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Among all the existing cultivation methods, hydroponics has emerged to be the best
method of cultivation for herbaceous plants. Several factors like less expensive setup, low
dependency on natural resources, energy efficiency, ease of setup and maintenance,
minimal requirement of technical knowledge, etc., determine the hydroponic method to
be the best one among all the other vertical farming methods. Along with being extremely
simple to establish and maintain, hydroponics also ensures multiple times higher
production in better quality and quantity. Damage to agricultural produce caused due to
pests, incorrect selection of cultivation medium, increased use of fertilizers for cultivation,
and incorrect crop selection for a given climatic condition and soil type, is also overcome
in the hydroponic process of cultivation. Another major reason for the hydroponic method
to outperform the other vertical farming methods is that it can be implemented in five
different types of setups where each crop shows different growth responses. The most
suitable hydroponic setup has been identified for different plants, according to their
growth requirements, to ensure enhanced growth. Not only the food demands are fulfilled
using these methods qualitatively, but also the environmental sustainability and improved
economy of any nation are effectively ensured.

1. INTRODUCTION

suffice the food demands quantitatively as well as

With the advent and expanse of urban civilization, the
traditional soil-based agricultural processes are found to
encounter many challenges. Because of the advantages of
urbanization in fields of technology, innovation, and
increased diverse employment options, the majority of the
rural population is shifting to the urban localities and
agricultural practices are compromised [1]. The most
significant aftereffect of these issues is the adverse effect on
the environment and the worldwide economy. Coping with
the rising food demands of society with traditional cultivation
methods is the greatest issue of today’s world. Some of the
challenges faced in traditional agricultural cultivation
methods are [2]:

o Lack of land for cultivation.

o Damage caused by disease-causing organisms or pests.
o Abrupt and unpredictable climatic changes.

¢ Poor drainage.

o Depleting soil quality and poor nutrient content.

o Soil erosion.

o Depleting natural resources.

o Use of chemicals, etc.

All these reasons sum up to cause the immediate
emergence of alternative soilless farming techniques that can

qualitatively [3-4]. There are many outstanding merits of the
alternative cultivation methods like ensured multiple times
better yield in minimal vegetation period, no dependency on
soil and natural resources, reduced damage due to pests, etc.
Many vertical farming techniques have emerged in the past
few decades which help in the cultivation of crops without
soil and without any dependency on any natural resource or
environmental condition. These methods facilitate the
cultivation in vertically stacked layers which use lesser space
to produce multiple times increased vegetation [5].

Apart from making the cultivation process soilless, it is
also important to provide all the necessary climatic and
nutrient requirements of the plants externally. This method is
known as Controlled Environmental Agriculture (CEA).

CEA refers to the process of controlling and maintaining
all the environmental conditions required for the plants to
grow in the best manner. It is a modern approach of precision
farming where a controlled growing environment for plants
is ensured in an enclosed structure for its better growth, and
improved qualitative yield. Apart from ensuring minimum
water and pesticide usage, CEA also efficiently addresses the
challenges faced in primitive agricultural processes, like
pests, plant diseases, dependency on natural resources, etc.
This way CEA helps in making the farming method
independent of the natural resources as well as climatic
conditions [6, 7].
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CEA comprises some key elements like controlled
irrigation, climate, nutrient distribution, pests, and disease
control, and automatic monitoring systems.

Some of the key benefits of CEA can be enlisted as
increased qualitative and quantitative vyield, reduced
vegetation cycle, year-round yield, resource efficiency, and
ease of flexibility of location.

Though CEA offers numerous advantages, it also comes
with challenges, such as initial setup costs, energy
consumption for climate control and artificial lighting, and
the need for technical expertise to manage the systems
effectively. However, as technology advances and economies
of scale improve, controlled environment agriculture is
expected to play an increasingly significant role in meeting
the growing demand for sustainable and reliable food
production.

This further reduces agricultural losses to a great extent.
These vertical farming techniques may be operated either
manually or automatically. When the system is monitored
and maintained manually and all the remedial measures are
carried out by the farm owner, manually, the vertical farming
system is manual. The use of 10Ts, on the other hand, makes
the vertical farming system smart and more advantageous [8].
The specific sensors are deployed according to the
parameters that need to be monitored in the vertical farming
system. Each sensor is set with a range of parametric values
that are needed by the plant to grow. The real-time values
from the sensors are collected and sent to the cloud for
analysis. The sensor values violating the preset parametric
ranges are identified and the corresponding actuators in the
system are activated to maintain the values in a range. This
way all the required nutrients and climatic conditions are
ensured to the plant growing environment and plant
cultivation takes place in an increased quality and quantity
throughout the year. This entire method of farming is termed
smart precision farming [9]-[11].

The soilless vertical farming methods use either water or
air as the basic cultivation mediums. Aeroponics,
hydroponics, and aquaponics are the soilless smart precision
vertical farming methods, out of which hydroponics
outperforms the other two methods in terms of higher yields,
low initial setup cost, low maintenance expenses, and ease of
operation. A bibliometric analysis using the ‘biblioshiny’ tool
in RStudio is carried out to determine the best vertical
farming method that is trending in the past 10 years. CSV
files related to aeroponics, hydroponics, and aquaponics are
retrieved from the SCOPUS database and a tabular
representation of the annual scientific production of all three
vertical farming methods is obtained. Table 1 shows the
research production trends of aeroponics, hydroponics, and
aquaponics respectively.

