enables
continuous cultivation throughout the year, making it possible to grow crops in
areas with challenging climates or limited farmland. The environmentally friendly
aspects of hydroponics go beyond saving water and optimizing land usage. By
carefully regulating nutrient solutions in hydroponic systems, growers can apply
fertilizers more precisely, reducing waste and minimizing the release of harmful
chemicals into the ecosystem [21].

2.1Types of hydroponics farming system in modern farming

The acceptance of hydroponics technology as a sustainable urban farming solution
is gaining traction, attracting a diverse range of stakeholders including technologists,
non-farmers, retailers, restaurants, and consumers. While hydroponics offers an
innovative approach to food production, its environmental impact remains unclear.
The global hydroponics market is projected to reach $25.1 billion by 2027, comprising
various entities such as food manufacturers, farm producers, hydroponic system sup-
pliers, distributors of hydroponics components, and other key players [22].
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The process of growing plants without soil utilizing mineral nutrient solutions
and/or soilless substrates like sawdust, gravel, sand, pumice, perlite, vermiculite, rock
wool, peat moss, or coco coir is commonly referred to as hydroponics or hydroponic
systems. A variety of hydroponic systems may be obtained, as indicated in Table 1,
depending on how the fertilizer solution is applied. They include deep water culture
(DWC), nutrient film technique (NFT), wick, drip, ebb-flow, and aeroponic configu-
rations [11, 43, 44].

2.2 Other modern agricultural activities by hydroponic system

The occurrence of hydroponics systems, aeroponics, and aquaponics has revo-
lutionized the agricultural sector by offering innovative alternatives to traditional
soil-based farming. These cutting-edge methods have proven to be more efficient,
productive, and environmentally friendly. By utilizing resources more effectively,
increasing crop yields, and minimizing environmental impact, these modern cultiva-
tion techniques have transformed the way we grow our food [45]. Recently, the devel-
opment of modern agricultural technologies has revolutionized farming practices,
allowing for increased efficiency and novel production methods. These cutting-edge
systems not only optimize land use but also conserve water and provide a controlled
environment for optimal crop growth [46].

The SDGs, specifically Goal 2 (Zero Hunger) and Goal 12 (Responsible
Consumption and Production), highlight the critical role of sustainable agriculture
in achieving global well-being. As the world grapples with rapid population growth
and urbanization, the need for efficient food production methods that conserve vital
resources like water and energy has become more pressing than ever [47]. Hydroponics
is a method of growing plants in a controlled nutrient-rich solution, often supple-
mented with an inert medium like gravel, vermiculite, or rock wool to provide struc-
tural support. This approach allows for the development of more industrialized and
automated systems that can boost productivity while promoting ecological balance and
sustainability. By integrating facilities for environmental protection and improvement,
hydroponics can contribute to socio-economic growth and development [48-50].

The demanding need for increased food production, combined with limited
natural resources and arable land, and recent restrictions on energy consumption
necessitate an urgent solution in agricultural practices. To assess the environmental
impact of conventional agriculture versus hydroponics, we evaluated factors such as
soil degradation, crop-soil contamination, and greenhouse gas emissions. In terms of
resource consumption, it compared conventional agriculture to hydroponics based
on water usage rates per kilogram of produce (L/kg), energy consumption rates per
kilogram of produce (kWh), and the total energy required (kW) [51].

By reducing reliance on arable land and pesticides, hydroponics can thrive in
areas with poor soil quality, minimizing the impact of extreme weather events. As
the world’s population grows at an unprecedented rate, hydroponics offers a potential
solution for growing vegetables in urban areas. With controlled conditions, nutrient-
rich substrates, and solid support systems, hydroponics is poised to expand globally,
even in challenging agro-climatic zones [52].

2.2.1 Aevoponics system

The term “aeroponic” originates from the Greek words “aero” meaning “air” and
“ponos” meaning “work” An aeroponic system is a self-contained or partially closed
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Types of system

Characterics of hydroponic systems

Reference

Drip system

This system used for globally soil-based agriculture, measure drops/the
evaporation of water reduce, and therefore, the plant roots are always
kept moist without overwatering or runoff as in the case of conventional
agriculture.

[22]

These drip system methods offer numerous benefits, including shorter crop
growing durations compared to conventional farming, the ability to produce
crops year-round, reduced occurrence of diseases and pests, and the removal
of the need for weeding, spraying, and watering.

(23]

Ebb and flow
system

The most preferred for beginners; even experts opt for this method and does
not require any machinery and the production of crops.

Ebb denotes the period of water recession and drainage, using a pump,
submerging the roots in a nutrient solution for a brief period (5 to
10 minutes), followed by deactivation to allow solution evacuation.

In this system, the supply water is pumped from the water and nutrient
management storage tank to each bench or group of benches, filling toa
depth of 1-2 cm within 5 min and draining within 10 min for a total water
cycle per bay of 15 min.

[26]

Deep water
culture

It is commonly known as the deep flow technique, floating raft technology.
Alternatively, sufficient quantities of hydrogen peroxide (H,0,) can be used.

By using these methods, cultivation of crops can be reduced by 75%, and also
the requirement of water for irrigation can be lowered by 90% with negligible
environmental resource.

The plants are suspended above the water using a support system such as net
cups, and their roots are submerged in the water. One of the main advantages
of the DWC system is its simplicity.

Nutrient film
technique (NFT)

This allows the roots to absorb the necessary nutrients and oxygen,
promoting healthy plant growth. In NFT systems, the roots of the plants are
suspended in the nutrient solution, and the water is continuously flowing
over the roots.

[30]

Hydroponic systems, particularly nutrient film technique (NFT), are
highly effective due to their soilless nature and efficient nutrient and water
circulation.

(31]

Wick system

The wick system acts as a conduit, delivering nutrient solution to the roots of
potted plants.

[32]

Wick system so that the production costs of hydroponic cultivation can be
cheaper and more affordable.

(33]

Aeroponic system

In this system, roots are held in a soilless growing medium like Coco coir on
the grow tray. On these roots, nutrient-rich solution is being sprayed by using
specially designed misting devices.

[34]

In aeroponic systems, plants are grown on styrofoam plates that are secured
to a frame that can be either level or inclined at a precise angle of 45 to 60
degrees, commonly referred to as an A-frame design.

In aeroponics techniques, plants receive higher levels of oxygen, which helps
enhance their food-producing activity and makes them less susceptible to
pests and diseases.

(36]

Aeroponics is very suitable for studying water stress and root morphology
due to its ability to precisely adjust the moisture content in the root zone and
the amount of water provided

(37, 38]

Aquaponics
system

A wide range of different agencies have jurisdiction over water, animal health,
environmental protection and food safety, and their regulations are in some
cases contradictory or are ill-suited for complex integrated aquaponics system.

(39]
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Types of system Characterics of hydroponic systems Reference

The use of saline water in aquaponics is a relatively new development, andas  [40]
with most new developments, the terms used to describe the range/hierarchy
of types need to be established on a firm footing.

The most pressing issues are whether aquaponics can become acceptable [41, 42]
at the policy level. An emerging food production technology which has the

ability to condense and compress production into spaces and places that

would not normally be used for growing food by aquaponics system.

DWEC: deep water culture; NFT: nutrient film technique.

Table 1.
Types of hydroponic systems and their characterics in modern techniques.

system where plants are grown without the need for soil or an aggregate medium,
with their roots suspended in a deep air or mist environment. This innovative method
allows plants to grow rapidly, as the fine mist also delivers oxygen directly to the roots.
As aresult, the plants thrive in this unique environment, with the reservoir constantly
replenished with fresh nutrients [53].

A novel approach to hydroponics has been developed by combining multiple
irrigation systems, including drip irrigation, aeroponics, wick systems, and deep
water culture systems, within a closed-loop system. This integrated approach offers
significant benefits, including reduced water and nutrient loss to the environment.
Compared to traditional open hydroponic systems, the closed system demonstrates
remarkable improvements in water productivity, reaching up to 96%, and nutrient
utilization, reaching up to 97% [54].

An aeroponic system utilizes a novel method of providing plants with essential
nutrients. Instead of traditional soil, plants are cultivated in a nutrient-rich mist that
is atomized by a nozzle and sprayed at regular intervals. This innovative approach
allows for year-round production of fresh and nutritious fruits and vegetables, both
indoors and on rooftops, using artificial light sources. The system consists of a grow-
ing chamber, net pots, an irrigation system, a motor, a digital timer, and a nutrient
tank. This cutting-edge technique offers a sustainable and efficient way to grow crops
in controlled environments [33, 55, 56].

With the growing challenges of food security and environmental degradation,
there is an increasing need for sustainable agricultural practices. Soilless cultiva-
tion techniques offer a promising solution by minimizing land and water use while
maximizing crop yield and quality. The world’s population is projected to rise by
nearly a billion people over the next 12 years, reaching 8.1 billion in 2025 and 9.6
billion by 2050. This rapid growth will lead to an increased demand for food produc-
tion, placing a significant strain on the global agricultural system. Aeroponics offers a
more efficient and controlled method of growing crops, addressing the limitations of
traditional field farming practices [57].

2.2.2 Aquaponics system

The second SDG to achieve zero hunger by 2030 is under threat if current agri-
cultural practices persist. Conventional farming methods are often inefficient and
compete for space with a growing global population. In contrast, urban agriculture
offers a more sustainable and productive solution by utilizing soilless or alternative
growing mediums in urban areas. One such method gaining attention is aquaponics,
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which has evolved into decoupled or multi-loop systems to address the limitations of
conventional approaches [58].

Urban aquaponics farms, which combine aquaculture with hydroponic vegetable
production, offer a revolutionary and sustainable approach to food production in
urban areas with limited agricultural land and water resources. However, the equip-
ment employed in these systems, such as light-emitting diodes (LED) grow lights, air
conditioning units, osmotic systems, fertilization pumps, and circulation pumps, are
significant energy consumers. [59]. Aquaponics, a novel food production system, has
the potential to revolutionize the way we grow food by combining the cultivation of
aquatic animals with crops in a controlled environment. This innovative approach can
significantly reduce water consumption and minimize waste generation. However,
as a relatively new technology, aquaponics faces distinct regulatory and technical
hurdles that are not encountered by traditional farming methods [60].

According to the National Aeronautics and Space Administration (NASA),
aeroponics is a method of cultivating plants in the air without using soil or medium,
enabling efficient and rapid food production. This innovative approach allows for
year-round cultivation and harvesting without interruptions, as well as reduced risks
of contamination from soil, pesticides, and residues. Additionally, aeroponic systems
significantly minimize water usage by 98%, and fertilizer usage by 60%, and elimi-
nate the need for pesticides. Moreover, studies have shown that plants grown through
aeroponics tend to absorb more minerals and vitamins, resulting in healthier and
potentially more nutritious produce [61].

2.3 Factors that affect hydroponic system performance

Plant factories require hydroponic systems, like the deep flow technique, nutri-
ent film techniques, or aeroponic systems. Measurements of temperature, dissolved
oxygen content, pH, electrical conductivity (EC), and pH are vital for proper water
and fertilizer management in a hydroponic system. Real-time measurements of
all nutrients are essential because changes in ion concentrations in nutrient solu-
tions generate nutrient imbalances in closed hydroponic systems [62, 63] which are
depicted in Table 2.

In hydroponics, the success of plant growth hinges on the meticulous management
of the nutrient solution. Continuous monitoring and control of the nutrient levels
in the tank are crucial to ensure optimal conditions for plant growth at all times. The
implementation of an efficient automation algorithm is vital for a thriving hydroponic
farm, as manual maintenance of farm parameters can be time-consuming and prone
to human error, which can ultimately impact crop yields and quality [81]. It is essen-
tial to consistently manage and maintain the humidity levels in a growth chamber
according to the requirements of the plants. The aeroponics system offers an optimal
environment for oxygenation, enabling plant roots to develop in the air with abun-
dant oxygen available [56].

Conventional agriculture often applies water excessively across extensive fields,
leading to significant losses from runoff, evaporation, or poor absorption. In contrast,
hydroponics takes a more sustainable approach to water usage. Hydroponic systems
utilize a closed-loop method, where nutrient-enriched water is supplied directly
to the roots of plants. Any water that is not absorbed is recycled within the system,
reducing waste. As a result, hydroponics can use up to 90% less water than conven-
tional soil-based farming methods. Therefore, hydroponics not only conserves water
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Factors

Affects of hydroponic system

Reference

pH level

Hydroponic system has shown that the optimal the pH range for most
plants is slightly acidic to neutral, with a range of approximately 5.5 to 6.5.

[64]

A new nutrient solution management strategy, which examined pH of 4.0,
4.5,5.0, and 5.5 with or without micronutrient adjustments for growing two
cultivars of basil plants Dolce Fresca and Nufar in a greenhouse hydroponic
deep-water culture (DWC) system.

[65]

Plants grow best in a neutral pH nutrient media, and those grown
hydroponically at pH levels of 5, 8, and 9 have shown drastic differences in
their growth patterns, which can ultimately lead to the decline.

[66]

Electrical
Conductivity

In hydroponics, low values of EC indicate a scarcity of nutrients in the form
of ions; on the other hand, too-high values may lead to salt stress in the
plant.

[67]

The electrical conductivity (EC) has a significant influence on the health
and vigor of crops in hydroponics.

The electricity used to drive air conditioning systems to regulate the
temperature and humidity of the greenhouse environment.

This electricity was used to exploit and dispense water from the well in the
irrigation strip and to ventilate the environment inside the greenhouse.

[70]

Temperature

It influences not only on the initial growing stage but also on harvesting
period.

[71]

The performance of this hydroponic greenhouse was evaluated without
conventional heating methods, and results indicated that the hydroponic
greenhouse/controlled provides better environmental conditions than
conventional greenhouses.

During the day, temperatures inside the greenhouse reached above 18°C
and the temperature difference between outside and inside the greenhouse
was 6°C.

(73]

Maintaining the appropriate temperature for specific seeds during
germination in a hydroponic system is crucial to monitoring.

Sun light

The combinations of red and blue wavelengths with high photon efficiency
but that green and white light containing substantial amounts of green
wavelengths has a positive physiological impact on plants.

Light intensity significantly influences plant growth in hydroponic

green fodder systems, yet research exploring the growth dynamics and
nutrient accumulation in hydroponically grown barley under various light
conditions has been limited.

[76]

Root vegetables, such as carrots and potatoes, produced a lower demand for
blue light but still required some development

[77]

LED, high-intensity discharge (HID), or fluorescent lights are the most
commonly used light sources for hydroponics.

[29]

Nutrients

A balanced nutrient solution is required in hydroponic systems, which
should contain essential macronutrients such as nitrogen, phosphorus, and
potassium, along with micronutrients like iron, zinc, and manganese, in
appropriate concentrations.

[64]

Fertilizers provide essential nutrients for plant growth, but excessive
use can harm the environment. Smart farming technologies, such as the
normalized difference vegetation index (NDVI), can help estimate the
amount of fertilizer plants need without causing harm.

(78]
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Factors Affects of hydroponic system Reference
In hydroponics, all essential nutrients are provided to the plant via the [16]
nutrient solution, except for carbon, hydrogen, and oxygen, which are
air-borne.

Water and The seedling tool of hydroponic system is designed to monitor moisture [79]

Moisture levels: when the moisture falls below 60%, the pump activates, while it

deactivates when the moisture rises above 60%

Achieving the right moisture balance in the growing medium is essential [80]
for establishing seedlings successfully. It is advisable to moisten the selected

medium prior to sowing the seeds, but care should be taken not to over-

saturate it. For effective germination, keeping a steady moisture level is key

for the seeds.

Hydroponic systems used to conservation of water: it requires just 2-3 liters [11]
of water to produce 1 kg of lush green fodder, as compared to 60-80 liters to
conventional system of fodder production.

DWC: deep-water culture, EC: electrical conductivity, LED: light-emitting diodes, NDVI: normalized difference
vegetation index.

Table 2.
Factors that effective hydroponic system and their chavacterics in modern techniques.

but also optimizes its utilization, making sure every drop contributes to plant
growth [82].

In the research conducted by Baddadi et al. [73], notable advancements were
made in creating and constructing a microclimate within a greenhouse utilizing a
hydroponic system along with regenerated thermal energy. The evaluation of this
hydroponic greenhouse’s performance was carried out without the use of traditional
heating methods, with findings indicating that it maintained superior environmental
conditions compared to standard greenhouses. Daytime temperatures within the
greenhouse exceeded 18°C, and the temperature difference between the interior and
exterior was recorded at 6°C. Relative humidity levels varied between 20 and 35%
during the daytime and increased to 70-85% at night. The study also explored how
environmental variables impact the energy balance in strawberry cultivation within
the greenhouse, experimentally examining factors such as relative humidity, sunlight
levels, and ambient temperature.

Zamora-Izquierdo et al. [83] created an advanced automated crop management
system, which was evaluated in a greenhouse setting for tomato cultivation with a
recirculation setup. This system comprised four main components: a nutrient solu-
tion preparation unit, an irrigation unit, a disinfection unit for drainage water (DW),
and a purification unit for tap water. Within the nutrient solution preparation unit, a
combination of nutrients, disinfected drainage water, tap water, and reverse osmosis-
treated water was mixed. The nutrient solution’s composition was automatically
regulated based on electrical conductivity (EC), pH, and temperature, utilizing a
specialized fertilization control module.

De Lucas Leal et al. [84] studied that a comparison was made between traditional
greenhouses and hydroponic systems for spinach cultivation utilizing saline water
for irrigation. The research determined that the implementation of saline water in
agriculture necessitates the use of compatible cultivation methods. The study exam-
ined three types of cultivation: covered soil, uncovered soil, and a hydroponic system,
using brackish water with electrical conductivity (EC) levels of 0.8, 1.5, 3.0, 4.5, 6.0,
and 7.5 dS/m. Observations were made 38 days post-planting, measuring factors such
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as leaf water potential, osmotic potential, osmotic regulation, water consumption,
water use efficiency, leaf freshness, leaf sodium content, and yield.

Effective management of electrical conductivity (EC) and pH levels is crucial for
optimizing nutrient uptake and enhancing both productivity and quality in hydro-
ponically grown leafy greens. Typically, the pH of nutrient solutions is maintained
between 5.5 and 6.5; however, lowering the pH to a more acidic level (below 5) can
significantly reduce many troublesome waterborne diseases. Plant responses to
altered pH levels vary by species and can significantly influence the concentration of
hydronium ions as well as perturb the availability of cations. A decrease in pH leads to
an increase in hydronium ions, resulting in reduced availability of cations [66].

According to Purba et al. [85] studied that, in their experiment, various lettuce
varieties were cultivated in different growth media, revealing a strong correlation
among root wet weight, total wet weight, total oven dry weight, and root volume.
The choice of growth medium had a significant impact on leaf area, crown oven
dry weight, and root oven dry weight of the lettuce cultivars 30 days post-planting.
However, neither the growing medium used nor the type of lettuce selected notably
affected any plant parameters, such as length, number of leaves at 9, 16, and 23 days,
shoot wet weight, leaf area, economic fresh weight, or leaf-root ratio.

Key parameters that typically require regulation include the pH of the growing
medium, moisture levels, and ambient light and temperature conditions. While all
parameters can be managed manually, sunlight is often substituted with artificial
grow lights for indoor farming in urban environments. The types of grow lights
available include light-emitting diode (LED) grow lights, fluorescent grow lights, and
high-pressure sodium (HPS) or high-intensity discharge (HID) grow lights [86].

Various factors play a crucial role in hydroponic cultivation, including light inten-
sity, quality, and duration; the composition and balance of nutrients; water quality;
temperature and humidity; air circulation and ventilation; the growing medium; as
well as pH and electrical conductivity levels. Additionally, plant variety and genetics,
system design and maintenance, along with effective monitoring and control, are
essential considerations [87].

Hydroponic cultivation offers numerous benefits, including the production of
high-quality crops, improved health benefits, and significant cost savings, while also
lowering labor costs. Crops cultivated through this method typically exhibit superior
nutritional value, with vitamin levels being approximately 50% higher than those
grown using traditional methods. Additionally, the runoff from conventional garden-
ing can cause environmental harm due to elevated levels of dissolved calcium, phos-
phorus, and potassium. One enhancement of the traditional hydroponic approach
involves managing water pH, a crucial factor for plant health. By maintaining optimal
pH levels, plants can effectively absorb essential nutrients like calcium, magnesium,
and boron [88].

2.4 Growing substrate-based hydroponic systems and their constituents

The development of composite substrates, which combine diverse materials
to enhance physical and chemical properties, has opened up new possibilities for
tailored solutions that cater to specific crop requirements. However, this increased
versatility often comes at a dual cost: not only are advanced substrates typically more
expensive than traditional options but they may also present complex management
and maintenance challenges [16, 56]. As novel substrate materials emerge, they
require growers to adapt their cultivation techniques and acquire new expertise to
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achieve optimal outcomes. While these substrates are touted as sustainable alterna-
tives, it’s crucial to consider the environmental implications of their production
processes, including the potential for energy-intensive manufacturing and transpor-
tation, which may offset any eco-friendly benefits [80].

The most common substrate-based hydroponic system, for example, biochar is
arenewable resource that enhances soil structure and retains nutrients effectively.
It is created through pyrolysis at high temperatures in an environment with little to
no oxygen. Biochar serves as both carbon storage and a soil fertilizer, and it can raise
the pH level of soil while increasing its cation exchange capacity. In most research,
“biochar” typically refers to “pyrochar,” which is a by-product of processes such as
fast pyrolysis or gasification. Conversely, hydrochar is produced via hydrothermal
pyrolysis in high-pressure water. Due to its larger pore structure, biochar can better
store water and nutrients compared to hydrochar. However, hydrochar possesses more
oxygen functional groups, which increases its chemical reactivity within the soil [89],
coir is a sustainable material with exceptional water retention and aeration proper-
ties. A study assessed the impact of four different commercial substrates, including a
peat-based one and three types of coir (coir pith, coir chips, and a combination of coir
pith and fibers), on the yield, phytochemical content, and antioxidant capacity of
Spinacia oleracea L. cv. ‘Manatee’. Spinach seedlings were cultivated in styrofoam plant-
ing boxes filled with these substrates. The results indicated that plants grown in these
substrates achieved similar fresh yields but had a higher total flavonoid concentration
compared to those grown in peat [90], Expanded clay pebbles: commonly referred
to as “grow rocks,” are produced by subjecting clay to extremely high temperatures.
This synthetic product is available in various sizes, ranging from 1 to 18 mm, with the
specific size chosen based on the desired level of aeration. It has a very low capac-
ity for retaining water, which may necessitate more frequent watering. However,
expanded clay boasts a high cation exchange capacity (CEC), enabling it to hold
nutrients and salts effectively. Additionally, this growing medium can be cleaned,
sterilized, and reused, contributing to its sustainability [91]. Rockwool: rock mineral
wool (RMW) has significantly contributed to the advancement of hydroponics due to
its fibrous nature and remarkable water retention capabilities. However, this has also
led to a substantial increase in RMW waste, prompting research into various reuse
strategies. This composting process and degradability of spent rock mineral wool
from hydroponics (gRMW) when combined with varying ratios of biowaste compost.
The research encompasses the examination of the physical and chemical properties of
both the initial and final materials, as well as the potential ecological risks associated
with the end product [92]: rice hulls: renewable, biodegradable, good aeration [90];
perlite: this material is characterized by its excellent ability to retain moisture and its
substantial pore space, which enhances aeration and facilitates drainage. Additionally,
perlite has a neutral pH and lacks cation exchange capacity (CEC). It is lightweight
and sterile before application. While perlite maintains its structure without break-
ing down, it can be reduced to smaller fragments during handling and may generate
dust, potentially leading to respiratory issues. Therefore, it is advisable to wear masks
when dealing with large amounts. Perlite is frequently combined with other grow-
ing media for plant cultivation [91], Vermiculite: The soilless cultivation of plants
frequently employs inorganic vermiculite as a growing medium. The physicochemical
characteristics of expanded vermiculite-phlogopite products sourced from Kovdor in
the Murmansk region of Russia have been used as hydroponic substrates for 15 years.
Four different samples were analyzed: natural vermiculite, initially expanded
vermiculite (treated by roasting at 700°C), spent expanded vermiculite, and spent
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vermiculite that was roasted again at the same temperature [93] which was depicted
in (Figure 1) below.

Therefore, soilless farming, or hydroponics, is an innovative method that
increases vegetable crop yields by providing organic nutrients directly to the plant
roots through irrigation water, rather than relying on soil as a growth medium.
Consequently, agriculture must embrace technologies that conserve water while
enhancing the nutritional quality or biochemical properties of vegetable products.
This method utilizes water more effectively than traditional farming practices [96].

2.5 Unique characteristics of hydroponic farming

The key benefits of hydroponics can be distilled as follows: minimizing the use of
chemicals (fertilizers, pesticides, and growth promoters); eliminating the need for
soil; and maximizing land utilization by achieving higher yields per unit area, reduc-
ing consumption, and improving water management. These advantages collectively
result in a reduced ecological footprint, making hydroponics an appealing choice for
controlled environment agriculture [82] which is depicted in Table 3.

The controlled environment in hydroponic systems allows for precise manage-
ment of temperature, light, and nutrient levels, resulting in accelerated plant growth
and higher yields compared to traditional farming methods. Moreover, hydroponics
enables year-round cultivation, allowing crops to be grown in regions with unfavor-
able climates or limited arable land. The eco-friendly nature of hydroponics extends
beyond water conservation and efficient land use, offering a promising solution for
a more sustainable food system [21]. The growth of large-scale hydroponics facilities
is expected to skyrocket in the coming years, driven by the widespread adoption of
advanced technologies that control climate, lighting, and irrigation systems. These
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Figure 1.
Some substrate-based of hydroponic systems adapted from [88, 94, 95].
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Conventional farming Hydroponic cultivation/soilless farming Reference
Soil-based farming Soilless farming [97]
Open field cultivation Greenhouse cultivation
Large cultivation area is needed Optimal use of water
Water wastage Zero water wastage
Required more space for cultivation Required less space for cultivation [63]
There is a higher wastage of fertilizer in soil- The nutrient solution contains only 25% of
based farming the essential elements required
Over use of pesticides and chemicals, soil Its innovative farming techniques have [98]
degradation, urbanization, natural disasters, emerged and growing crops without the
and climate change use of soil
Not save land For landless/save lands [99]
Not optimized methods Hydroponic technology continues to

evolve, including advances in artificial

intelligence and machine learning to

optimize growing methods
Not using Artificial intelligence (AI) can While using AI can improve the accuracy [94]
improve the accuracy of nutrient balancing, of nutrient balancing, disease prediction,
disease prediction, and environmental control, and environmental control, leading to
leading to increased efficiency and productivity increased efficiency and productivity
Water not using properly Water saving [100]
Low-quality yield regardless of grown crops High-quality yield regardless of grown

crop; hydroponic systems could be a way to

increase the food production sustainability

in the future
Open system Closed system [101]

Table 3.

The comparison between traditional and hydroponic cultivation in modern techniques.

technologies are made possible by the development of sophisticated sensors, online
platforms, software, and mobile applications [16].
Hydroponics offers a promising solution to alleviate this strain by providing a

sustainable alternative to traditional farming methods. One of the key advantages of
hydroponics is its ability to reduce soil erosion, minimize water consumption, and
optimize nutrient recycling, resulting in a more environmentally friendly approach.
Furthermore, hydroponics has the potential to increase crop yields, making it an
attractive option for food production [95].

Hydroponics has the potential to revolutionize the way it grows food, offering a
sustainable and environmentally-friendly approach to agriculture. By eliminating
the need for traditional soil-based farming, hydroponics reduces soil erosion and
minimizes the use of chemicals, pesticides, and other environmentally harmful
substances. Additionally, this method allows for the integration of eco-friendly pest
control methods, creating a more holistic approach to sustainable agriculture [80].
Hydroponic systems have emerged as a valuable solution for urban farming, offering
precise control over plant growth while requiring less space and resources than tradi-
tional methods. Urban areas often face challenges in finding suitable land for farming,
making hydroponics a practical alternative [102] which is depicted in Figure 2.
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soilless

Unique characteristics
f hyvdroponic farming

Closed system

Save water

Figure 2.
Unique characterics of hydroponic system in modern farming adapted from [53, 64, 103].

The hydroponic system offers a superior alternative to conventional soil-based
cultivation, allowing crops to thrive in environments with poor soil quality.
Hydroponic cultivation has been shown to produce high-quality crops while utilizing
water resources up to 90% more efficiently. By providing a controlled and precise
nutrient solution, this method enables optimal crop growth, resulting in increased
yields. One of the most significant advantages of hydroponics is its water conserva-
tion capabilities, as the water used is not wasted through runoff or evaporation like in
outdated farming methods. This sustainable approach to agriculture also reduces the
environmental impact of farming, making it an attractive option for eco-conscious
farmers [32]. Hydroponics can be ecologically beneficial, provided it is conducted in
a sustainable way that considers the management of fertilizers, water, and materials.
The significant growth of hydroponics over the past 20 years is largely attributed to
the adoption of rock mineral wool (RMW) as a synthetic growing medium. Using
artificial substrates in controlled environments minimizes the risk of crops being
affected by pests, diseases, and weeds, resulting in increased yields [92].

2.6 Potential application of hydroponics farming system in modern agriculture

Hydroponic farming systems, particularly those utilizing vertically stacked grow-
ing methods, offer a promising alternative to traditional soil-based cultivation. By
optimizing space utilization, these soilless systems can increase crop yields per unit
area, making them an attractive solution for farmers looking to maximize production.
This innovative approach can help farmers achieve greater yields while minimizing
water consumption, making it an attractive option for sustainable agriculture prac-
tices [101].

Hydroponics, a form of soilless cultivation, has gained widespread popularity
worldwide due to its remarkable water efficiency compared to traditional farming
methods. The success of hydroponic agriculture can be attributed to its triple-fold
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benefits: enhanced productivity, improved safety, and optimized water resource man-
agement. At its core, hydroponics offers a unique advantage in terms of plant growth,
allowing for faster and more controlled nutrient uptake. Additionally, the technology
ensures a safer and healthier environment for crops by eliminating soil-borne patho-
gens and pests [104].

Rosa-Rodriguez et al. [105] studied that closed hydroponic systems are more efficient
in terms of water and fertilizer consumption compared to open systems. A closed system
was shown to produce 13.5 kg more tomatoes per cubic meter of water than an open
system. This highlights the potential for optimizing water resources through greenhouse
production, where environmental conditions can be precisely controlled, leading to
more efficient crop growth. Sustainable agriculture, as a comprehensive approach,
not only preserves the environment’s integrity but also fosters long-term productivity
and profitability by harmonizing three interconnected pillars: environmental steward-
ship, economic viability, and social responsibility. By adopting hydroponics, farmers
can ensure a sustainable future by minimizing their ecological footprint, optimizing
resource utilization, and promoting equitable access to healthy food for all [106].

It is valuable and essential to trace the beginnings of soilless growth and the
evolution of elements like efficient growing media to place these technologies in the
perspective of food production history. Simplified soilless systems are the emphasis
of this section, as they have been actively promoted by organizations like the FAO to
increase food security in underdeveloped nations [103].

In regions plagued by severe soil degradation and water scarcity, hydroponic farm-
ing offers a promising solution. This method of cultivation not only conserves water
but also eliminates the need for pesticides, making it an environmentally friendly
option. In areas ravaged by prolonged drought, where many struggle to afford water
or dig wells, hydroponics provides a vital alternative to traditional farming practices,
significantly reducing water consumption [63, 107].

In recent years, hydroponics has gained traction as a viable solution for cultivating
a diverse range of crops. This method offers a sustainable approach to food production,
eliminating the need for hazardous chemicals and ensuring compliance with strict
environmental regulations [7]. The use of controlled environment agriculture (CEA)
technologies, including vertical farming and hydroponics, is revolutionizing tradi-
tional farming practices by offering numerous benefits such as enhanced crop yields,
reduced land and water usage, and year-round crop production. One such innovative
approach is vertical farming, which involves stacking crops vertically and utilizing
artificial lighting and precise nutrient delivery systems to optimize growth [108].

As the world’s agricultural systems continue to evolve, hydroponic farming is
gaining traction as a viable and sustainable option for food production. By leveraging
greenhouses, hydroponics can provide a consistent supply of high-quality fruits and
vegetables year-round, while minimizing resource consumption and reducing green-
house gas emissions. This innovative approach not only benefits the environment but
also empowers farmers to increase their competitiveness and differentiate themselves
in the market [109].

The soilless cultivation method of hydroponics offers a promising solution to
increase crop yields and sustainability, particularly in the face of decreasing arable
land and water scarcity. By adopting decentralized precision methods, farmers can
enhance stability and adapt to changing environmental conditions. While the tech-
nology has primarily been applied in profitable vegetable and herb markets in devel-
oped economies, expanding training programs and accessible technologies globally
will be essential to widespread adoption and realization of its full potential [95].