Table 1. Number of SCOPUS-indexed research articles
produced since 2013

Aeroponics Hydroponics Aguaponics
No. of No. of No. of
Year articles Year articles Year | articles
2013 14 2013 316 2013 11
2014 12 2014 320 2014 22
2015 7 2015 381 2015 25
2016 13 2016 438 2016 56
2017 19 2017 458 2017 79
2018 24 2018 554 2018 96
2019 23 2019 616 2019 148
2020 37 2020 690 2020 168
2021 43 2021 787 2021 182
2022 49 2022 766 2022 214
2023 26 2023 406 2023 88
Total 267 Total 5732 Total 1089

It is found that the total number of published articles on
aeroponics, hydroponics, and aquaponics are 267, 5732, and
1089 respectively. Thus, it can be clearly stated that
hydroponics outperforms the other two vertical farming
methods in the past 10 years.

Hydroponics is the process of cultivating herbaceous
plants in a nutrient-infused water medium. Fig. 1 shows a
basic hydroponic setup [12]-[14].
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Fig. 1. The working of a sensor-enabled smart hydroponic setup

In a hydroponic cultivation method, the roots are
immersed in the nutrient-mixed solution and the shoots are
above the medium [15]. The nutrient content of the water is
checked for the amount of nutrients in it and accordingly, the
nutrients are added to the solution for the proper growth of
the plant. The parameters like the potential of Hydrogen (pH),
electrical conductivity (EC), total dissolved solids (TDS), etc.
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are monitored and maintained continuously to provide
optimal conditions for the proper growth of the plant [16, 17].
The cultivation process is done in a closed setup where the
environmental factors like temperature, humidity, light
intensity, etc. are maintained within their limits. For this
process, each of the factors is monitored with the help of
dedicated sensors. Every time the plants are planted in this
setup, the agronomic values and requirements are studied and
the sensors are preset with the desired ranges of values. The
sensor values are monitored and maintained in those preset
ranges to ensure the best yield for the plants [18]-[21]. Many
hardware actuators like exhaust fans, coolers, mist sprays,
water and nutrient pumps, etc. are also connected to the smart
hydroponic system which is activated whenever any
parametric value goes out of range. This way precise
agricultural conditions are supplied to the growing
environment of plants, which is called precision farming, and
the entire setup is known as smart precision farming in a
hydroponic setup [22, 23].

1.1. Advantages and disadvantages of hydroponics

Although  hydroponic  cultivation offers  numerous
possibilities for food cultivation, it is not a panacea. Like any
alternate cultivation technique, it has its benefits and
drawbacks. For a thorough analysis of the method, a detailed
and extensive review is necessary to identify the areas where
the scope of development is still possible through
advantageous technological impact.

1.1.1. Advantages

« Space efficiency and ubiquity — Cultivation of food, in
a CEA, almost anywhere, is made possible through
hydroponics [24]. The scalability of the hydroponic method
of cultivation is increased further by implementing it in
various setups and devising vertical arrangements for
increased agricultural produce according to the plant type
taken into consideration [25, 26].

e Assurance of enhanced quality along with the
quantity of the produce — In traditional substrate cultivation
methods, one of the major necessities to preserving soil
fertility is crop rotation. Hydroponic cultivation methods
remove this constraint also. Hydroponic plants can be
cultivated as many times as needed. This in turn reduces the
cultivation cycle of the crop along with increasing its yield
per cycle. The qualitative yield and better growth response
are also ensured due to its administered plant physiological
and nutritional requirements [27, 28].

« Enhanced sustainability — Since the nutrient solution is
recycled as the cultivation medium, many factors like the
evaporation of water or pollution are minimized. Though the
cultivation is entirely carried out in a water medium, the
water consumption in the case of hydroponic cultivation is
almost 30% of the quantity of water consumed in substrate

cultivation methods. CEA again plays the most important
role in ensuring protection against plant diseases, thus
reducing the need of using chemical pesticides [26, 29].

« Ease of operation and economy — Hydroponic setups
are simpler to assemble and set up as compared to traditional
agricultural practices. The conventional practices involve
many effort-intensive preparations before cultivation,
including the cost of heavy machinery and dedicated
equipment for plowing, sowing, irrigating, monitoring,
management of pesticides and fertilizers, etc. Hydroponic
cultivation eliminates any such dependency on equipment or
climatic conditions, or natural resources. It is simpler to
manage and increased production is guaranteed [22, 29].

1.1.2. Disadvantages

« High initial cost — Though hydroponic setups are easy
to compile and maintain, the initial cost of establishing the
setup causes a hindrance to the complete acceptance of the
process. The setup consists of various components, devices,
and raw materials that cause a considerable initial expense
[30]-[31].

* Requirement of skilled labor — The setup, operation,
and maintenance of hydroponic farming requires highly
skilled people. Technical knowledge of using and operating
sophisticated control and smart devices is a must, apart from
the knowledge of farming and plant-specific details,
especially in the case of large-scale hydroponic setups [32].

e Energy consumption — Because all the necessary
growing conditions needed by the plants are provided
externally and a controlled environment is maintained in the
setup, the overall energy consumption is increased multiple
times as compared to the substrate cultivation methods [33,
34].

« Increased pollution — Severe environmental hazards
may be caused if the residual nutrients, rich in nitrates and
phosphorous, are not properly disposed of. This may lead to
excessive accumulation of effluents and the growth of
microorganisms like algae in water bodies, causing serious
environmental problems [35]-[37].

One of the major reasons for hydroponics to excel among
all the other precision farming methods is its scalability. The
hydroponic setup can be implemented in five different setups,
namely Nutrient Film Technique (NFT), Deep Water Culture
(DWC), Drip Technique, Wick Technique, Ebb, and Flow.
Every plant responds differently in terms of growth when
cultivated in different hydroponic setups [38]. So, the need to
identify the best hydroponic method for each type of
herbaceous plant has to be identified for more enhanced yield
with optimized resource usage. The several advantages of
hydroponic cultivation over the rest of the methods have
made their mark in many nations worldwide [39].

This paper focuses on providing a systematic literature
review of the hydroponic method of vertical farming for
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cultivating herbaceous plants, based on rigorous analysis of
the experimental evidence gathered from the thorough
evaluation of the available literature on the work done in this
area. This also aims to assess the potential use of hydroponics
as an alternative to traditional soil cultivation methods. This
review was carried out by analyzing studies related to various
types of hydroponic setups that are used in the cultivation of
herbs. The authors have assessed the performance of various
hydroponic vertical farming methods in different scenarios.
The results of this study give a detailed preview of which
hydroponic setup is best suited for which type of crop under
which circumstances while offering other significant benefits
over the existing methods of cultivation, in terms of lesser
damage and better qualitative and quantitative yield, all year
round. The hydroponic setup is implemented in various types
of setups. All of those are discussed in this study with their
respective advantages and disadvantages in different
scenarios of cultivation.

The key contributions of the authors in carrying out the
research in this manuscript can be summarized as: (1)
studying the evolution of vertical farming techniques, and the
importance of CEA; (2) discussion of hydroponics
cultivation methods; (3) classification of hydroponic setup
under various parameters along with their pros and cons; (4)
detailed study about the various types of aggregates used in
the hydroponic setups along with their properties, their
advantages and disadvantages; followed by, (5) a list of
suitable crops to be cultivated in hydroponics, and finally the
conclusion summarizing the detailed analysis of hydroponic
cultivation methods.

The organization of the manuscript can be summarized as
Section 1 includes the introduction of the manuscript; Section
2 deals with the classifications of the hydroponic setups under
various parameters; the pros and cons of various hydroponic
setup are discussed elaborately in Section 3; Section 4 deals
in the various types of aggregates that can be used in the
hydroponic setups; Section 5 contains the various types of
vegetables and their corresponding hydroponic technique;
and finally the manuscript is concluded in section 6.

2. TYPES OF HYDROPONIC SETUPS

Hydroponic setups can be classified based on three
parameters: based on mechanism, based on nutrient
circulation method, and based on plantation setups. Fig. 2
shows the classifications of hydroponic setups based on
various parameters.

2.1. Classification of hydroponics methods based on
mechanism

Hydroponic setup can be broadly classified based on the
mechanism as active and passive hydroponics.

Classification of Hydroponic
Setups
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Fig. 2. Classifications of hydroponic setups according to various
parameters.

2.1.1. Active hydroponics — the hydroponic process where no
use of pumps or fans is to circulate the nutrient solution or
maintain the temperature of the setup. The system relies on
gravity for nutrient circulation to the plant roots. e.g., wick
hydroponics [40, 41].

2.1.2. Passive hydroponics — the hydroponic setup where
pumps are used to ensure proper and timely circulation of
nutrient solution to the plant. e.g., NFT [42, 43].

2.2. Classification of hydroponics methods based on
nutrient circulation

Another basis for the classification of hydroponic cultivation
methods is the method of nutrient water circulation. These are
called: Recovery and non-recovery hydroponics.

2.2.1. Recovery technique — if the nutrient mix is recirculated
to the plants in the system, it is termed a ‘recovery method’.
e.g., NFT [43].

2.2.2. Non-recovery technique — if the nutrient solution is not
circulated to the plants, it is termed as °‘non-recovery
hydroponics’. e.g., DWC [39].

2.3. Classification of hydroponics based on setups

There are five varied ways to set up a hydroponic cultivation
system according to the requirement of the plant. They are
NFT, DWC, Drip Technique, Wick Technique, and Ebb and
Flow Technique.

2.3.1. Nutrient Film Technique (NFT)

An entirely water-based cultivation process, as the
hydroponic method is, NFT consists of a dedicated setup
consisting of grow tubes, water pumps, nutrient pumps,
various sensors, actuators, water and nutrient reservoirs, etc.
The plants are placed in perforated growing containers and
put in the grow tubes [44]. The plants are placed in such a
way that the roots are submerged in the nutrient solution and
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the shoots are above the tubes. The nutrient-rich solution is
stored in the nutrient reservoir which is circulated through all
the vertically stacked grow tubes containing plants, with the
help of pumps [45]. The water is not allowed to stand and is
flown through the roots continuously for a certain period and
then collected back in the reservoir. Thus, the water is easily
recycled. The solution is periodically checked for nutrient
content and is maintained accordingly. One consideration
while selecting plants to be cultivated in NFT hydroponics, is
that it should be small so that it fits in the grow tubes easily.
Fig. 3 illustrates an NFT hydroponic setup [46].
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Fig. 3. The working of a smart NFT setup.
2.3.2. Deep Water Culture (DWC)