92



Hydroponic Farming: Innovative Solutions for Sustainable and Modern Cultivation Technique
DOI: http://dx.doi.org/10.5772/intechopen.1008336

2.7 Future trends for hydroponic farming system best practice in modern
techniques

Hydroponic methods, especially the Nutrient Film Technique, are well-
regarded for their ability to operate without soil and for their efficient circula-
tion of nutrients and water. However, controlling optimal temperatures within a
greenhouse can be difficult. One approach to minimize energy expenses involves
managing the temperature of the nutrient solution rather than attempting to heat
or cool the entire greenhouse space. By effectively regulating the temperature in
the root zone through nutrient solution management, growers can create more
suitable conditions for temperate leafy greens [31]. In the United States, certified
organic production can utilize organic fertilizers within hydroponic systems. This
approach serves as a basis for innovative technologies aimed at creating sustain-
able, circular food production systems that connect energy, water, and nutrient
management [43].

Hydroponic agriculture is an innovative method of growing plants without soil,
which has the potential to improve crop productivity and promote sustainability.

As arable land and water resources continue to decline, hydroponics can serve asa
complementary approach to traditional farming, helping to address global food secu-
rity challenges. Innovations in automation, renewable energy use, biocontrol meth-
ods, and customized crop varieties have the potential to mitigate existing challenges.
Advances in hydroponics and vertical farming can facilitate sustainable intensifica-
tion to satisfy future nutritional requirements [82]. In hydroponics, plants thrive in a
nutrient-rich solution rather than soil, allowing for optimal growth and development.
This innovative method offers several benefits, including precise control over the
levels of essential elements, efficient water usage, and the ability to cultivate crops in
areas with subpar soil conditions [110]. By providing plants with a tailored blend of
nutrients, hydroponics enables farmers to optimize growth rates, yields, and overall
plant health [88].

The rising global population has led to an increase in food demand, highlighting
the need for innovative and sustainable agricultural practices. Concerns about the
depletion of fertile soil and the limited availability of agricultural land are becoming
increasingly prominent. One potential breakthrough in addressing these issues could
be the integration of soilless farming and microgreen cultivation with nanotechnol-
ogy, which could offer a more sustainable and efficient alternative to traditional
farming methods [111]. To mitigate the pressing need for sustainable agriculture, it
is crucial to develop climate-resilient agricultural systems that prioritize resilience,
resource conservation, and disease management. Hydroponics, a soilless cultivation
method, has garnered significant attention due to its potential to reduce reliance on
agricultural land and pesticides, as well as its capacity to thrive in areas with poor soil
quality. This innovative approach can help alleviate the detrimental effects of extreme
weather events and provide a more reliable food supply [112].

3. Conclusion

This chapter explores the use of hydroponic farming, a modern and
sustainable cultivation technique that has gained popularity in recent years. The
evidence presented in this paper highlights the potential applications of hydroponics,
which involve growing plants in a nutrient-rich solution rather than soil.
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Since this hydroponic farming method reduces pollutants, impacts ecosystems less,
and mitigates climate change, it will contribute to global sustainability. The efficiency
of hydroponic systems can be maximized by integration with building architecture,
particularly in urban settings. It is best to include them in the early stages of new
building design. Every technological, engineering, architectural, and infrastructure
component should be taken into account throughout this integration. In areas with
subpar soil quality or contamination, hydroponic cultivation offers a viable alterna-
tive. By providing a precise balance of nutrients, hydroponics promotes optimal
growth and development, resulting in healthier and higher-quality crops. Recently,
indoor hydroponic farming has emerged as a promising approach to ensure stable and
increased food production, regardless of weather or location. Despite the progress
made in developing hydroponic robot systems, there is still a need for more compact
and cost-effective solutions for smaller indoor spaces. However, as research and
technological advancements continue to improve the efficiency and affordability

of hydroponics, it is expected that these systems will become more accessible and
feasible for use in a variety of settings. This could lead to a significant shift in the
agricultural industry, allowing for more sustainable and environmentally friendly
practices to become the efficient use of resources, as well as continuous increases in
production.
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Abstract

Berries such as strawberries, blueberries and raspberries have expanded into
non-traditional growing areas worldwide. In recent years, the berry production
system has changed to cultivation in substrate and pots and this alternative system
has shown the potential to produce high yields of high-quality berries. The quality of
the substrate and the parameters of the pot are known to influence plant growth and
fruit production. Many authors have evaluated the composition of the growing media
and the size of the container with the aim of optimizing the appropriate growing
conditions that affect the plant growth and berry yield. The physical characteristics of
the substrate play a special role in berry cultivation; then, a good substrate should be
of high quality, in order to provide the plant root system with the adequate environ-
ment to develop. The management of water irrigation and nutrient contents during
berry production in substrates has a great importance on the yield and quality of
fruits. Thus, suitable irrigation systems and a fertilizer solution containing all the
essential nutrients are essential for yield and high-quality berries. In this perspective,
the objective of this chapter is to present the equipment and practices used for the
cultivation of berries in substrate.

Keywords: strawberry, blueberry, raspberry, substrate, water management, nutrient
management

1. Introduction

Berries are grown in all parts of the world with various geographic areas having
their own unique varieties [1]. They have gained economic importance, and their
cultivation is more widespread every year. The demand for high-quality berries is
increasing globally [2], thereby encouraging growers to embrace new production
techniques and varietal development(s) [1].

Strawberries (Fragaria x ananassa Duch) are among the most popular fruit in
the world for their taste, aroma and high nutritional value offering numerous health
benefits [3]. Strawberries are grown in various locations and climates worldwide,
ranging from open fields to greenhouses. Strawberries are grown in various loca-
tions and climates worldwide, ranging from open fields to greenhouses. The main
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strawberry producers are China, USA, Mexico, Turkey, Spain, Egypt, Republic of
Korea, Russia, Poland and Japan. China is the leading producer with the primary
position in the world with an important annual production of 2.2 million tons [4]. The
commercial strawberry industry has been improved by new production systems and
management practices as well as breeding that play an important role in strawberry
yield and quality.

Recently, interest in growing media has gained importance as a sustainable alter-
native to traditional soil cultivation methods [5]. In Europe, the ban of many chemi-
cals adopted to sterilize the soils forced the growers to look for soilless solutions to
escape the increasing disease pressure in the soils. For example, in 2017, in the United
Kingdom, the majority of strawberries are grown on substrate (55% of production)
and fertigation is provided by dripper irrigation system. The rest of the strawberry
production (45%) is still in the soil [6]. The success of strawberry cultivation depends
largely on the quality of the growing media used and nutrient management, which isa
key factor to ensure high yields with sanitary quality [7]. Strawberry production faces
several threats such as extreme weather conditions, pests and diseases. Therefore,
many technological innovations have been adopted to modify production systems to
improve strawberry yield and quality. Nevertheless, strawberry production has faced
many challenges that have put pressure on research teams as well as private stakehold-
ers across the world, to develop new mechanisms of adaptation to meet the increasing
demand for high-quality strawberry production [8].

Blueberry (Vaccinium sp. L.) has become an important fruit crop worldwide, and
the world blueberry production has increased significantly over recent years due to
increasing demand for this healthy fruit [9]. For example, in the USA, blueberries
rank only second to strawberries in popularity of berries [10]. This genus contains
more than 400 species, of which 40% are native to Southeast Asia, 25% belong to
North America and 10% belong to Central and South America. Several innovative
production systems have been explored globally for this crop [11]. The substrates for
growing this crop are increasing in importance [12] and their production is increasing
worldwide, especially in regions with mild winter climates [13]. In substrates, blue-
berries have high productivity from the first year of cultivation. Planting blueberries
in pots with selected substrate composition can be a good alternative to soil-based
blueberry cultivation especially when fertilization and irrigation are well controlled
[14], as well the soil characteristics do not allow to maintain the crop on a normal
performance, where soil is with a high percentage of clay particles (>20%).

Raspberries (Rubus idaeus L.) are also one of the most popular fruits, in addition to
their delicious taste, color and aroma, they offer a multitude of health benefits thanks
to their richness in vitamins, minerals and antioxidants [15]. Raspberry production
has steadily increased due to new production methods under a protected environ-
ment. Then, it has been cultivated in many regions of the world for several centuries.
For example, red raspberry is commonly cultivated in at least 30 countries [16]. In
Europe, the combination of different methods such as protected cultivation, substrate
growing, using different plant types and innovation of new cultivars gives the pos-
sibility to produce excellent qualities from May to November [17]. Moreover, soilless
cultivation of raspberry is becoming widely adopted, making the selection substrate
and the cultivation management essential to reach optimal yield and quality [18].

For cultivation of berries, a great number of growing media with mixtures from
different origins exist but depending on cultivar, cultivation system and also environ-
mental conditions, yield and quality of berries can be affected, which requires a great
management control. Therefore, further studies on cultivation of berries in substrates
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are needed. In this context, this chapter presents a comprehensive review of cultiva-
tion of berries in substrate using existing information that helps berries producers to
understand such cultivation technique.

2. Growing strawberry in substrates

Strawberry (Fragaria x ananassa Duch) is one of the most important widely
consumed small fruits in the world [3]. Global strawberry production has increased
in acreage in the last decades due to the increasing demand. Strawberry plants grown
in non-saline soils, slightly acid and with a good drainage system to prevent fungal
diseases attacking the roots and crown of the plant [19]. Being a shallow-rooted plant
strawberry needs effective nutrient management [3]. Traditional strawberry cultiva-
tion, which uses soil as a growing media, has several problems, including soil-trans-
mitted diseases caused by Verticillium spp. and Phytophthora spp., nematodes, and
soil-limiting factors [20], all of which result in severe production losses in commercial
strawberry cultivation [21].

Many factors contribute to improve yield of strawberries such as production
systems, cultivars and management practices by controlling weeds, extreme weather,
pests and diseases. Therefore, there is an increased interest in controlled environment
production in greenhouses that insure a great control of production management
leading to increase yield and fruit quality [22]. In strawberry-producing area, most
strawberries are grown in open-field conditions but in temperate regions such as
northern and central Europe, Korea, Japan and some areas of China, strawberries are
grown in greenhouses under soilless cultivation. In Europe, the Netherlands produces
strawberries in glasshouses, with the controlled climate and irrigation, and CO, sup-
ply. In other countries, strawberries are grown in polyethylene-covered greenhouses,
including micro- or macrotunnels, using various growing containers with different
sustainable substrate compositions [3]. Traditionally strawberry soilless culture is
done in peat substrate, but the use of other substrates is rising in different parts of
the world to act as suitable substitutes for soil [23]. Various substrates are reported
to be effective against soil pests as well as improving fruit quality including physical
appearance of strawberry fruit such as weight and polar-equatorial diameter that are
between the main selection criteria of consumers [24]. The improvement of these
criteria could increase the value of commercial strawberry plantations for exporta-
tion [25]. The most growing media used for strawberries are perlite, cocopeat, peat
moss and rockwool. Perlite treatment was found to have a positive effect on the
improvement of fruit size, yield and fruit quality [21]. Perlite treatment was found
to have a positive effect on the improvement of fruit size, yield and fruit quality [21].
Substrates with perlite and other mixtures have shown a great effect on root develop-
ment by improving aeration insuring an effective nutrient uptake by shoot resulting
in an increased yield [21]. For example, strawberry varieties, cv. Sweet Charlie
and Camarosa when cultivated in perlite and its mixtures, showed an increased
yield [26, 27]. Substrate has also an effect on strawberry flowering as reported by
Anagnostou et al. [28] who revealed an early flower production in strawberry variet-
ies of Fern and Selva grown in perlite under greenhouse conditions. Other studies
showed the efficacy of combining perlite: peat-moss with mineral solutions in the
improvement of strawberry vegetative growth [7, 29]. Perlite has been reported
to be able to provide essential micronutrients to plants when mixed with manure
and this is explained by the increase in berry size observed on strawberries in some
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studies [21, 30]. Similar results were reported by Linardakis and Manios [31] and
Paraskevopoulou et al. [32], on the strawberry variety Selva grown in a perlite mix-
ture (perlite medium + peat) showing maximum yield and berry weight compared to
normal soil solution. The combination of perlite with farmyard manure (FYM) was
reported by Thakur and Shylla [21] to be very effective and can be successfully used
to produce good quality strawberry under polyhouse, increasing the flowering, berry
set, berry size, weight and berry yield of strawberry. Coco fiber substrates (coco fiber
and its mixtures) have also been reported as an excellent growing media for strawber-
ries, which have been recommended to increase yield due to their high-water reten-
tion and good aeration [33, 34]. Other authors found that the best physical values of
strawberry fruit were observed when using a combination of coconut fiber with other
materials high in porosity [25, 35]. Those observations were confirmed with the find-
ings of Garcia-Lépez and Cruz-Ortega [36] where the mixture of coconut fiber and
volcanic rock showed the highest physical values in strawberry such as fruits per plant
and fruit weight, compared using coconut fiber alone. Some studies showed a rapid
compaction of coconut fiber as in the case of soil, while strawberry plants depend
greatly on their roots’ density [37]. However, the results of Rivera-del Rio et al. [38]
on the hydroponic production of strawberries demonstrated that the substrates con-
tain coconut fibers, small particles that show a large change in size, reducing the space
for rooting, which decreases the growth of strawberries. The same study revealed
that, unlike coconut fiber, when volcanic rock is used as a substrate, it increases water
availability and maintains bulk density, porosity and aeration capacity, which posi-
tively impacts strawberry production. In Mexico, volcanic rock “Tezontle” is used as
substrate for strawberry cultivation, which is very convenient for this crop not only
for its low cost but also for improvement in physical fruit qualities. Tezontle is abun-
dant in Mexico, and it is considered inert material with pH values near neutrality, low
conductivity, good aeration and moisture-holding capacity [36].

Substrates not only affect strawberry growth and yield, but also fruit quality
characteristics such as sugar content [21], and many authors have reported a positive
influence of substrate mixtures on fruit sugar content [39, 40]. According to Sharma
etal. [41], substrate composition can convert higher amounts of organic acids and
photosynthesis into sugars during the fruit ripening phase, which affects berry qual-
ity. The increase in sugar content of berries could be explained by the acceleration of
growth and fruiting and could also be due to some physiological processes such as car-
bohydrate synthesis in the plant system [42]. Contrary to these studies, Garcia-Lépez
and Cruz-Ortega [36] reported in a recent work that the Brix degrees of strawberries
were not affected using the substrate, whereas Ulrich and Olbricht [43] demonstrated
that any increment in sugar content is correlated with lower production yields. The
acidity of strawberries has also been assessed in some studies; Sharma [44] and
Thakur and Shylla [21] showed that strawberries grown in soilless substrate ripened
earlier than those grown in soil, which require a long period to reach the harvest stage.
This is confirmed by Davis [45] and Hassan et al. [46] who found that strawberries
grown in coir are less acidic than those grown in soil.

2.1 Container effect on strawberry cultivation in substrates

Several studies have been carried out on the cultivation of strawberries using
different container types with different volumes, shapes (height) and colors (black,
white). The size and shape of the container interacts with plant biomass and its allo-
cation [47], and therefore has consequences for plant performance. In this context,
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the interactions between substrate and container size have been evaluated by many
authors [48]. According to Sharma et al. [41], the use of growing media with different
proportions in pots of different sizes significantly influences the canopy area, growth,
yield and quality indicators [41]. This agrees with Manole et al. [49] who studied the
influence of container size on root development and on the growth, yield and quality
of various fruit crops. Phala et al. [50] also found that the number of inflorescences
increased due to size of different growing media bags, since container size has impacts
on water-holding capacity of growing media, which has been reviewed by Passioura
[51] and Poorter et al. [47].

Container type was also evaluated by some authors such as Manole et al. [49]
who found that the type of pot affects the biological activity and growth parameters
of the plants. This finding is confirmed by Sharma and Godara [52] who reported
that in case of PVC pots, due to negligible evaporative cooling results in the higher
temperature of the rooting media, which ultimately shows better root-shoot growth
of the plant in the winter month. Sharma et al. [41] suggested that the cultivation of
strawberries can be undertaken as a commercial cultivation by utilizing a PVC pot
filled with cocopeat, perlite and vermicompost media in a ratio of 3:1:1. And these
interaction PVC pot substrates showed a good performance of growth, yield and
quality of strawberry cv. Chandler. Many studies have been conducted to optimize the
pot volume and substrate for growing strawberries in pots, and most of the researches
reported that the higher the substrate volume is, the greater the vegetative growth
and fruit yield [47, 53]. Godara et al. [48] found that plants grown in larger volume
pots provided a greater quantity of fruits compared to smaller pots. In addition, the
pot volume had effects on the timing of peak harvest, which is demonstrated by some
authors like Massetani et al. [53] who evaluated the growth of “Elsanta” strawberry
on certain pot volumes such as 250-cm® pots and 150-cm’ pots and revealed that the
earliest floral differentiation was observed on strawberries produced on larger pots
(250 cm®). Therefore, in pot culture, establishing an appropriate range of substrate
volumes considering the growing period is crucial as concluded by Lee et al. [54]. For
example, according to Lee et al. [54], a pot volume of 830 cm® and coir are most suit-
able for about 6 months of strawberry pot cultivation [54]. A small pot implies a small
volume of substrate, which reduces the availability of resources for plants, hindering
root development because when the root system is constrained to a small rooting
volume, the equilibrium between roots and shoots can be disturbed, which can have a
detrimental impact on plant development [47]. In addition, smaller pots more rapidly
due to their higher surface area-to-volume ratio. Thus, optimizing the appropriate
pot volume and substrate using pot cultivation can enhance the efficiency of the
cultivation area, thereby increasing the yield. To conclude, in strawberry pot culture,
proper management of appropriate root volume, irrigation volume and drainage rate
is essential depending on the characteristics of the substrates (physical and chemical
properties) and the growth characteristics of the plant [55].