One of the simplest types of hydroponic setups is DWC. It
does not involve any special technical setup. In this setup, the
plant roots are fully immersed in the nutrient solution from
which the roots absorb the required nutrients [47, 48]. The
presence of tools like aerating stones ensures proper
oxygenation of roots by diffusing air through the nutrient mix
and producing oxygen bubbles. Fig. 4 illustrates a DWC
hydroponic setup [49].
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2.3.3. Drip System

A hydroponic setup where the user has full control over the
amount of nutrient solution supplied to each of the plants. The
supply of the solution can thereby be adjusted through the
drip emitters, based on the plant type and the frequency of
nutrient supply to them [50]. Ease of scalability is another

advantage of the drip system of hydroponics. Fig. 5 illustrates
a drip hydroponic setup [51].

Sensors Enabled Smart Drip
Hvdroponic Setup

Fig. 5. A basic drip hydroponic setup.
2.3.4. Wick Technique

The Wick technique is a passive hydroponic system that does
not require electricity, pumps, etc. It is also a non-recovery
type because it does not involve recirculating the nutrient
water back to the reservoir [52]. The plants are directly placed
into a porous medium with nylon wicks attached around the
roots. The other end of the wick is immersed in the nutrient
solution. The wicks then transfer the nutrient solution to the
aggregate through their capillary action. The plant roots then
take up the nutrients and grow [53]. Sand, vermiculite, and
perlite are some generally used aggregates used in wick
hydroponic systems. Fig. 6 illustrates a wick hydroponic
setup.
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Fig. 6. The working of a smart wick hydroponic setup.

2.3.5. Ebb and Flow (Flood and Drain) System

Ebb and flow hydroponic systems, also known as flood and
drain systems, gain popularity due to ease of design,
maintenance, and feasibility in commercial as well as
domestic ventures. This setup involves cultivation in the
grow tubes or growing trays with high edges [54]. The grow
trays are filled with growing medium to hold the plants in
place. The nutrient solution is pumped in the grow trays till it
reaches a specific height where the roots are properly dipped
in the solution. After a specific period of a maximum of five
minutes, the nutrient solution is drained back into the
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reservoir and the solution is recirculated. The circulation time
of nutrient solution can be monitored using a timer, whereas
the amount of solution circulated depends upon factors like
tray size, number of plants grown, size of the plants, nature
of the aggregate used, etc. [55]. Coconut coir mixed with
perlite is found to be the most ideal aggregate for a
hydroponic system. A mix of coco coir and perlite is ideal for
ebb and flow hydroponic systems. Fig. 7 illustrates an ebb
and flow hydroponic setup [56].
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Fig. 7. The working of a smart ebb and flow hydroponic setup

3. ADVANTAGES AND DISADVANTAGES OF
VARIOUS HYDROPONIC SETUPS

The selection of hydroponic setups depends on their
advantages and disadvantages, and the types of plants they
support. Table 2 is the tabular representation of the
advantages and disadvantages of various hydroponic setups.

4. AGGREGATES USED IN HYDROPONIC
SYSTEMS

Aggregates or substrates are the physical mediums that
support plants by their stems and help keep them under
required growing conditions. They are an important
component of a hydroponic system. The mediums also
provide an aseptic growing environment with adequate
nutrient supply, drainage, and proper oxygenation or
aeration. Some examples of hydroponic media are rock wool,
vermiculite, coco coir, clay pellets, gravel, sand, and peat
moss [44, 46, 58].

The determination of aggregate for use in hydroponic
setups depends on several factors. Some of them are:

o Cost price
e Ease of use

o Compatibility with the hydroponic setup — large or
small scale

Table 3 represents a compendium of typically used
materials that are used as substrates along with their

advantages and disadvantages. A variety of inert media or
aggregates is available for use in hydroponic systems.

Table 2. Advantages and disadvantages of various hydroponic
setups

NFT hydroponic setup [57]-[59]
Advantages

Disadvantages

e  Convenient for small and | e  Useful for plants with
medium-sized plants. small root lengths.

e  Compatible with | e« Does not support
cultivating many plants massive plants.
simultaneously.

e No growing medium is

needed.
DWC hydroponic setup [60]-[62]
Advantages Disadvantages
e  Ensures complete | o  Possibility of root
submersion of roots. disease.
e FEase of nutrient | ¢  Consistent maintenance
absorption. is required.

e  Easyto setup.

e  Supports almost all types
of plants.

e  Faster growth of plants.

Drip hydroponic setup [63]-[65]

Advantages Disadvantages

e  Can be altered easily. e pH needs to be
e Reuse of nutrients. monitored constantly.

o Perfect for specific plant | ¢  Nutrient levels must be

types. maintained.
e Supports bigger platsalso. | ®  Possibility of  root
diseases.

Wick System hydroponic setup [52, 53]

Advantages Disadvantages
Ease of design. e Uneven distribution of
e Inexpensive. nutrients.
e Noelectrical equipmentor | ®  Does not support large
moving parts are needed. plants.

e Convenient for | ®  Poor nutrition in plants.
experimental trials.
e Uses simple equipment.

Ebb and Flow hydroponic setup [55, 56]

Advantages Disadvantages
e FEasy and cheap to | e Does not support large
maintain. plants.
e  Suitable for awide variety | o  Depends entirely upon
of plants. pumps.
e  Most beneficial for root | e  Requires ample space
vegetables.
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Table 3. Types of aggregates, their properties, advantages, and

disadvantages

1. Rockwool [66, 67]

Properties Advantages Disadvantages
e Fibrous cubes or | e Capable of holding | « Does not
slabs, are made by a substantial decompose.
melting rocks. amount of water. « Difficult  to
e It does not spike | e Retains air and dispose of
pH. ensures  optimal '

e Has to be soaked oxygenation to the

overnight before plants for better

use, to disperse growth.

the bonding | e Facilitates

agents. continuous and
e Density — 80 sustained drainage.

kg/m3. e Inert and sterile.

2. Vermiculite or Perlite [68, 69]
Properties Advantages Disadvantages
e Made out of | e Verylightweight. e It does not
stone. ¢ Easily manageable. retain  water
e It is derived from | e Ideal for beginners. and dries up
volcanic rocks. e Improve aeration quickly.
e Perlite density is and drainage. e Not

90 kg/m3. e Best suited for |  convenient for
e Vermiculite s wick hydroponics. setups  with

derived from | e Non-reactive and running water.
. \Tlifﬁi lit neutral pH. e Vermiculite or

ermiculite perlite dust is
density is 80 hazardous to
kg/m3. health.

3. Coconut Coir or Coco Coir or Coconut fiber [70, 71]
Properties Advantages Disadvantages
e Organic material. | e Absorbs and | ¢« Some variants
e Derived from retains plenty of are expensive.

waste  coconut water.

. Ma; need
husks. e Has a better air * Ieag/hing.
e It  Outperforms capacity than

rock wool and perlite or

perlite in vermiculite  and

versatility. holds plenty of
e Many variants are oxygen.

available. ¢ Entirely organic.

e The density is 60 | » Does not affect pH.
kg/m3. e It can be recycled.

e pHrangeis5to 8. | e Non-reactive and
does not affect

solution for plants.

e Tiny air pockets | e Facilitates perfect
in each pellet. drainage.
e Recommended e Easy to flush and
for Ebb and Flow dispose of.
hydroponics. e Reusable.
5.  Gravel [74]
Properties Advantages Disadvantages
o Beneficial for | e Inexpensive. e Does not
systems needing | e Robust and heavy- absorb water.
frequent watering. duty. o Requires
¢ Reusable frequent
e Provides aeration watering.
for roots.
o Readily and easily
available
everywhere.
6. Sand [75]
Properties Advantages Disadvantages
e One of the | e Budget-friendly. e Packs tightly
original | * Heavy duty. thus providing
aggregates In | o Readily and easily poor
hydroponics. available. oxygenation.
o Least used o Does not
hydroponic retain
aggregate. moisture.
e Not ideal for
many plants.
7. Peat Moss [76]
Properties Advantages Disadvantages
o Entirely natural. o Efficiently absorbs | ¢« Decomposes
e Sponge-like - water. easily
retains water. e Enhanced  water | , Needs
e Usefulin large net retention. frequent
ports. * Organic. replacement.
e Easy to use. e Clogs
o Better aeration for hydroponic
root growth. setups
o Inert pumps, and
emitters.
o Dissolves
easily in water
— causes root
diseases

4. Clay Pellets [72, 73]
Properties Advantages Disadvantages
o Another popular | e Beneficial for the | o Poor  water
aggregate for ebb and  flow retention.
hydroponics. systems. o
Easily dies up.
e 1-18 mm big. e Easy to maintain. ¢ Ab yb | P
e Expands  when | e Can be reused after | ® AP0 salt

soaked in water.

disinfection.

e Expensive.

Several important physiological, biological, chemical, and
environmental sustainability factors play an important role
when it comes to the selection of aggregate for any
hydroponic setup [66]-[68]. Some of the most relevant ones
are:

e Inertness: inertness of any substrate or aggregate may
be classified into two categories —

Chemical inertness — where the aggregates
comprise materials that do not chemically react
with the other chemical compounds present in the
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hydroponic setup, thereby causing no change in
the composition [66, 67].

Biological inertness — where the aggregates are
unreactive with the micro-organisms in the system
and they create an unfavorable condition for any
kind of biological activity. This type of aggregates
prevents the spread of diseases, and malnutrition
kind of detrimental effects on plants [76].

o Oxygenation: the substrate must be able to facilitate the
oxygen intake by the roots when they are immersed in the
nutrient-mixed water [66, 68, 70].

¢ Porosity: the property of the aggregate whereby the
nutrient availability to the plants is facilitated to carry out
various processes like photosynthesis, breathing, and
transpiration [76].

o Capillarity: the property whereby the aggregate takes
in nutrients and distributes them throughout the plant body
[68].

e Environmental sustainability: the environmental,
economic, and social feasibility of the aggregate has to be
analyzed. The aggregates composed of organic and bio-
degradable materials, are more ecological and preferred over
the others [70, 72].

5. SUITABLE CROPS CORRESPONDING TO
VARIOUS HYDROPONIC SETUPS

Almost all kinds of herbaceous plants are found suitable for
cultivation in the hydroponic medium. Despite that, the most
suitable hydroponic setup has to be identified to obtain the
best possible yield for any herbaceous plant. Table 4
encapsulates several crops and their corresponding
compatible hydroponic farming techniques.