2.2 Irrigation and nutrient management of strawberry growing in substrate

Irrigation management during the strawberry growing season is of great impor-
tance for fruit yield and quality. Reducing evaporation and leaching losses with
maximum yield is the primary objective of any soilless strawberry grower in order
to maximize water use efficiency [56]. For this reason, strawberry growers are using
bagged substrate systems which have shown the highest early and total yield per m?,
energy efficiency, water efficiency as well as impact on economic return [57].
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Treatments

mmol/L NH,* K* Ca* Mg* NO;- Cl SO~ HPO,” H* Si
0,50 4,00 3,50 1,25 10,00 0,00 1,25 1,00 0,00 0,00

pmol/L Fe Mn Zn B Cu Mo

20,00 1500 700 10,00 0,50 0,50

Disclaimer this example is just used to identify molar concentration. The use of this balance must be analyzed as guide,
and every fertigation recipe must adapt to growing regions.

Table 1.
Concentrations of different elements (macro- and micronutrients) in the nutrient solution used in strawberry.

Nutrient management in the fertigation is also an important strategy to optimize
fruit quality and shelf life for strawberries [58]. For example, in the strawberry
semi-hydroponic system one of the most critical points is the nitrogen manage-
ment by fertigation [59]. Nitrogen availability affects strawberries productivity and
fruit quality [60, 61]. As such, higher total nitrogen content in the substrate leads
to better nitrogen utilization efficiency and increases the nitrogen absorption of
strawberries [62]. Both nitrogen forms, nitrate and ammonium salts, are absorbed
and metabolized by plants [63] and are playing important metabolic functions, such
as growth, development and production, and affect fruits appearance, durability
and flavor [64].

When composing the fertilizer recipe, EC of the water must be taken into account.
Changing irrigation EC levels not only changes the total amount of fertilizer required
but it also changes the required ratio between the nutrients in the fertilizer. For
strawberries, EC is kept constant at 2 dS m™. A study by Sarooshi and Cresswell [65]
showed that reducing EC from 3 to 2 dS m™ at the beginning of fruit set increased
berry size compared to a constant EC of 2 dS m™, while decreasing yield when
increasing from 2 to 4 dS m™. An experiment with tomato also revealed that market-
able yield decreased by about 5% for each dS m™" above 2 dS m™ [66]. Table 1 shows
an example of a strawberry recipe used in Hortitool Consulting.

Experience from the field shows that conducting fertigation with high EC leads to
salt accumulation in substrate that will require action leaching it frequently, through
the growing season, also as strategy. This has to be included because once growers use
the same substrate multiple years, as seen in south of Europe or Mexico, it is a must to
maintain the salt accumulation as low as possible.

3. Growing blueberries in substrate

Blueberry plants grow in acidic soils showing an optimal growth at pH between
4.0 and 5.5 [14] and have been classified as calcifuge plants [67]. Specifically,
highbush blueberries require a soil pH between 4.5 and 5.5, while rabbiteye blueber-
ries require a soil pH of around 4.2 to 5.0 [68]. These soil types are not common in
all areas of the world where blueberries are grown, and for this reason, blueberry
growers amend soils with pine bark and additional sulfur [69]. Blueberry has long
been described as a plant with low nutritional requirements and a slower growth rate
[70]; therefore, the physiological properties of blueberries determine their potential
application in soilless culture. Soilless cultivation, using substrates to replace soil, is
an optional way to plant blueberries [71]. The use of substrates can effectively avoid
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cultivation constraints such as soil-borne diseases and insect pests, and also control
production, which can ensure high yield and high quality of the fruits [72].

Many studies have revealed that blueberries exhibit high productivity from the
first year of cultivation on substrate [11, 69], as blueberry plants grown on substrates
have vigorous and early growth. Some substrates have proven effective due to their
composition of materials such as coco fiber, perlite, turf, bark, wood fiber, peat
moss and sand [14, 73]. An industry standard growing substrate for containerized
blueberry production has not yet been identified [74]. However, several studies have
proven that coco fiber is a very common component of substrates used in blueberry
production [14] due to its favorable physical and chemical characteristics [69, 75].
According to Ortiz-Delvasto et al. [12], the blueberry cultivar Legacy has better
growth and yield as well as a larger fruit diameter in pure coco fiber compared to a
mixed substrate of coco fiber and peat. Besides, substrate standards have been set by
private substrate producers based on longevity and chemical and physical stabilities.
For example, a mixture of substrates such as peat moss, coco peat/coir and perlite is
used by blueberry growers in a ratio of 40.40.20 as an average standard.

Determining the physical and chemical properties of substrates is essential for
their effective use, as they determine the productive potential of plants, providing
an environment in which roots will develop, which directly influences plant growth
and development [76]. Due to the susceptibility of blueberry fine roots to root rot in
poorly drained soils, the growing medium must provide adequate physical properties
and drainage to avoid any risk of disease [77]. For example, for blueberry nursery
cultivation, a typical growing medium includes a total porosity of 50-85%, with
appropriate levels for potted blueberries at the higher end of this range (76-86%)
[14]. Appropriate chemical properties of the substrate must also be maintained dur-
ing potted blueberry production, including pH (4.2-5.5) and electrical conductivity
(<2.0 mSecm™) [14, 78].

The composition of the substrate can affect the native pH of the substrate; for
example, the pH is the lowest in substrates composed of pine bark, the highest in sub-
strates composed of coconut fiber and intermediate in substrates composed of sphag-
num peat moss. In addition, the pH of the substrate can change rapidly depending on
the pH of the irrigation water or fertilization solution and the uptake of nutrients by
plants, and in general, substrates do not have a high pH buffering capacity; therefore,
the concentrations of carbonate and bicarbonate in the water (collectively called
alkalinity) must be taken into account when managing the pH of the substrate [69].

Regarding electrical conductivity, when the electrical conductivity (EC) value is
higher than 1.0 dS/m, the growth, production and quality of blueberries are affected.
In hydroponic systems, a nutrient solution with an electrical conductivity between 0.5
and 1.0 dS/m can be used without affecting the yield and quality of the fruits, noting
as an example the blueberry cv. Biloxi that has been shown to be sensitive to substrate
salinity as reported by Frias-Ortega et al. [79].

3.1 Container effect on blueberry cultivation in substrates

Historically, blueberries have been propagated and grown in containers in nurser-
ies, but only for a short period of time before planting. In recent years, interest in
containerized blueberry production has grown as an alternative to growing blueber-
ries in the soil [80-82]. Container-grown plants typically have limited space for root
growth, unlike those grown in traditional field environments, but blueberry bushes
are known for their shallow root systems, so the root systems of many 2- to 4-year-old
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blueberry cultivars were concentrated primarily in the top 20 cm of soil, making them
suitable for growing in pots [83, 84]. For container blueberry growers, container size
and shape are important decisions. Reduced root volume can affect plant growth

as it negatively affects root respiration, nutrient uptake, photosynthesis and subse-
quently flowering and biomass accumulation and distribution [47]. As container size
increases, shoot and root biomass increases [85]. For example, in central Florida,
container sizes commonly used in commercial blueberry production range from 56

to 95 L, which allows for high yields in the first year, ranging from 0.9 kg/plant to
over 2 kg/plant depending also on the cultivar and fertilizer rates used [80, 84, 86].
Container sizes of 50.5 and 40.4 L have also been evaluated for blueberry cultivation
and results during the first 2 years after planting have proven that this size range is
adequate for root growth and plant parameters [87]. Smaller containers, less than

38 L, can have a negative effect on yields especially during extreme weather events,
for example, in case of strong winds, plants in small containers can be knocked over,
requiring trellising or other anchoring mechanisms [69, 84, 88]. Container parame-
ters also have an impact on production management, including irrigation and fertil-
ization. According to Passioura [51], container height has a positive effect on drainage
water content; however, very short containers can lead to a higher risk of hypoxia for
plant roots [51]. The height and width of pots direct the distribution of water between
the surface and the bottom of the container [89] and unequal water distribution
within the container can lead to uneven distribution of root systems [47] affecting
both water-holding capacity and aeration in the substrate. Generally, blueberry grow-
ers prefer wider containers over taller ones [90]. Containers with many holes or grids
for drainage are also recommended to prevent root diseases such as Phytophthora root
rot and to help manage substrate salinity [69].

Regarding container shape, there is no consensus on the effect that round or
square shape or color (black or white) would have on blueberry root growth. Finally,
container blueberry production has many unknowns; therefore, recommendations
should be made to container blueberry growers on container size, substrate composi-
tion and cultivar choice. There are cultivars very suitable for this cultivation system
(pots under tunnels) such as Bluetta cv showing an advanced harvest period of
about 3 weeks [13, 91]; thereby, the development of cultivars particularly suitable for
blueberry cultivation in containers in different climates around the world should be
the subject of future research on this blueberry cultivation system to improve it [92].

3.2 Irrigation and nutrient management of blueberry growing in substrate
3.2.1 Irrigation

Management, particularly irrigation and fertilization, is essential to achieve the
high plant vigor that characterizes blueberry production on substrate [69]. Substrates
were introduced for container crop production with the aim of increasing drain-
age by maintaining a relatively high proportion of air-filled porosity compared to
traditionally used mineral soils [93]. This has led to a practice of applying excess
water to eliminate any risk of underwatering [94]. However, excessive watering leads
to inefficient use of water resources and subsequent leaching or runoff of applied
agrochemicals [95]. Overwatering of pots also has a significant impact on root system
development and can lead to plant collapse. For these reasons, container crop produc-
ers need to be more conscientious in their water use [96]. Various efforts to reduce
water loading in container production, for example, in the case of ornamental crops,
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include different irrigation schemes [97], modeling of crop water use [98], varying
crop spacing and arrangement [99], and sensor-controlled irrigation [100], although
there is no clear alternative to overhead irrigation in container nursery production
[96]. But only innovators or early adopters have begun to take significant steps to
implement water-saving practices.

In Florida, USA, most potted blueberry growers use two or more emitters per pot
with the goal of maintaining drainage at 10% of total water input to achieve uniform
substrate moisture. Substrate moisture sensors have also been used as an alternative,
less labor-intensive irrigation approach. Drip irrigation, although expensive, remains
the most widely used system due to better water control and greater distribution
uniformity [69].

Irrigation based on leachate fraction is also a common practice in blueberry culti-
vation on substrate. This is the proportion of leachate volume to the volume of irriga-
tion/fertigation solution applied. Previous research has targeted leachate fractions
between 15% and 25%, while those above 25% are not recommended because they
cause excessive nutrient losses and saturated conditions can promote Phytophthora
or Pythium root diseases [69]. Moreover, the solution that flows from the containers
provides a good representation of the chemical conditions of the substrate. Therefore,
periodic collection and analysis of leachate is essential to monitor the pH and electri-
cal conductivity (EC) of the substrate.

When water salinity is high or heavy fertigation regimes are used, salinity buildup
in the substrate can be a problem and the ability to cycle between irrigation and
fertigation events is useful to percolate salts out of containers if necessary. Irrigation
water may contain carbonates and bicarbonates, which characterize most blueberry-
growing areas [101], and to neutralize the alkalinity, acidification of the water must
be achieved by sulfuric acid injection or sulfur dioxide generators [102-104].

The water status of blueberry should be monitored when in this culture system.
The level of tissue dehydration in blueberry can be estimated by a direct method,
which is the measurement of relative water content (RWC) [12, 105]. In general, RWC
values fluctuate between 98% (turgid leaves) and 40% (severely dehydrated leaves)
[105]. Blueberry has a shallow fibrous root system that is unable to provide sufficient
water lost through leaf transpiration under abiotic stress conditions [106], resulting
in a higher wilting point (up to 70% depending on cultivars), compared to other spe-
cies [12]. Part of the fruit production could be attributed to the greater water-holding
and ion-exchange capacity, which allows adequate nutrient availability compared to
field conditions [107].

3.2.2 Nutrient management

Blueberries have lower nutrient requirements than most crops and thrive in acidic
soils with limited availability of essential nutrients such as nitrate nitrogen (NO;-N),
phosphorus (P), potassium (K), calcium (Ca) and magnesium (Mg) [108]. Nitrogen
is the primary nutrient applied to blueberries and is required annually. Blueberries
primarily acquire the ammoniacal (NH,) form of N, rather than NO;-N unlike most
crops, due to low nitrate reductase activity in roots and leaves [109, 110]. All nutrients
that apply to blueberries include P, K, Ca, Mg, elemental sulfur S (which is used to
lower soil pH), iron (Fe), boron (B), copper (Cu) and zinc (Zn) [111]. In the sub-
strate, all of these elements must be applied by fertigation to obtain a balanced recipe.
Table 2 presents a common recipe used to grow southern highbush blueberries (SHB)
studied by Hortitool Consulting in 2019.
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Treatments

mmol/L NH,* K* Ca* Mg* NO;- Cl SO~  HPO,” H* Si
3,00 1,50 2,00 1,00 4,50 0.00 2.50 0.00 0.00  0.00

pmol/L Fe Mn Zn B Cu Mo

20,00 10,00 700 10,00 0,50 0,50

Disclaimer this example is just used to identify molar concentration. The use of this balance must be analyzed as guide
and every fertigation recipe must adapt to growing regions.

Table 2.
Concentrations of different element (macvo- and micronutrients) in the nutrient solution used in southern
highbush blueberries (SHB): vegetative stage use in substrate mix with Baltic peat, coco pith and perlite.

For blueberries grown in substrate, all essential nutrients must be provided
in the fertilizer solution, as growing media do not contain essential nutrients and
only retain positively charged nutrients (called cations). Therefore, for successful
production of potted blueberry plants, developing nutrient management strategies
requires understanding the appropriate amount of nutrients that blueberry plants
require at different growth stages. Leachate analysis plays a crucial role in monitor-
ing nutrient sufficiency [69] and controlling nutrient losses; hence, reducing these
losses is an important issue for this crop [82]. Leaching can increase significantly if
inappropriate water and nutrient management practices are used [112]. In some cases,
plants absorb more water than nutrients, which can lead to salinity accumulation.
Therefore, in cases of high salinity, substrates should be flushed with large volumes
of acidified water to remove excess salts. The timing and method of fertilizer applica-
tion allows growers to influence the nutrient status of the root zone [113] as well as
maintain proper pH levels in the root zone that will promote healthy plant growth
[74]. Keeping target EC and pH levels in mind is important for container blueberry
growers, allowing for proper nutrient levels to be provided at the right time to manage
substrate fertility for healthy blueberry growth and higher fruit yield and quality.

Currently, there are several different strategies available for blueberries and the
fertilizer regime and rate should be adjusted based on plant growth stages based
on commercial practices [87]. Optimal fertilization of potted northern highbush
blueberry Vaccinium corymbosum “Duke” was studied for different production
methods (organic and conventional) by Clark and Zheng [74] who found that high
fertilizer application rates are unnecessary and can be detrimental to plant growth
and fruit production. According to Kingston et al. [14], fertilizer should be provided
by continuous fertigation, which would avoid the risk of reduced nutrient uptake.
Nutrient deficiencies can be determined by foliar nutrient analysis based on plant
phenology [69]. For example, for northern highbush blueberry, leaf tissue analysis
is a useful tool to monitor nutrient requirements [102]. It is also recommended to
introduce into the blueberry fertigation strategy also foliar fertigation to integrate
nutrient deficiencies, especially to correct calcium deficiency on fruits, as reported
by Gerbrandt et al. [114].

4. Growing raspberry in substrate

Various types of substrates are used for raspberry cultivation including peat
substrate, perlite, coke, mineral wool and coconut fiber. The composition of the
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substrate influences the yield of raspberries and any change in the composition has

an impact on the growth and development of the plants as well as on the biological
properties of the raspberries produced [115]. Peat has been an important component
for this crop for a long time because of their excellent water-holding capacity and
good aeration [116], while findings carried out by Carlen et al. [116] demonstrated
that substrates with native organic components function very well without peat. Peat
has long been an important component of this crop due to its excellent water-holding
capacity and good aeration [116]. Some authors have demonstrated that substrates
containing native organic components can replace peat and even work very well [116].
In recent years, coconut fiber, biochar and coarse bark have been proposed to replace
peat on the market [93]. These materials can also be mixed with peat to be better
suited for raspberry production, as revealed by Qiu et al. [18]. In addition, greenhouse
raspberry cultivation in pots containing coconut fiber substrate is proven to be greater
and even typical by some authors [108].