Table 4. Most suitable plants to grow by hydroponics

Category Compatible hydroponic setups
NFT Drip DWC
Technique
Cucumber Cucumber
Fruit Tomato Watermelon
Vegetables .
[77,78] Zucchini Tomato
Zucchini
Egg Plant
Tuber Potato
vegetables [79] Sweet Potato
Flower Cauliflower | Cauliflower
vegetables [80] Broccoli Broccoli
Huauzontle Huauzontle
Sweet corn

Pulses  type Peas
59, 81] Beans
Root Beetroot
vegetables [82] Turnip
Radish
Carrot
Stem Asparagus Asparagus
vegetables [83] Swede
Lettuce Lettuce
Leafy Spinach Spinach
vegetables [84, - : -
85] Coriander Coriander Coriander
Parsley Parsley
Celery Celery
Cabbage Cabbage

6. CONCLUSION

Hydroponics ensures enhanced yield of plants in all aspects
but the cultivation of plants in the most suitable hydroponic
setup enhances the yield further. It also helps in attaining a
better economy, reducing pollution as well as attaining better
environmental sustainability. Reduction in cultivation time is
another factor that plays a vital role in the selection of
hydroponics as the best method of cultivation.

Identification of the most suitable hydroponic setup for
different plant types is important for the proper growth of the
plants. The identification has to be done based on the various
advantages and disadvantages of each hydroponic method
and the growth responses of the plants in different setups.
Different hydroponic setups benefit various types of
commercial or domestic ventures. For instance, small-scale
hydroponic ventures are generally benefitted from the ebb
and flow setup whereas a large-scale hydroponic setup is
more beneficial using an NFT or wick system.

With a deep understanding of all five types of hydroponic
setups, all of their pros and cons, and a comparative analysis
of their performances in various scenarios, a comprehensive
study in this regard can help the hydroponic farmers select
the most appropriate hydroponic system according to the
requirement. Factors like budget, technical skills, and
requirements of the farmers also act as the most deciding
factors in deciding the hydroponic setup to be selected.

7. RESEARCH DIRECTIONS

With the increased adoption and usage of hydroponics in the
era of vertical farming, several future research directions
concerning hydroponic vertical farming methods can be
pursued. Hydroponics is a type of vertical farming method
that consumes energy at every stage. Optimization of energy
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consumption is a major aspect that can be worked upon in the
future for better performance and environmental
sustainability. A recommendation system can be developed
to select suitable crops in vertical farming systems. This will
help in reducing the failures in adapting the hydroponic
cultivation system caused due to incorrect selection of plants.
Hydroponics can also be integrated with vermiculture to
ensure better nutrient cycling and resource utilization.
Another important research direction of hydroponic vertical
farming can be checking the feasibility and success of vertical
hydroponics in extreme conditions like deserts or arctic
regions. Vegetation is difficult in locations with extreme
climatic conditions like deserts and polar regions. The
feasibility of a hydroponic vertical farming system in such
geographic locations can be of great help to society and
mankind.

REFERENCES

[1] Prabha, L. and Ekka, A., 2022. A Review on Hydroponics: A
Sustainable Approach for Plant Cultivation. Journal of Coastal
Life Medicine, 10, pp.832-838.

[2] Velazquez-Gonzalez, R.S., Garcia-Garcia, A.L., Ventura-
Zapata, E., Barceinas-Sanchez, J.D.0O. and Sosa-Savedra, J.C.,
2022. A review of hydroponics and the technologies associated
for medium-and small-scale operations. Agriculture, 12(5),
p.646.

[3] Kumar, N., Kumar, R., Sindhu, S., Kumar, R. and Sharma,
S.K., 2022. Effect of different level of nutrients on yield and
economics of Spinach Beet (Beta vulgaris var. bengalensis)
under hydroponic system.

[4] Shakya, R.K., Singh, A. and Kuniyal, P., 2022. Implementation
of Hydroponics System in Agriculture to Improve the
Productivity. resmilitaris, 12(5), pp.1402-1412.

[5] Hayden, A.L., 2006. Aeroponic and hydroponic systems for
medicinal herb, rhizome, and root crops. HortScience, 41(3),
pp.536-538.

[6] Olubanjo, O.0., Adaramola, O.D., Alade, A.E. and Azubuike,
C.J., 2022. Development of Drip Flow Technique Hydroponic
in Growing Cucumber. Sustainable Agriculture
Research, 11(2), pp.1-67.

[7] Uoc, N.Q., Duong, N.T., Son, L.A. and Thanh, B.D., 2022. A
Novel Automatic Detecting System for Cucumber Disease
Based on the Convolution Neural Network Algorithm.
GMSARN International Journal, 16, pp.295-301.

[8] Dutta, M. and Gupta, D., 2022, October. Towards Green loTs-
Enabling Sustainable Environment, Bibliometric Analysis and
Beyond. In 2022 10th International Conference on Reliability,
Infocom Technologies and Optimization (Trends and Future
Directions) (ICRITO) (pp. 1-6). IEEE.

[9] Navapan, N. and Charoenkit, S., 2022. Local Markets: How the
Ordinary Public Places Can Support Urban Sustainable
Development. GMSARN International Journal, pp.308-313.

[10] Nabi, S., Fayaz, N., Rather, S.A. and Mir, AA., 2022.
Hydroponics: Environmentally sustainable practice in the
agricultural system. Pharma Innovation Journal, 11, pp.207-
212.