Just like when changing fertilization with different nutrients, any change in the
composition of the substrate can change the composition and content of bioactive
compounds in raspberries. There are different organic additives that can be mixed
into the substrate such as sheep wool, hemp fibers, a concentrated organic component
obtained by steam treatment of fragmented wood materials and sunflower seed
biochar and that have an influence on the total polyphenol content of the fruits as
reported by some studies. Coconut substrate with organic additives significantly
increases the polyphenol content of raspberries. For example, according to the results
of Balawejder et al. [115], coconut substrate enriched with sheep wool increases the
polyphenol content of fruits by about 37.7% compared to fruits grown on a substrate
containing 100% coconut fibers. These additive components can also significantly
change the enzymatic activity of raspberries, which show the low level of stress and
good condition of the plants.

4.1 Container effect on raspberry cultivation in substrates

Growers in several regions grow raspberries in containers to avoid soil problems
for greater flexibility in harvest times. However, container production is more expen-
sive than soil production. In this case, raspberry growers try to have a high yield with
high-quality fruits to compensate for the costs [110]. Root conditions are among the
main factors that can influence the profitability of raspberry crops on substrates.
Therefore, different pot sizes, pot types and pot colors have been evaluated in several
researches for their influence on the root surface of raspberries, which have a direct
effect on yield, fruit size and fruit quality [116]. Larger pots have an extremely posi-
tive influence on yield and fruit size, but berry quality is not influenced when rasp-
berry is grown in smaller pots, as revealed by Carlen et al. [116] when evaluating the
production of “Tulameen” (floricane) raspberries in different pot sizes. Furthermore,
in recent years, several agroscope trials have been conducted on floricane raspber-
ries and have recommended suitable pot sizes for better yield and fruit size, such as
10-L pots with two plants pot " and three pots m™". The type of drainage system in
the pots (pots with a grid and small 0.03-m heels at the bottom or pots with holes
directly on the bottom) has also been studied by some authors such as Carlen et al.
[116] and Linnemannstdns [17] who demonstrated that this parameter is important,
as containers must allow good drainage to increase raspberry yield and fruit weight,
which increases with pots with a grid and small heels on the ground. An example is
strawberry production, which shows increased yield and fruit weight when grown in
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pots with a grid and small heels on the ground. This positive effect is probably due to
better air circulation and drainage of the substrate and thus lowers salt stress [116].
A large number of holes in the bottom and a rim at the bottom of the container are
also necessary, so that the pots do not rest directly on the ground. In addition, a slight
elevation of the soil surface is necessary to ensure that drainage water can drain well.
Otherwise, this can quickly lead to overwatering and plant loss [17]. Container shape
(round or square) is another parameter studied for raspberry production but has

no influence on fruit yield, size and quality as reported by some authors. However,
pot color is another characteristic that, interestingly, has been shown to influence
early ripening and yield of raspberries. For example, according to Carlen et al. [116],
harvest started about 20 days later and fruit yields were slightly higher for raspberry
plants in white pots than in black pots [116].

4.2 Irrigation and nutrient management of raspberry growing in substrate
4.2.1 Irrigation of raspberry growing in pots

Growers use pressure-compensating emitters for the irrigation of raspberries,
which will help ensure that each plant receives the same amount of water, and helps
prevent overwatering or under-watering [117]. Typically, 30-50% of applied water
should drain from the pots, according to pot growers, to ensure adequate leaching
and avoid salt accumulation [110]. In our practices, we use a percentage of water for
drainage ranging from 20 to 25% as standard percentage for plant growth, depend-
ing on the growth stage of the plant, water quality and salt concentration. Also, an
optimal pH ranges from 6.0 to 6.5 and an optimal EC < 30 ppm, sodium <50 ppm and
chlorine with an EC < 3 mS/cm. Maximizing yields with minimal irrigation inputs by
increasing plant water use efficiency becomes essential [118]. In this context, a study
carried out in semi-arid climate by Lepaja et al. [119] using a technique of partial
rootzone drying (PRD) on raspberries “Glen Ample” and “Glen Prosen” found that
PRD is an ideal water-saving technique that can improve the physical and chemical
qualities of fruits. This technique involves keeping about half of the root system
adequately watered, while the other part is allowed to dry out. To achieve this, both
halves are watered alternately from time to time [120]. This process is explained in
several species by the fact that when part of the root system dries out, a root-shoot
signaling mechanism is triggered; these signaling molecules are transported via the
xylem to the leaves, where they result in partial stomatal closure [121].

In some cases, PRD can reduce stomatal conductance, thus reducing water loss
[122]. This technique does not affect yield in raspberries, and differences in the
volume of the water supplied resulted in some reduction of vegetative growth of
raspberry canes as demonstrated by Lepaja et al. [119]. PRD is an advantage under
semi-arid climate conditions where raspberry cannot be grown without irrigation,
also it can be successfully applied to raspberry orchards to reduce vegetative growth
and increase total yield.

4.2.2 Nutrient requirements

Nutrient requirements of raspberries depend on crop size, habitat, plant age,
soil type, irrigation and cultivar [123]. Raspberries rapidly absorb large amounts of
nutrients during vegetative growth [17] and mineral nutrient requirements change
during different stages of plant development [124]. Fertilization is typically based on
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Treatments

mmol/L NH,* K* Ca* Mg™ NO;~ Cl SO~  HPO,” H* Si
1.00 3,00 4,50 1,75 11,50 0,00 2,00 1,00 0,00 0,00

pmol/L Fe Mn Zn B Cu Mo

20,00 1500 700 10,00 0,50 0,50

Disclaimer this example is just used to identify molar concentration. The use of this balance must be analyzed as guide
and every fertigation recipe must adapt to growing regions.

Table 3.
Concentrations of different element (macro- and micronutrients) in the nutrient solution used in raspberry:
vegetative stage use in coir substrate crop.

soil tests every few years and observations of annual growth (cane number, diameter
and height, and lateral length of fruiting bodies), yield, leaf color and fruit quality
[125]. However, container raspberry growers, to determine actual nutrient levels in
raspberries, adopt leaf tissue analysis, which is essential for assessing plant nutri-
tional status [117]. Commercial raspberry growers develop fertilization programs
based on initial nitrogen recommendations, with adjustments to nitrogen and other
nutrients as needed [125], and the highest nitrogen demand occurs during the period
of intense growth, flowering and fruit development [125, 126]. During harvest,
reduced leaf growth results in less fertilizer requirement, and if fertilization is too
high, fruit becomes too soft [17]. For example, raspberry growers in the northern
hemisphere typically make their decisions about nitrogen fertilization of current-year
canes between late July and early August. In intensive raspberry plantations in the
continental European climate, fertilization typically begins at the flower bud stage in
June and continues until mid-harvest in August, using special water-soluble fertilizers
containing P and K as well as various micronutrients [111, 127]. For container-grown
raspberries, due to the low soil volume and watering frequency, fertilization is applied
via the irrigation system, which is a convenient method to provide nutrients such

as nitrogen to raspberries [117]. Besides, commercial soluble fertilizers that contain

a complete nutrient package are now available for these growers and most of these
formulations have been developed for both flower and foliage crops. In this context,
Table 3 shows an example of a nutrient recipe to be used at the vegetative stage in a
coco coir substrate culture adopted by Hortitool Consulting since 2019.

5. Conclusion

The world of berries and its techniques are vast and somehow complex. Specific
varieties and photoperiod (i.e., strawberry short-day vs. ever bearers), plant mate-
rial (i.e., plugs vs. trays), planting dates, substrate types, climate and moreover
market-targeted cropping are some of main points to address in production strategies.
In this review, it is visible that research has been on early stage of having specifics
guidelines, especially in blueberries, where anyone could use it and apply in every
condition and if it is applicable to day-to-day growing. Some other researches have
contradictive results and different from what in the farming is used, as an example
the EC target in strawberries where EC on farming level is far lower than that used
for research purpose. In other hand, for blueberries in substrate, trials studies need
to be closer to farm conditions in order to learn the different type of substrates that
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are used commercially and more researches are need to be done on fertigation nutri-
ent requirements, once the industry has been much more developed in the Southern
Highbush genetics, mainly in the last 20 years, and little has been done on this matter.
On the Rubus side, more works are done on raspberries than on blackberries, in
research from US and UK universities, and extension acts in governmental institutes.
Nowadays, most of the substrate selection is a substrate company recommendations
bringing the trends, and the fertigation programs on the hand of private consulting
companies and university research. With that said, more close relations must be cre-
ated between research and real farming operations from the private sector, growers,
substrate, fertilizer companies and consulting companies to be able to determine the
best and optimal practices to adapt and customize in each crop and growing region.
Moreover, this summary of these techniques raises the need to gather technol-
ogy adaptation on the farm level to address the needs to confirm the ideal substrate
mixes, more specific fertigation for each growing areas, species and plant types, in
which climate (light levels, day length and other factors) can be different. All of these
limitations will require an industry effort for all the learning gathered be confronted
and create better growing protocols for stakeholders to explore better the potential of
the genetics adapted to their own business plans.
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Perspective Chapter: Hydroponic
Farming for Food and Nutrition
Security — Challenges and Prospects

Lemma Tessema and Zebenay Dagne

Abstract

The continuous growth of the global population, coupled with water shortages,
climate change, pest and disease pressures, and urbanization, poses significant risks
to the agriculture sector’s ability to feed the world’s 8 billion people. The limited
natural resources, alongside increasing human needs and the ambitions of the United
Nations’ Sustainable Development Goals (SDGs), necessitate modernized agriculture
that can produce high quantities of quality food. Hydroponics—a vertical, soilless
crop production technique for food, animal feed, and ornamental purposes—emerges
as a valuable alternative in modern agriculture, especially in areas where criti-
cal production elements like land and water are scarce. This innovative approach
offers numerous advantages over conventional farming, including efficient water
and space utilization, year-round production, reduced environmental impact, and
enhanced environmental control through ongoing technological advancements. Due
to its space-efficient nature, many farmers are increasingly adopting hydroponics
for vegetable and fodder production. Therefore, hydroponic technology provides a
sustainable solution for food and feed production, optimizes space use, conserves
water, controls diseases, and addresses the multifaceted challenges of conventional
agriculture, contributing to the achievement of the United Nations’ SDGs.

Keywords: hydroponic technology, soilless cultivation, SDGs, environment friendly,
conventional farming

1. Introduction

The continuous growth of population, shortage of water supply, climate change,
pest and disease pressure, and urbanization put the agriculture sector at risk to feed
the world’s 8 billion lives. The scarcity of natural resources, combined with the increas-
ing demands of humanity, poses a major challenge to the United Nations’ Sustainable
Development Goals (SDGs), which are currently off track in meeting the targets of the
2030 Agenda [1, 2]. Crop production in Africa including Ethiopia is characterized by
low productivity due to poor soil fertility, low input usage, climate change, pests and
diseases as well as various environmental constraints [3]. In order to devise a strategy
to boost crop productivity where food insecurity is most prevalent and chronic,
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adopting sustainable intensification through agricultural technologies and innovations
is very critical. Modernizing the agriculture sector in this regard would play a key role
that enables to intensively produce high quantity and -quality produce and to benefit
the community from the sector. In addition to considering how successfully new
agricultural technologies contribute to the sustainability and resilience of agriculture,
their effectiveness in meeting the demands and needs of family farmers for increased
revenue and productivity should also be taken into consideration [4].

Globally, three significant challenges—food security, nutrition security, and
climate security—confront the twenty-first century and are closely tied to traditional
farming and food production systems, which hinder efforts to achieve the United
Nations’ Sustainable Development Goals. The rapid increase in the global population,
combined with decreasing arable land, soil erosion, and limited freshwater resources,
disrupts environmental stability. Addressing these interrelated issues is essential
and can be partially mitigated through climate-smart agricultural practices, such as
using renewable energy in farming, diversifying crops, rotating crops, and embracing
organic methods. However, there is an urgent need to transition to climate-resilient
farming techniques. Soilless indoor cultivation technology offers a promising long-
term sustainable strategy. By adopting soilless methods, farmers can increase agri-
cultural productivity with less land, optimize water use efficiency, reduce reliance on
harmful chemicals, and enhance ecological sustainability [5, 6].

Hydroponics, a vertical, soilless cultivation technique for food, animal feed, and
ornamental purposes, is an alternative method expected to reduce the sector’s burden
and gain an importance by the modern agriculture, especially where the most critical
production elements, land and water, are scarce [7]. This agricultural innovation has
numerous advantages over the conventional farming system, including efficient water
and space utilization, year-round production and environment friendly production,
higher crop yield, and profitability [2, 8, 9]. Furthermore, hydroponic farming is
considered a clean and environment friendly vegetable production technique due to
its minimum risk of soil-borne disease and pest infection to the crops, thereby reduc-
ing chemical spray and less toxicity to the environment [10].

Hydroponic technology offers a sustainable solution for food and feed production
by enabling accelerated year-round cultivation to address the multifaceted challenges
of conventional farming [9]. Despite its numerous benefits, the higher initial invest-
ment, total operating costs, and increased energy consumption compared to traditional
farming hinder its adoption and scalability, particularly among smallholder farmers in
developing countries, where technological advancements and financial resources are
often limited [8, 9]. However, hydroponic systems can be constructed using simple,
locally available materials, and they can operate without external energy sources unless
automated, which typically requires greater investment and energy consumption [11].
This chapter aims to provide insights into the challenges and prospects of hydroponic
farming for food and nutrition security, as well as its environmental and economic roles
within the agri-food system amid climate change and the growing global population.

2. Hydroponic farming

Hydroponic farming is among soilless cultivation techniques that provide an
opportunity to the agriculture sector, especially in areas where there are serious
soil degradation and/or land and water scarcity problems [12]. This technology also
provides an opportunity to feed the ever-growing populations in cities by enabling
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year-round production of food and feed crops with limited input and water wastage
[13]. Soilless farming, including hydroponics, reduces the threat of yield loss due to
soil-borne pests and disease, soil salinity problems, and other interconnected yield
impeding factors. Hydroponic technology also minimizes solid wastes and less energy
consumption for food and feed production, when the drip system is only working
with gradient without any power to pump the nutrient solution to plant roots [14].

2.1 Principles and basic concepts of hydroponic farming

With hydroponics, a nutrient-rich solution is provided into plant roots to facilitate
soilless plant growth. When compared to conventional soil-based approaches, this
technique for growing plants has a number of advantages. For instance, hydroponic
systems can offer larger crops in less space and require less water than soil-based systems.
Additionally, the ever-increasing climate change induced environmental issues, thereisa
need to find ways of resilient crop production technologies to boost crop productivity. In
this regard, hydroponic farming has gained interest, as it reduces dependency on agricul-
tural land and pesticide for crop pest control, as well as its merit to produce food and feed
with poor soil and scarce water, especially to feed highly populated urban dwellers [15].

There are different types of hydroponics mainly based on their substrate type
used, technological advancement, functionality, usage, and types/purpose of crop
grown under hydroponic system (Table 1) [16]. As far as plant-growing substrate
medium is concerned, there are different hydroponic systems. For example, there is a
type of hydroponic called “sand hydroponics” at Holetta Agricultural Research Center
established in 2013 for seed tuber production. The sand medium is disinfected with
sodium hypochlorite and free from any pathogens, it is just used as a growing medium
for potato early generation seed production (Figure1).

2.2 Media and nutrient handling in hydroponic cultivation

In hydroponic farming, proper nutrient management is crucial, as crops do not
access macro- and micronutrients from the soil, unlike in conventional farming,
where many essential nutrients are readily available. Each crop has specific nutri-
tional requirements, and the type and quantity of nutrients used in hydroponics must
be carefully managed [17, 18]. Typically, 17 essential plant nutrients are supplied in
the form of inorganic fertilizers for hydroponic systems, though variations may occur
based on local availability and accessibility of fertilizers [19]. Technicians working
in hydroponic greenhouses should regularly monitor nutrient levels by measuring
concentrations in the solution to identify any imbalances or deficiencies. Adjusting
nutrient levels according to the crop’s requirements is essential to ensure that plants
receive adequate nutrient solutions. In this context, managing nutrient pH and elec-
trical conductivity (EC) is critical. Proper adjustments to pH and EC are necessary to
meet the specific needs of the crops being produced [18].