[11] Dutta, M., Gupta, D., Juneja, S., Shah, A., Shaikh, A., Shukla,
V. and Kumar, M., 2023. Boosting of fruit choices using

machine learning-based pomological recommendation system.
SN Applied Sciences, 5(9), p.241.

[12] Samba, N., Nunomura, O., Nakano, A. and Tsukagoshi, S.,
2023. Effective Training Methods for Cucumber Production in
Newly Developed Nutrient Film Technique Hydroponic
System. Horticulturae, 9(4), p.478.

[13] Dhiman, P., Kukreja, V., Manoharan, P., Kaur, A,
Kamruzzaman, M.M., Dhaou, |.B. and Iwendi, C., 2022. A
novel deep learning model for detection of severity level of the
disease in citrus fruits. Electronics, 11(3), p.495.

[14] Khozin, M.N., Al Firdauzi, S., Rizkiyah, N.N., Hidayatullah,
R. and Soeparjono, S., 2023. Response Water Spinach
(Ipomoea Aquatica) to Different Medium Treatment with AB
Mix Nutrients on The Cultivation Hydroponic DFT (Deep
Flow Technique). Journal of Soilscape and Agriculture, 1(2),
pp.76-82.

[15] Brentari, L., Michelon, N., Gianquinto, G., Orsini, F.,
Zamboni, F. and Porro, D., 2020. comparative study of three
low-tech soilless systems for the cultivation of geranium
(Pelargonium zonale): a commercial quality
assessment. Agronomy, 10(9), p.1430.

[16] Taofik, A., Frasetya, B., Nugraha, R. and Sudrajat, A., 2019,
December. The effects of subtrat composition on the growth of
Brassica oleraceae Var. Achepala with drip hydroponic.
In Journal of Physics: Conference Series (Vol. 1402, No. 3, p.
033031). IOP Publishing.

[17] Yadav, R.K. and Patil, S.A., 2023. Integrated Hydroponics-
Microbial Electrochemical Technology (iHydroMET) is
promising for Olericulture along with domestic wastewater
management. Bioresource Technology Reports, 22, p.101428.

[18] Ispolnov, K., Aires, L.M., Lourenco, N.D. and Vieira, J.S.,
2021. A combined vermifiltration-hydroponic system for
swine wastewater treatment. Applied Sciences, 11(11), p.5064.

[19] Trivedi, N.K., Gautam, V., Anand, A., Aljahdali, H.M., Villar,
S.G., Anand, D., Goyal, N. and Kadry, S., 2021. Early
detection and classification of tomato leaf disease using high-
performance deep neural network. Sensors, 21(23), p.7987.

[20] Jaskowiak, J., Tkaczyk, O., Slota, M., Kwasniewska, J. and
Szarejko, 1., 2018. Analysis of aluminum toxicity in Hordeum
vulgare roots with an emphasis on DNA integrity and cell
cycle. PLoS One, 13(2), p. e0193156.

[21] Butcher, J.D., Laubscher, C.P. and Coetzee, J.C., 2017. A study
of oxygenation techniques and the chlorophyll responses of
Pelargonium tomentosum grown in deep water culture
hydroponics. HortScience, 52(7), pp.952-957.

[22] Hooks, T., Sun, L., Kong, Y., Masabni, J. and Niu, G., 2022.
Effect of Nutrient Solution Cooling in Summer and Heating in
Winter on the Performance of Baby Leafy VVegetables in Deep-
Water Hydroponic Systems. Horticulturae, 8(8), p.749.

[23] Yang, T. and Kim, H.J., 2020. Effects of hydraulic loading rate
on spatial and temporal water quality characteristics and crop
growth and vyield in aquaponic systems. Horticulturae, 6(1),
p.9.

[24] Janeczko, D.B. and Timmons, M.B., 2019. Effects of seeding
pattern and cultivar on productivity of baby spinach (Spinacia
oleracea) grown hydroponically in deep-water
culture. Horticulturae, 5(1), p.20.

[25] Park, Y., Sethi, R. and Temnyk, S., 2023. Growth, Flowering,
and Fruit Production of Strawberry ‘Albion’in Response to
Photoperiod and Photosynthetic Photon Flux Density of Sole-
Source Lighting. Plants, 12(4), p.731.



104 M. Dutta and D. Gupta / GMSARN International Journal 19 (2025) 95-106

[26] Pasch, J., Ratajczak, B., Appelbaum, S., Palm, H.W. and
Knaus, U., 2021. Growth of basil (Ocimum basilicum) in DRF,
raft, and grow pipes with effluents of African catfish (Clarias
gariepinus) in decoupled aquaponics. AgriEngineering, 3(1),
pp.92-109.

[27] Abbey, M., Anderson, N.O., Yue, C., Schermann, M., Phelps,
N., Venturelli, P. and Vickers, Z., 2019. Lettuce (Lactuca
sativa) production in northern latitudinal aquaponic growing
conditions. HortScience, 54(10), pp.1757-1761.

[28] Van Delden, S.H., Nazarideljou, M.J. and Marcelis, L.F., 2020.
Nutrient solutions for Arabidopsis thaliana: a study on nutrient
solution  composition in  hydroponics  systems. Plant
Methods, 16, pp.1-14.