In some cases, the strength of the nutrient solution and the stage of plant growth influ-
ence variations in pH, electrical conductivity (EC), and mineral concentrations more than
the specific type of nutrient solution used [20]. The nutritional requirements of crops
grown in hydroponics may differ in terms of nutrient concentration and solution pH. For
example, research on hydroponic potato mint production suggests that a nutrient solution
with a strength of 0.5 to 1.0 milliequivalent per liter supports optimal crop growth and
tuber yield [20]. At the Holetta Agricultural Research Center, we utilize nutrient solutions
based on elemental requirements for hydroponic seed tuber production, adapted from
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Hydroponic farming
systems

Description and principles

Reference

Wick system

The simplest type of hydroponic system where a wick draws water and
nutrients from a reservoir to the plant roots. The plant is cultivated in a
container with a growing medium such as perlite or coconut coir.

(15]

Deep water culture
(DWC)

The plant roots are submerged in a nutrient solution that is aerated by an
air pump. The plant roots are not in contact with any growing medium
and air pump provides oxygen to the roots and helps to circulate the
nutrient solution.

(16]

Nutrient film
technique (NFT)

A thin film of nutrient solution flows through a channel or tube where the
plant roots are exposed to contact with the liquid.

A thin film of nutrient solution flows through a channel or tube where the
plant’s bare roots are allowed to grow and come in contact with it.

The nutrient solution comes from the reservoir to the top of the channel
and flows down to the bottom by gravity.

The roots absorb the necessary nutrients, and excess water drains back
into the reservoir.

(15]

Ebb and flow
(or flood and drain)

The roots of the plants growing on a trail are periodically submerged in
the nutrient-rich solution, which is left to empty back into the reservoir
for future use.

In ebb and flow (or flood and drain), the plant roots are periodically
flooded with nutrient solution to supply the plants with water and
nutrients. The solution is slowly drained back into the reservoir, and this
cycle isrepeated several times a day.

[15]

Drip system

A pump delivers a nutrient solution to each plant through a drip emitter.
In the drip system, the nutrient solution is dripped onto the base of each
plant through a small tube or emitter. The excess solution drains back into
the reservoir or drains it out form root zone.

[14, 15]

Aeroponics

The plant roots are sprayed with a fine mist of nutrient-rich solution to
plant roots. The nutrient solution is sprayed onto the roots in a fine mist
using high-pressure misters. The excess nutrient solution is collected and
recycled back into the reservoir.

[16-18]

Aero hydroponics

Design to improve the root zone environment of aeroponics by maintain
root contact with nutrient solution in the lower part of the beds.

(16]

Sand hydroponics

Works with drippers without any energy source, only with slope variation
from nutrient source to planting boxes. The name is taken from the
substrate medium ‘sand’ and used for quality seed tuber production.

(14]

Table 1.

Various hydroponic systems and their applications for crop production.

Otazu [17], formulations developed for aeroponics [18]. The nutrient solutions for both
aeroponic and hydroponic farming at Holeta are adjusted to an EC of 1.5 mS/cm and a pH
of 6.8 [18], although a pH range of 5.0-5.6 is generally recommended for hydroponic crop
production. In addition to the 17 essential mineral elements necessary for plant growth,
the inclusion of elements, such as cerium, cobalt, iodine, aluminum, silicon, titanium,
lanthanum, selenium, sodium, and vanadium, is increasingly recognized as important
bio-stimulants that enhance plant growth and improve stress tolerance [21].
In hydroponic farming, different plant growth-supporting media could be used
based on their relevance and availability. As substrates are key elements in hydroponic
farming, the type and characteristics of the substrate used for hydroponics may vary
based on their availability and accessibility. More likely, substrates, which allow the
growers to easily control the root environment, are preferable. Plant-growing substrates
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Figure 1.
Potato mini-tuber production through sand hydroponics at Holetta Agricultural Research Center, Ethiopia
(©Holetta potato research program).

in hydroponics play a pivotal role by supporting the plants and facilitating ideal nutri-
ent movement as well as enhanced aeration to the plant root zone. The plant-growing
substrates in hydroponics are used for these major advantages; (i) act as a reservoir,
holding moisture and nutrients around the roots of plants, ensuring nutrients remain
dissolved and available for absorption; (ii) form pore spaces around roots to facilitate
oxygenation, enabling roots to respire effectively; and (iii) secure roots in place and
offer structural support, helping plants grow upright. To mention, some common
growth substrates in hydroponics system are: peat moss, coconut coir, perlite, vermicu-
lite, or others. If these plant-supporting substrates are not available or are too costly,
well-disinfected coarse sand can also be used for hydroponic crop production [14].

2.3 Crop management

In hydroponic farming, crop management varies based on the type and nature of
the cultivating crop. However, the technicians working in hydroponic farming need to
be skillful in crop physiology and agronomy as well as crop-nutrient requirement. As
far as crop type is concerned, hydroponic technology can be used to cultivate a broad
variety of crops, such as flowers, vegetables, fruits, forages, cereals, medicinal and
ornamental plants, though small- to medium-sized crops are more appropriate eco-
nomically and agronomically (Table 2) [13, 18, 24]. Crop handling under protected
production system needs serious follow-up and instant action. If the technician under
greenhouse observes any diseased or wilted plants, the infected plant should immedi-
ately be removed since the infected plant will reinfect healthy plants through nutrient
recycling under individual plant roots. In hydroponic production system, water-borne
diseases pose a significant risk to our crops and controlling water temperature is
also very crucial since roots are oxygen deprived and pathogens can flourish under
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Type of crop Purpose of hydroponic used Type of hydroponic used Reference
Potato The production of high quality Three hydroponic systems [16]
potato mini-tubers (aeroponics, aero hydroponics,

and deep-water culture)

Cereals Forage for animal nutrition Hydroponic and aquaponic [22]
techniques

Vegetables Lettuce for food and nutrition

Potato Potato production Nutrient film technique (NFT) [23]

Lettuce Home consumption and income Different types of vertical farming [13]
source

Spinach Home consumption and income Different types of vertical farming [13]
source

Bell pepper Home consumption and income Different types of vertical farming [13]
source

Tomatoes Home consumption and income Different types of vertical farming [13]
source

Maize Green fodder for animals Nutrient film technique (NFT) [24]

Table 2.

Cultivation of food and feed crops under different hydroponic systems.

nutrient solution [22]. Implementing restricted sanitation rule at each hydroponic
system is critical to reduce disease and pest spread. Vertical farming system requires
intensive crop management and follow-up. With the use of hydroponic technology,
growers can manage crop development in protected environments using machine
learning techniques to increase production and yield [25].

2.4 Environmental impacts and economic viability of hydroponic farming

Aside easy management of crops under hydroponic farming, it ensures zero growth
of weeds and no herbicide spray, contributing to less environmental pollution by
herbicide residues [19]. The study of Paturu and Varadarajan [26] evaluated differ-
ent farming models using the life cycle assessment (LCA) method in lettuce crop and
suggested greenhouse farming system is more environmentally sustainable than indoor
farming as well as traditional farming methods. This method also realizes greenhouse
farming performs well in greenhouse gas emission, human toxicity, and fossil fuel usage
compared to other crop production models. The study of Souza [27] argues that hydro-
ponics can be an attractive alternative to produce food in small properties. Likewise,
hydroponics-based crop production also benefited many million households during the
COVID-19 pandemic crisis, when people were out of their jobs and they could gener-
ate income through vegetable production at home [28]. So, space-efficient production
systems like hydroponic contributed a lot with multiple social and economic advantages
to the community, especially for urban dwellers in the Global South. In the context of
urban agriculture, hydroponics could be effectively used in cities with simpler and less
expensive technology, particularly in areas of extreme poverty, as a means of dispersing
vegetables for personal consumption, supporting the income of the family or commu-
nity, and establishing microbusinesses that will create jobs to youth and women [28].

However, Kalantari et al. [29] have appealed that vertical farming is not a feasible
alternative for cultivating extensive or low-value crops. From a sustainable and
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environment friendly crop production perspective, hydroponic technology can be
utilized to treat contaminated water. This approach helps to reduce the pollutant load
on the environment, as the contaminants can serve as essential nutrients for the plants
[30]. Hydroponic farming minimizes environmental deterioration by producing less
runoff and soil erosion than traditional farming methods since it provides high water
saving opportunity to growers [31]. Furthermore, hydroponic farming reduces carbon
emissions and soil compaction by doing away with the need for heavyweight machinery.
This system recirculates water, reducing overall water consumption and minimizing
wastage [2, 9]. Nowadays, water scarcity, nutrient-depleted soils, and pollution remain
significant global challenges, which are expected to exacerbate with the growing global
population, especially in urban areas [32]. Hydroponic system offers an opportunity in
reusing municipal wastewater for crop production in many urban areas of the world.
This contributes significantly to enhancing food and nutrition sovereignty and ecologi-
cal preservation. Hydroponic systems are also a good choice for treating wastewater
since they can lessen the health concerns that come with direct contact with untreated
wastewater for farmers, harvested crops, and consumers [32]. The study on lettuce pro-
duction in decoupled aquaponic system in fish water saved 62.8% mineral fertilizer and
totally substituted the required water for nutrient solution. This is because decoupled
aquaponics uses less energy to produce fertilizer and reduced fertilizer use and helped a
lettuce-producing site’s yearly greenhouse gas emissions per hectare by 72% [33].

2.5 Nutritional aspects of hydroponically grown crops

Nutritionally, hydroponically produced foods and feeds are palatable and fresh to
consume. Hydroponic farming provides an advantage of producing and delivering
fresh vegetables and green forages to the local community particularly in urban dwell-
ers, where people are consuming foods that traveled from remote areas of the country
for days or weeks under transportation. In most cases, fresh produces of vegetables
and fruits harvested from hydroponic farming are nutritionally safe to the consumers
and the fresh forage harvests are palatable to animals. Hydroponically grown fodder
is nutritious and free from contamination, which can improve animal health and
reproductive efficiency to be ready to feed our animals within 7 days [22]. Hydroponic
lettuce had increased moisture leading to lower bioactive compounds and had lower
antioxidant capacity than soil-grown lettuce [34]. According to the health risk index
(HRI < 1) and targeted hazardous quotient (THQ < 1) investigated by Zhu et al. [31],
there was little chance that heavy metals would pose a health concern in hydroponi-
cally grown lettuce produce.

Since hydroponic farming allows growers to harvest fresh produce, these fresh
produces have abundant bioactive compounds, including vitamins, minerals, and
phytochemicals with good nutritional qualities [35]. From the human health perspec-
tives, these fresh microgreens can neutralize free radicals and help to prevent damage
caused by oxidative stress due to the presence of vitamin C, phytochemicals like carot-
enoids and phenolics, certain minerals including copper, zinc, and selenium [35]. The
study at the University of Nevada, Reno, researchers compared hydroponically grown
strawberries and raspberries with those grown in soil. They found that hydroponi-
cally grown strawberries had notably higher amounts of vitamin C, vitamin E, and
total polyphenolic compounds, but lower levels of fructose and glucose compared to
soil-grown strawberries and raspberries. Compared to soil-grown strawberries and
raspberries, hydroponically grown berries produced a higher yield, comparable or
superior nutritional quality and taste preferences [36].
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3. Challenges related to hydroponic farming

Hydroponic farming with its multiple benefits, there are limitations in its imple-
mentation for improved crop production and productivity, such as high investment
costs and lack of adequate knowledge, to mention some [13]. The study of Wagner
etal. [2] also noted that initial costs of hydroponics, such as greenhouse construction,
costs of fertilizers, and other hydroponic equipment costs, are mentioned as a chal-
lenge for adoption of hydroponic farming technology in many developing countries.
Al-Kodmany [37] similarly concluded that economic visibility and lack of expertise
remain the major obstacles in the path to implementing the vertical farm. Pests and
diseases are other challenges in hydroponic farming under screenhouse. One of the
most common culprits behind root rot in hydroponics is a group of water-borne fungi,
particularly Pythium [22]. These microscopic pathogens thrive in moist, oxygen-poor
environments, making hydroponic systems an ideal breeding ground. Pythium attacks
plant roots, causing them to turn soft, brown, and mushy. As the infection spreads,
the roots lose their ability to absorb nutrients, leading to the decline of the entire plant
[22]. The most common causes of root rot in hydroponic farming are due to: insuf-
ficient oxygen, high water temperatures, and contaminated equipment and nutrient
solution. Common challenges in hydroponic farming include, but not limited to (i)
nutrient deficiencies or excesses, (ii) pH fluctuations, (iii) pest and disease infesta-
tions, and (iv) well-trained manpower who can properly operate the hydroponic
system. To cope up with possible pest and disease control under hydroponic system,
integrated pest management (IPM) strategies, including biological controls, monitor-
ing, and sanitation, are essential.

A comparative study in Yuma, Arizona, examining the land, water, and energy
requirements of hydroponic versus conventional agriculture highlighted significant
advantages of hydroponics. Hydroponic systems demonstrated an 11-fold increase
in yield while consuming less water; however, they required 82 times more energy
than conventional lettuce production [9]. To improve water efficiency and enhance
the sustainability of hydroponic farming, additional technologies such as drip
irrigation and fogging systems are necessary, particularly in water-scarce regions.
Furthermore, the sustainability and accessibility of hydroponic technology can be
enhanced by addressing its energy demands through renewable sources, such as
solar, geothermal, or wind power. This is especially critical in developing countries,
where the cost of electric power can be prohibitively high. By leveraging renewable
energy, hydroponics can become a more viable and sustainable option for farmers
facing water scarcity.

4. Prospects of the hydroponic farming

The hydroponic farming system has a potential to pave into smart agriculture to
improve food and nutrition security in the agriculture sector. Hydroponic farming,
with its time and space efficiency, production of quality green fodder for animals was
possible within 7 days [38], which is unlikely with conventional farming systems. Asa
modern agricultural technology, hydroponic farming promises to provide high-qual-
ity, healthy, fresh, residue-free vegetables and fruits to the locality [10]. Additionally,
research indicates that hydroponic farming could become a significant method for
commercial vegetable production, despite its higher initial investment and the need
for advanced technology [8].
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In the near future, the world’s hydroponic farming market will worsen reaching a
value of $25.1 billion encompassing various participants, such as food manufactures,
crop cultivators, hydroponic system manufacturers, and suppliers of hydroponic
components [23]. Future research may involve larger-scale experiments to deter-
mine if the hydroponic system can satisfy market demand of the future [39]. As the
result, this modern agriculture technology opens doors for researchers to investigate
and generate more information on the economic and environmental impact of
hydroponics-based urban farming models in the arena of climate-smart agriculture
for resilient agri-food systems. Hence, hydroponic farming would provide opportuni-
ties for research and development for scientists to perform multidisciplinary research
on crop-nutrient requirement, crop physiology, pathology, and engineering until
availing adequate information for controlled environment production system suitable
for different agro-ecological regions and crop diversity of the world [23].

Hydroponics offers the potential to rebalance industrial development and agricul-
ture, reintroduce farming into urban areas as an alternative livelihood for residents, and
help alleviate sustainable water scarcity issues [39]. Hydroponic system was observed to
be more sensitive to effects of environmental temperature than traditional cultivation
due to higher soil buffering capacity. The technology also enabled to produce higher
yield (134%) and higher water productivity (50%) under greenhouse lettuce produc-
tion experiment [8]. The future of hydroponic farming holds great promise, with
the potential to fundamentally transform food production. Hydroponic farming not
only delivers high yields in productive soils but also enables ample food production in
areas with degraded soils [19]. So, hydroponic farming attracts both technologists and
the consumers due to its multiple advantages [23]. As per the study in East Africa by
Gumisiriza et al. [13], hydroponics has a potential to increase food security for urban
dwellers where populations are highly dense with putting efforts to reduce its initial
cost and sensitizing its framing system suitable to majority of urban farmers.

Hydroponic farming has bright future to scale up in the near future due to its
unique advantages of efficient resource and space utilization, year-round production,
higher crop yield, reduced pest and disease pressure, reduced environmental impact,
and precise control over crop growing conditions under screenhouse [2, 8, 14].
Integration of hydroponic farming into urban food production offers the potential to
tackle both food security and environmental sustainability, leading to a more resilient
food system [40]. In the future, regions experiencing drought may employ desalted
salt water in hydroponic systems, enabling food production in coastal areas, deserts,
and developing nations where food insecurity and recurrent climate change-induced
uncertainties are more prevalent. Meanwhile, astronauts aboard the International
Space Station already relish lettuce cultivated hydroponically and hydroponic farming
in this regard created an opportunity to conduct future research and innovation in
our planet.

5. Conclusion

In recent years, the growing global population and rapid urbanization have signifi-
cantly increased the demand for sustainable and efficient food production systems,
all while facing the complex challenges posed by climate change. Traditional agricul-
ture encounters numerous obstacles, including limited arable land, water scarcity,
climate change, and soil degradation, which threaten food and nutrition security.
Consequently, there is an urgent need to explore innovative agricultural practices that
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can overcome these limitations and ensure a stable food supply in line with popula-
tion growth dynamics. Hydroponic farming emerges as a vital solution to global
challenges, such as food security, urbanization, and environmental preservation,
thanks to its advantages in sustainability, efficiency, and flexibility. With ongoing
technological advancements and increasing support from both public and private sec-
tors, hydroponic agriculture is poised to play an increasingly integral role in modern
agricultural practices. This method enables crop cultivation in harsh climates and
limited spaces, making it essential for ensuring food security in an era where climate
change threatens sustainable crop production. Therefore, it is imperative to scale up
and integrate hydroponic technology into current agricultural systems, updating
these systems with the latest technological advancements to promote environmentally
friendly food production and enhance sustainable agri-food systems.
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Chapter 8

Perspective Chapter: Bioconversion
and Bioeconomics of Wastewater
from Red Tilapia Aquaculture as

a Source of Nutrient (Nitrate) on
the Green Mustard Growth with
Recirculation and Drip-Sugar

Cane Methods in the Aquaphonics
System

Latif Sahubawa, Bambang Triyatmo and Evlina Ambarwati

Abstract

Aquaculture produces a large amount of wastewater, which can be controlled with
an aquaponic systems that combines the cultivation of red tilapia and green mustard
by converting the wastewater into a source of nutrients for biota and maximizing
waste utilization in the fields of bioconversion and bioeconomics. The aim of the
study was to analyze the growth of green mustard vegetable biomass and economic
value in one cycle of red tilapia aquaculture. The physical-chemical quality of red
tilapia aquaculture water bodies is pH = 74, temperature = 27.4°C, TDS = 184.3 mg/L,
EC = 392 ps/cm, NH; = 6.4265 mg/L, NO, = 0.6204 mg/L, NO; = 4.178 mg/L. The
physical-chemical quality of wastewater in green mustard cultivation is pH = 7.5,
temperature = 27.6°C, TDS = 188.6 mg/L, EC = 399.7 ps/cm, NH; = 0.0025 mg/L,

NO, = 2.6315 mg/L, NO; = 5.260 mg/L. The physical-chemical quality of waste-

water for vegetable cultivation in vegetable pots is pH = 7.6, temperature = 27.6°C,
TDS = 188.1 mg/L, EC = 400 ps/cm, NH; = 0.0026 mg/L, NO, = 2.8245 mg/L,

NO; = 5.266 mg/L. Biomass growth of green mustard in the recirculation sys-

tem = 92.50 kg per harvest and in drip system = 138.00 kg. The ratio of the growth of
the top stem and rootstock of mustard greens is 4.0:1.0 and 5.5:1.0. The growth of red
tilapia biomass at harvest reaches IDR 1,680,000. The total income from fish aquacul-
ture and vegetable cultivation at each fish harvest period is IDR 10,323,750.

Keywords: aquaponics, bioconversion, bioeconomics, biomass, wastewater, red tilapia
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1. Introduction

Indonesia’s 2019-2023 National Medium-Term Development Plan outlines seven
general policy directions, one of which aims to increase the added value of marine
and fisheries resources. The Ministry of Marine Affairs and Fisheries of the Republic
of Indonesia promotes a blue economy approach in national development planning.
This approach focuses on the optimal use of fisheries industry waste to produce valu-
able food and non-food products, based on a zero waste. Waste from the aquaculture
industry is rich in nutrients sourced from uneaten feed and feces (containing nitrogen
in the form of total ammonium nitrogen and nitrite). When wastewater from aqua-
culture is discharged into the environment, these nutrients will be carried away, and
cause pollution. The most commonly practiced and environmentally friendly aqua-
culture system in Indonesia is aquaponics [1].

Aquaponics-based aquaculture is an integrated approach that combines fish and
vegetable cultivation to increase economic value by reusing wastewater as a source of
nutrients for vegetable and fruit cultivation in supporting the production of quality
organic food [1]. According to Ref. [2], intensive-scale aquaponics with high-quality
feed has a significant impact on fish biomass growth and provides essential nutrients
(nitrate), increasing the potential for integrated vegetable and fruit cultivation. In
aquaponics system cultivation, nitrifying bacteria can convert nitrite to nitrate, which
is the main component of liquid fertilizer nutrients in vegetable plants [1]. Using
fish farming wastewater for vegetable cultivation is an effective solution to minimize
pollution in fish pond water bodies, increase optimal fish growth, produce organic
vegetables, save groundwater, and control environmental pollution [2]. In the era of
modern technology, quality food can be produced independently and on a large scale.
Aquaponics is a practical and environmentally friendly technology for cultivating
productive and economically valuable plants on limited land while maintaining the
sustainability of water resources [3, 4].

Advances in science, technology, and innovation in the field of aquaponics have
made aquaculture wastewater optimally utilized as a source of nutrition in vegetable
and fruit cultivation (horticulture). The application of the aquaponic cultivation
system is theoretically, practically, and economically very profitable because the
land used is relatively limited, multipurpose (fish, various vegetables, and fruits),
water efficient, prevents the use of antibiotics, and is free from antibiotic residues.
The technical-practical advantages are that there is no need to cultivate the land, free
from fertilizers and pesticides, without irrigation and utilizing fish farming waste-
water which is rich in nutrients. According to Refs. [5, 6] several types of fish that
are cultivated have economic potential and bright market prospects, namely tilapia,
carp, pomfret, patin fish, catfish, and several types of important vegetables, such as
spinach, mustard greens, kale, lettuce, celery, tomatoes, chilies, and eggplant. The
advantages of aquaponic technology include easy application, space-saving, free from
pesticides and herbicides, no need for regular water changes, faster and more con-
trolled growth of fish and vegetables, a productive alternative source of income, labor
savings, a healthy (organic) food source, and environmentally friendly [3, 4].

Red tilapia is a freshwater fish known for its high protein and low-fat content.
Every 100 grams of red tilapia meat contains 17.8% protein, fat (2.7%), water
(77.8%), and minerals (1.2%) [7]. Green mustard is a low-calorie vegetable but rich
in nutrients, beneficial for health, and widely cultivated throughout the world.
Green mustard is often used for salads, soups, and as a garnish. With only about 13
calories per 100 grams, green mustard is an ideal food for those on a diet because it
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only contributes a few calories, and reduces fat, thus helping with weight loss. Green
mustard also contains sulfur compounds, which can reduce the risk of cancer (breast,
prostate, and lung cancer) by helping the body eliminate toxins and prevent cancer
cells. The essential minerals (iron, magnesium, and calcium) it contain support
bone growth and prevent osteoporosis. Vitamin A (beta and alpha carotene) in green
mustard can improve eye health and prevent oxidative stress on the retina.

Other important nutrients include folate and vitamin B6, which are beneficial
for heart health by lowering homocysteine levels (a risk marker for cardiovascular
disease). Each cup of collard greens provides about 20% of the recommended daily
intake of potassium, which is essential for heart health because it acts as a vasodilator,
reducing blood vessel tension and lowering cardiovascular stress. Additionally, the
vitamin C in collard greens boosts immune function, reduces stress, and stimulates
the production of white blood cells to ward off chronic disease. Vitamin C also plays a
key role in collagen synthesis, helping to maintain healthy and rejuvenating skin.

Based on the research results [2], the physicochemical quality of the water of red
tilapia fish farming ponds for green mustard cultivation still meets the water qual-
ity requirements, but the pH and TDS values are approaching the highest limit. In
this study, an aquaponic system was applied by cultivating red tilapia as a source of
nutrients for the growth of green mustard with recirculation and molasses methods.
The development of this aquaponic cultivation technology is expected to empower
fish farming communities so that they are able to utilize land, fisheries, and envi-
ronmental resources optimally to improve welfare. With the support of university
researchers, farmer groups can independently improve aquaponic technology, in
order to produce organic fish and vegetables that meet domestic market demand, as
well as reduce waste, and contribute to environmental pollution control.

2. The research objectives

The main objectives of this research are (1) analysis of the physical-chemical qual-
ity of the water body for red tilapia fish farming as a source of organic liquid fertilizer
for green mustard greens cultivation, (2) analysis of the physical-chemical quality of
wastewater from red tilapia fish farming for vegetable cultivation, (3) analysis of the
bioconversion of fish farming waste on vegetable biomass growth, and (4) bioeco-
nomic analysis of fish and vegetable farming in an aquaculture system.

3. Materials and method
3.1 Materials and equipment

The raw materials for the research were red tilapia (2000 fish,
L = 8-11 cm); green mustard seeds, and fish feed. The main equipment used
is a rectangular fish cultivation tank (fiberglass) (L = 2.5 m, width/W = 1.5m,
height/H = 1.0 m, diameter/@ = 2.0 m), a cylindrical fish cultivation tank (& = 1.5 m,
W =1.5m, H = 1.0 m), arectangular vegetable cultivation tank (fiberglass)
(L=12m,W = 0.6 m, H = 0.40 m), a vegetable cultivation recirculation tray (con-
duit pipe: @ = 3 inches, L = 2.0 m, W = 1.2 m, vegetable pot @ = 6 cm), a vegetable
cultivation tray with a sugarcane drip system (conduit pipe: @ = 1/2 inch, L = 9 m,
vegetable pot @ = 22 cm), TDS meter and pH meter.
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3.2 Research procedures

The stages of aquaponic system cultivation research are: (1) installation of an aqua-
ponic house along with tanks and racks for fish and vegetable cultivation; (2) installation
of a water network (conduit, pump, and clean and waste water reservoir); (3) installation
of a wastewater recirculation system for vegetable cultivation (conduit with an open
system, molasses, and an open tank); (4) installation of a three-tiered rack (vegetable
cultivation with a molasses system); (5) filling clean water in the fish cultivation tank; (6)
installation of an electricity network; (7) spreading red tilapia seeds and planting green
mustard seeds in the vegetable cultivation installation; (8) providing fish feed and circu-
lating waste water in vegetable cultivation; (9) measuring the physical-chemical quality of
fish pond water as well as the water discharge and quality of fish cultivation wastewater;
(10) measuring the growth of vegetable and fish biomass.

3.3 Research methods

Laboratory measurement of water quality samples at the Laboratory of the Center
for Environmental Health Engineering and Disease Control, D.I. Yogyakarta, and
direct measurement at the research location using a pH meter (pen type, pH 009-1
and TDS meter type YL-TDS2-A). Research data processing using quantitative,
qualitative, and descriptive methods [8]. Physicochemical parameters of fish farming
water quality and fish and vegetable farming wastewater, namely: pH, temperature
(°C), TDS (mg/L); electrical conductivity/EC (ps/cm), NH; (mg/L), NO, (mg/L),
NO; (mg/L), and wastewater discharge (L/minute). Bioconversion parameters
(growth of mustard greens and red tilapia) and bioeconomics (selling value of
vegetables and fish) in one harvest period.

4, Results and discussion

4.1 The physical-chemical quality of water bodies for red tilapia aquaculture and
wastewater for the cultivation of green mustard vegetables (recirculation and
drip-sugar cane systems)

The physical-chemical quality parameters of pond water for red tilapia cultivation
and red tilapia cultivation wastewater for green mustard vegetable cultivation are
shown in Table 1.

No Containers Water and wastewater quality parameters
pH Tempe- TDS EC (ps/cm) NH; NO, NO;
rature (°C) (mg/L) (mg/L) (mg/L)  (mg/L)

1 Fishpond of red 74 274 184.3 392 6.4265 0.6204 4.178
tilapia

2 Paralon 75 276 1885 399 0.0025 26315 5.260

(recirculaion

system)

3 Pot (drip-sugar 76 276 188.1 400 0.0026 2.8245 5.266

cane system)

Table 1.
Physical-chemical quality of fishpond water bodies and wastewater for green mustard cultivation.
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4.1.1 Acidity (pH)

The pH value of the water body of the red tilapia fish farming pond and wastewa-
ter for green mustard vegetable cultivation ranged from 7.4 to 7.6 (Table 1). The pH
levels in the three cultivation containers were relatively the same, indicating that the
pH of the fish aquaculture environment and wastewater used for vegetable cultiva-
tion remained neutral and stable for the growth of fish and vegetables. When the pH
increases above 7.0 in aqueous solution, most of the dissolved phosphorus can react
with calcium to form calcium phosphate. The high pH in the pot container can cause
low nutrient absorption by the roots, thus inhibiting vegetable growth. According to
Ref. [9], alower pH level creates an optimal environment for growth with increased
iron absorption so that the harvest period of vegetables is increased.

There are 6 (six) key factors that affect the growth of aquaponic and hydroponic
plants, namely: water quality, sunlight, oxygen, nutrients, temperature, and pH of
the nutrient solution. In the aquaponic system, 2 (two) important environmental
parameters are pH and electrical conductivity (EC) because both have a significant
impact on the physiology of aquatic life and cultivated plants [2]. Acidity affects the
nutrient absorption capacity of plants and the activity of nitrifying bacteria (nitrite
formation). Nitrifying bacteria convert ammonia from food waste and fish feces into
nitrite, which is then converted by nitrobacter bacteria into nitrate at an optimum pH
(+8.5). Optimal nutrient absorption by some plant species can occur at pH 6.0 [10].
The range of pH values in aquaponic system cultivation must be strictly controlled to
achieve optimal conditions so that they can support the life and activity of nitrifying
bacteria and the growth of cultivated vegetables. High acidity levels in water bodies
can reduce the efficiency of absorption of essential macronutrients by plant roots in
aquaponic systems.

The acidity level affects the growth and survival of aquaponic/hydroponic plants.
Plants require a nutrient solution/water with a neutral pH (6.0-7.5) in order to grow
and produce well and survive for a long time. Nutrients contained in solutions/water
with neutral pH conditions (6.0-7.5) can be optimally absorbed by plant roots, while
in acidic and alkaline pH conditions (6.0 “ pH > 7.5) it turns out that it is not good for
plant growth. In alkaline nutrient solutions/water, it turns out that micronutrients
(Mn, Zn, Fe) will be chemically bound so that they cannot be optimally absorbed by
plant roots, as a result, plants experience nutritional deficiencies and stunted growth.
Only a small number of plants can grow well in pH conditions of 6.0-7.5 [11].

4.1.2 Temperature (°C)

The water body temperature of red tilapia fish farming ponds and green mustard
cultivation wastewater ranges from 27.4 to 27.6°C (Table 1). Tilapia fish can grow
normally at a temperature range of 14-38°C and spawn naturally at a temperature of
22-37°C. The optimal temperature for the growth of red tilapia fish ranges from 25 to
30°C [12]. The growth of red tilapia fish will be disrupted if the water body tempera-
ture is lower than 14°C and or higher than 38°C. At temperatures lower than 6°C or
higher than 42°C, tilapia fish experience severe stress and die. This condition shows
that the water body temperature of cultivation ponds and vegetable cultivation is still
in the good category and optimal for growth.

One of the factors that directly affects fish survival is temperature. Fish can die if
the water temperature decreases or increases beyond its tolerance limit. This is because
fish are very susceptible to drastic changes in temperature [13, 14]. Many factors can
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affect temperature fluctuations, such as the temperature of the aquatic environment,
dissolved particles, and sunlight, which are limiting factors in the growth of aquatic
biota and plants [2]. The optimal environmental temperature will stimulate the growth
of aquatic biota and plants optimally. The growth rate of aquatic biota and plants can
take place optimally when the water temperature reaches its optimum because other
environmental factors become neutral. When the water temperature changes from
minimum to optimum conditions, the growth rate of aquatic biota and plants increases
drastically at the highest limit [15]. According to Ref. [16], when dissolved particles

are high, it will affect the ability to absorb sunlight. Low dissolved particles can cause
the water temperature to decrease. The nitrification process requires a lot of energy,
which will result in an increase in temperature. Changes in water body temperature at
optimum to maximum intervals result in a decrease in the growth rate of aquatic biota/
plants, except for certain types of biota and plants that grow quite quickly.

In vegetable cultivation in water media with moderate conditions, the optimum
temperature for photosynthesis is lower than the optimum temperature for the respi-
ration process. This is because the photosynthesis process will decrease in intensity if
the temperature does not support it. The optimum temperature range for accelerating
the photosynthesis process of aquatic plants ranges from 10 to 30°C. According to
Ref. [5], if the environmental temperature is higher and/or lower than the optimum
temperature conditions, the rate of photosynthesis will decrease, although there are
several types of plants that are able to photosynthesize optimally. This shows that the
temperature in the aquaponic system is important for the aquaculture ecosystem.

4.1.3 Total of dissolved solids (TDS, mg/L)

Based on the measurement results (Table 1), the TDS content in the water body of
red tilapia fish cultivation was 184.3 mg/L and in vegetable cultivation with a recir-
culation system of 188.5 mg/L and 188.1 mg/L in the molasses system. The optimal
TDS condition is less than 200.0 mg/L [2]. Treatment of vegetable cultivation with
the recirculation and molasses methods can increase TDS. According to Ref. [17], the
addition of nutrients to the aquaponic system brings benefits to plants and fish, but
excessive addition of nutrients can affect TDS levels which can directly harm fish, as
well as reduce pH and oxygen solubility in water. Therefore, the addition of nutrients
should be limited to elements needed by plants in limited quantities.

TDS is an indicator of the number of organic and inorganic particles or solids in
the form of calcium, magnesium, potassium, carbonate, nitrate, bicarbonate, chlo-
ride, and sulfate salts that are smaller than 1.0 nanometers [18]. TDS directly affects
the turbidity and brightness of water bodies and the life of aquatic biota. Turbidity
is a description of the optical properties of water due to the presence of suspended
solids (clay particles, mud, soil colloids, and aquatic organisms). Suspended solids
interfere with fish life and prevent sunlight from entering for phytoplankton photo-
synthesis. Turbidity is an important parameter of the quality of aquaculture water
bodies. The dominant suspended material is formed from detritus, so that within
certain limits it can be used as an indicator of water body pollution and has a signifi-
cant effect on respiration, the ability to see aquatic biota, decreased dissolved oxygen
levels, and inhibition of light penetration into water bodies.

Water clarity is a measure of the transparency of water and sunlight in a body of
water. The intensity of sunlight for phytoplankton photosynthesis is influenced by
the intensity and propagation power of sunlight and water turbidity. Water turbidity
describes the optical properties determined by the amount of sunlight absorbed and
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emitted by dissolved and suspended materials in the water. The turbidity of the water
body is influenced by fine suspended materials (mud), microorganisms (plankton),
and the color of the water caused by colloidal substances resulting from the decay of
plant leaves. The criteria for the clarity of fish pond water can be used as a reference
in managing the quality of water bodies. Brownish pond water indicates the dominant
growth of diatomaceous microalgae. Diatomaceous earth is one of the natural food
suppliers for cultivated biota, so that its growth rate is relatively faster [5].

4.1.4 Electrical conductivity (EC, us/cm)

One of the important parameters in aquaponic and hydroponic cultivation systems
is electrical conductivity (EVC). EVC affects the physiological processes and yields
of cultivated plants. The average EVC value in fish pond water bodies and vegetable
cultivation is relatively the same, ranging from 392 to 400 ps/cm (see Table 1), but in
vegetable cultivation water bodies it is relatively higher. The optimal EVC value is less
than 450.0 ps/cm. EVC of water bodies significantly affects the ability of microalgae to
absorb nutrients. This causes changes in stomatal openings and an increase in leaf area
(photosynthesis efficiency). Several research results show that EVC values in aquaponic
systems range from 300 to 1100 ps/m and in hydroponic systems between 1000 and
3000 ps/m. In aquaponic cultivation systems, the concentration of nutrients available in
water is influenced by the type of fish, growth rate, and density of fish. In hydroponic
system cultivation, the concentration of nutrients available in water is influenced by the
type of fish, growth rate, and density of fish. The frequency of feeding and composition
of feed have a significant effect on the growth rate of nitrifying bacteria [10].

The quality of nutrients in water bodies can be controlled based on EC and pH
values. The higher the nutrient content in water bodies, the more concentrated the
salt content in the water, so the EC capacity is higher (see Table 1). The increase in
nutrient concentration in water bodies is influenced by the total salt content and
accumulation of ions in water bodies. EC in water bodies affects plant metabolism,
especially the rate of photosynthesis, enzyme activity, and the potential for ion
absorption by plant roots. EC reflects the ion content in nutrients, where a decrease in
EC values indicates the amount of ions absorbed by plant roots. Nutrients are formed
from ions which are a mixture of macro and micronutrients needed by plants. The
combination of these elements will have different EC values, directly proportional to
the total dissolved ions [13, 14].

4.1.5 Ammonia (NH3, mg/L)

Based on the measurement results (Table 1), it is known that the NH3 content in
the water body of the red tilapia pond is 6.425 mg/L, higher than that of the green
mustard cultivation container (0.025 and 0.026 mg/L). According to BSN, the
ammonia content in fish cultivation is <0.02 mg/L, which indicates that the treat-
ment of vegetable cultivation using a recirculation system and molasses is quite high.
The difference in ammonia levels is caused by differences in the number, activity,
and capacity of anaerobic bacteria (bacteria that decompose ammonia and nitrite)
and aerobic bacteria (decompose nitrite into nitrate), and the process of water
recirculation from the fish pond to the waste storage tank. The amount of fish feed
given 4 - 5 times a day is the main factor triggering an increase in ammonia levels in
the water body, compared to ammonia levels in vegetable cultivation containers. The
low levels of ammonia in vegetable cultivation containers are caused by 2 (two) main
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factors, namely (1) the speed of decomposition of ammonia and nitrite by nitrifying
bacteria in wastewater reservoirs (recirculation), and (2) the speed of absorption by
vegetable roots [15].

The high ammonia levels in the water bodies of cultivation are an important
indicator of the nutrient content of the water body which results in nutrient enrich-
ment (eutrophication), followed by low dissolved oxygen levels, increased biological
oxygen demand (BOD) and total suspended solid (TSS), and the emergence of fish
pests and diseases (especially fungi and bacteria). This condition shows that if the
accumulation of nutrients in fish ponds is not followed by drainage or suction and/or
used every day as a source of nutrients for vegetable cultivation (aquaponic systems),
it will reduce the quality of the water body to the lowest limit that affects fish life. The
increase in ammonia and nitrite levels in large amounts becomes a toxic substance in
the water body so it can cause mass fish deaths. The levels of ammonia and nitrite in
the water body of fish ponds must be strictly controlled through a continuous aera-
tion process to create aerobic conditions in the water body to accelerate the growth of
nitrobacteric bacteria that decompose nitrite into nitrate and nitrifying bacteria that
accelerate the decomposition of ammonia and nitrate compounds into nitrate (nutri-
ents for aquatic plants) [19].

4.1.6 Nitrite (NO,, mg/L)

Based on the measurement results (Table 1), it is known that the nitrite level in
the red tilapia fish cultivation water body is 0.6204 mg/L, smaller and significantly
different from the wastewater used for vegetable cultivation with a recirculation sys-
tem and molasses (2.6315 - 2.8245 mg/L). This very striking difference in NO, levels
indicates that in the red tilapia fish cultivation pond, optimal NO, decomposition
occurs by nitrobacter bacteria, which is supported by the availability of oxygen in suf-
ficient quantities from the aerator. In contrast, high NO, levels in the green mustard
cultivation container are due to accumulation symptoms. Similar to ammonia, nitrite
levels in the water body of the fish pond must be strictly controlled through appropri-
ate conditioning to accelerate the growth of nitrifying bacteria whose job is to decom-
pose ammonia into nitrite (a poison for cultivated biota) and nitrobacter bacteria that
accelerate the decomposition of NO, into NO; [20].

Nitrogen comes from organic waste in various forms (organic N, ammonia N,
nitrite N, and nitrate N). In industrial wastewater, the organic N content is relatively
higher than ammonia N, while in wastewater with warm temperatures, the organic
N content is relatively lower than ammonia N. Nitrite and nitrate in wastewater are
at very low concentrations [20]. Nitrogen forms undergo transformation as part of
the nitrogen cycle, namely: (1) assimilation of inorganic N (NH; and NO;) by plants
and autotrophic bacteria to form organic nitrogen (amino acids and proteins); (2)
oxidation of NH; to NO, and NO; by aerobic bacteria occurs optimally at pH 8 in
water body temperature conditions of +30°C; (3) ammonification of organic N
produces NH; during the decomposition process of organic matter, mostly carried out
by microbes and fungi; (4) reduction of nitrate to nitrite, nitrogen oxide (N,0), and
nitrogen (N,) occurs optimally in anoxic conditions involving bacteria and fungi.

4.1.7 Nitrate (NOs, mg/L)

Based on the results of the analysis (Table 1), nitrate levels in red tilapia aqua-
culture ponds are 4.178 mg/L, smaller and significantly different compared to
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recirculation vegetable cultivation containers (5.260 mg/L) and drip-sugar cane
systems (5.266 mg/L). This condition shows that the activity of nitrobacter bacteria
in the decomposition of nitrite into nitrate is higher in the reservoir of redfish aqua-
culture because it is supported by conditions of temperature and pH and the avail-
ability of oxygen. The higher pH of the water body in the fish culture pond affects the
higher ammonia toxicity, because most of it is in the form of NHj;, while ammonia in
the molecule (NHj;) is more toxic than in ionic form (NH,*). Ammonia in the form
of molecules can form cell membranes faster than NH,* [21]. According to Ref. [22],
the source of ammonia in fishpond water comes from fish feed and fish feces. The
amount of ammonia produced can be estimated from the use of net protein (added
protein) from the feed given.

According to Ref. [23], chemical compounds of ammonia nitrogen (N-ammonia)
in water bodies sourced from food and fish feces provide growth stimulation in
aquatic plants. The concentration of organic and inorganic nitrogen compounds in
the waters will change if supported by environmental conditions so that it will cause
new problems in water bodies. According to Ref. [21], the concentration of organic
nitrogen in water bodies varies greatly, depending on fish cultivation technology.
Ammonia nitrogen (NH;-N) concentrations are quite high in ponds that are given
fertilizer rather than only biber feed. Nitrogen also contains dissolved organic matter
+1.0 mg/L in unpolluted waters, while in waters with high nutrition (2-3 mg/L) can
cause phytoplankton blooms.

4.2 Discharge, bioconversion, and bioeconomics of wastewater for green mustard
cultivation

4.2.1 Wastewater discharge capacity for the cultivation of green mustard vegetables

Based on the data in Table 2, it can be seen that the discharge of red tilapia fish
cultivation wastewater for green mustard cultivation with a recirculation system
is greater than the discharge of vegetable cultivation wastewater using a molasses
system, namely: (1) discharge of red tilapia fish cultivation water for green mustard
cultivation with a recirculation system = 6.3-6.6 L/minute (2 PVC trays with 126 veg-
etable pots, @ = 8 cm), and (2) discharge of red tilapia fish cultivation water for green
mustard cultivation with a molasses system = 5.2-5.8 L/minute (1 iron rack, stacked 3,
with 36 vegetable pots, @ = 22 cm).

The aquaponics system has three fish farming tanks, one freshwater reservoir,
and one fish farming wastewater reservoir with three vegetable farming models (two
PVC trays for the recirculation system, six fiberglass tanks for the floating system,
and one iron rack for the molasses system) (Figure 1). Wastewater from red tilapia
farming activities is available in large quantities (capacity 0.72 m*) which is continu-
ously flowed to each vegetable farming tray. Based on daily observations, the avail-
able wastewater can be used continuously to meet the needs of large-scale economic
vegetable cultivation (leaf vegetables: green and white mustard greens, green and red
spinach, kale, green and red lettuce, and fruit vegetables: chili, tomato, eggplant, red
onion) and fruits.

The main obstacles in aquaponic cultivation systems that must be anticipated to
increase cultivation productivity are: (1) reducing the total suspended solids that can
block the piping in the molasses-sugarcane cultivation system and plant roots; (2)
designing a wastewater reservoir that has a special column at the bottom to settle sus-
pended particles so that they do not enter the recirculation channels to the vegetable

151



Hydroponic Farming — A Modern Agriculture Technique

No Product type Initial Harvest (perseason)  Pricesell Harvest Amount (IDR)
weight (g) (IDR/ period
Total Total kg) (times)
length weight 8
(cm) (kg)
1) () (3) “) 5) (6) 7) =) x (5)
x (6)
1 Production of
green mustard
Paralon 4.5-6.5 30.0- 92.50 7500 1 693,750.00
(recirculation 35.0
system, A)
Pot (molasses 4.5-6.5 35.0-42.0 138.00 7500 1 1,035,000.00
system, B)
Total—1 — — 230.50 7500 5 8,643,750.00
Ratio of biomass — — 1.0:1.5 — — —
(A/B)
2 Production of 8-10 11-22 48.00 35,000 1 1,680,000.00
red tilapia
Total—2 — — — — — 1,680,000.00
Totall + 2 — — — — — 10,323,750.00
3 Economic — — — — — 5.14:1.00

ratio of green
mustard and red
tilapia

4 Wastewater
discharge (L/

minute)

Paralon (recirculation system): 6.3-6.6 L/minute

Pot (molasses system): 5.2-5.8 L/minute

Notes: A = cultivation of green mustard vegetables with a recivculation system; B = cultivation of green mustard
vegetables with a molasses system.

Table 2.
Bioconversion and bioeconomics analysis of aquaponic systems (fish and vegetables).

cultivation unit; (3) recirculation of wastewater in vegetable cultivation tanks must
be carried out for a relatively long time and repeatedly before being distributed to the
pond so that the nutrients can be maximally absorbed by the vegetable roots; and (4)
maximizing the use of nutrient-rich aquaculture wastewater for the cultivation of
various economical vegetables and fruits with an aquaponic system (vertical) and on
narrow land [9, 16].

4.2.2 Bioconversion and bioeconomic analysis in aquaponic system cultivation

Bioconversion and bioeconomic analysis on the utilization of aquaculture
wastewater for green mustard cultivation are described in Table 2. From the
results of the bioconversion analysis, it is known that the total growth of green
mustard biomass with recirculation system cultivation = 92.50 kg and molasses
system = 138.00 kg (ratio 1.0:1.5) with total production = 230.50 kg and red tilapia
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Water sampling

fish aquaculture pond

Products (fish & green mustard

Figure 1.
Model of aquaponic system aquaculture (integrated of fish and vegetable cultivation).

production = 48.00 kg. The results of the bioeconomic analysis show that the sell-
ing value of green mustard vegetables is IDR 8,643,750.00 and red tilapia is IDR
1,680,000.00 (Total = IDR 10,323,750.00). Based on these results, it is known that
vegetable cultivation with the molasses system is more productive than the recircula-
tion system.

Aquaponic system cultivation is one of the smart cultivation models in an
effort to increase the income of fish and vegetable farmer groups, by utilizing
narrow land, without using water and large space. Aquaponic system cultivation
is very suitable to be developed in marginal lands with limited groundwater but
has high economic potential [17, 24]. On the other hand, the fish and vegetables
produced have great market potential with quite competitive prices in traditional
and modern markets.

4.2.3 The advantages of aquaponic system cultivation

Aquaponic cultivation system business is called “an alternative solution to
solving environmental problems into an economic source,” with the following
advantages: (1) preventing environmental pollution by utilizing wastewater as
liquid organic fertilizer in organic vegetable and fruit cultivation businesses that
have economic value; (2) utilizing land and water resources optimally through
vegetable cultivation (saving space) and reusing fish farming wastewater as an
effort to conserve and rehabilitate groundwater; (3) aquaponic cultivation system
technology is very easy to implement with relatively low operational costs and
high output; (4) aquaponic cultivation system business saves a lot of labor because
the operational system is easy to operate, can be operated by one or two people per
business unit (categorized as a very economical business); and (5) vegetable cul-
tivation in the aquaponic aquaculture system can be harvested in a relatively short
time (around 25 days) so that it has a greater economic value than fish cultivation
(main product). Aquaponic plant cultivation business (green mustard greens and
red tilapia) with a recirculation system and molasses, has a greater economic value
ratio for vegetables than red tilapia, reaching 5.14:1.0.
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5. Conclusions and recommendations
5.1 Conclusions

1. The physical-chemical quality of red tilapia aquaculture pond water still meets
the water quality requirements for the cultivation of green mustard vegetables
even though the pH value and total dissolved solids are close to the highest limit.
The aquaponic technology used in the cultivation of green mustard vegetables
produces fairly stable water quality and high biomass productivity.

2.The discharge of wastewater from the red tilapia aquaculture business for veg-
etable green mustard cultivation reached 5.2-6.6 L/minute, apparently able to
provide a significant influence on the growth of vegetable biomass (230.00 kg)
in the recirculation and drip-sugar cane systems in 5 (five) times of harvest and
production of red tilapia of 48 kg. It shown that the discharge of wastewater
from red tilapia aquaculture for the cultivation of green mustard greens with a
recirculation system is greater than the discharge of wastewater for vegetable
cultivation of the drip-sugarcane system.

3.The total economic value of the production of red tilapia and mustard greens in
one cultivation cycle reaches IDR 10,323,750.00. These results demonstrate the
efficiency and potential for the sustainability of this aquaponic system.

5.2 Recommendations

1. The use of red tilapia aquaculture water for vegetable cultivation businesses
should be given a sufficient waiting time (about 1 day) before use, in order to
excite and convert ammonia and nitrite to nitrate to the maximum while reduc-
ing the pH of wastewater close to neutral conditions (pH < 7.5).

2.The discharge of aquaculture wastewater is large enough so that it must be uti-
lized optimally for the development of a variety of important economic and fruit
cultivation businesses on a larger scale.
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