[29] Levine, C.P. and Mattson, N.S., 2021. Potassium-deficient
nutrient solution affects the yield, morphology, and tissue
mineral elements for hydroponic baby leaf spinach (Spinacia
oleracea L.). Horticulturae, 7(8), p.213.

[30] Saaid, M.F., Yahya, N.A.M., Noor, M.Z.H. and Ali, M.M,,
2013, March. A development of an automatic microcontroller
system for Deep Water Culture (DWC). In 2013 IEEE 9th
international colloquium on signal processing and its
applications (pp. 328-332). IEEE.

[31] Saaid, M.F., Sanuddin, A., Ali, M. and Yassin, M.S.A.1.M.,
2015, April. Automated pH controller system for hydroponic
cultivation. In2015 IEEE Symposium on Computer
Applications & Industrial Electronics (ISCAIE) (pp. 186-190).
IEEE.

[32] Adhau, S., Surwase, R. and Kowdiki, K.H., 2017, March.
Design of fully automated low cost hydroponic system using
LabVIEW and AVR microcontroller. In2017 IEEE
International Conference on Intelligent Techniques in Control,
Optimization and Signal Processing (INCOS) (pp. 1-4). IEEE.

[33] Bello, A.O., Tawabini, B.S., Khalil, A.B., Boland, C.R. and
Saleh, T.A., 2018. Phytoremediation of cadmium-, lead-and
nickel-contaminated water by Phragmites australis in
hydroponic systems. Ecological engineering, 120, pp.126-133.

[34] Yep, B., Gale, N.V. and Zheng, Y., 2020. Comparing
hydroponic and aquaponic rootzones on the growth of two
drug-type Cannabis sativa L. cultivars during the flowering
stage. Industrial Crops and Products, 157, p.112881.

[35] Corufia, J.P., Gonzalvo, Z.D., Mar Al Joe, F.G., Lorico, J.G.,
Umali, R.D., Manuel, M.C.E., Cruz, J.C.D. and Verdadero,
M.S., 2021, November. Development of a Controlled
Hydroponic Growth Chamber for Solanum Lycopersicum
“ROMA” Production. In 2021 IEEE 13th International
Conference on Humanoid, Nanotechnology, Information
Technology, Communication and Control, Environment, and
Management (HNICEM) (pp. 1-6). IEEE.

[36] Majid, M., Khan, J.N., Shah, Q.M.A., Masoodi, K.Z., Afroza,
B. and Parvaze, S., 2021. Evaluation of hydroponic systems for
the cultivation of Lettuce (Lactuca sativa L., var. Longifolia)
and comparison with protected soil-based
cultivation. Agricultural Water Management, 245, p.106572.

[37] Delaide, B., Panana, E., Teerlinck, S. and Bleyaert, P., 2021.
Suitability of supernatant of aerobic and anaerobic pikeperch
(Sander lucioperca L.) sludge treatments as a water source for
hydroponic production of lettuce (Lactuca sativa L. var.
capitata). Aquaculture International, 29(4), pp.1721-1735.

[38] Moreno, M.C., Suarez, O.J. and Garcia, A.P., 2021, August.
loT-based Automated Greenhouse for Deep Water Culture
Hydroponic System. In 2021 2nd Sustainable Cities Latin
America Conference (SCLA) (pp. 1-6). IEEE.

[39] Jakobsen, AM., Schiefloe, M., Simonsen, G., Attramadal,
K.J.K. and Jost, A.l.K., 2021, March. Utilization of runoff
nutrients from recirculating aquaculture systems for
hydroponic crop cultivation. In Il International Symposium on
Soilless Culture and Hydroponics: Innovation and Advanced
Technology for Circular Horticulture 1321 (pp. 221-228).

[40] Srivani, P., Yamuna Devi, C.R. and Manjula, S.H., 2022.
Prediction and Comparative Analysis Using Ensemble
Classifier Model on Leafy Vegetable Growth Rates in DWC
and NFT Smart Hydroponic System. In 1OT with Smart
Systems: Proceedings of ICTIS 2021, Volume 2 (pp. 795-804).
Springer Singapore.

[41] Guruchandran, S., Muninathan, C. and Ganesan, N.D., 2022.
Novel strategy for effective utilization of anaerobic digestate
as a nutrient medium for crop production in a recirculating deep
water culture hydroponics system. Biomass Conversion and
Biorefinery, pp.1-13.

[42] Idoje, G., Mouroutoglou, C., Dagiuklas, T., Kotsiras, A.,
Muddesar, I. and Alefragkis, P., 2023. Comparative analysis of
data using machine learning algorithms: A hydroponics system
use case. Smart Agricultural Technology, 4, p.100207.

[43] Sahoo, R.S., Tripathy, C.K., Samantasinghar, U. and Biswal,
P., 2022, December. Implementation of an Indoor Deep Water
Culture Farming System Using loT. In 2022 IEEE 2nd
International Symposium on Sustainable Energy, Signal
Processing and Cyber Security (iSSSC) (pp. 1-5). IEEE.

[44] Chhetri, S., Dulal, S., Subba, S. and Gurung, K., 2022. Effect
of different growing media on growth and yield of leafy
vegetables in nutrient film technique hydroponics
system. Archives of  Agriculture and Environmental
Science, 7(1), pp.12-19.

[45] Al-Zahrani, M.S., Hassanien, H.A., Alsaade, F.W. and
Wahsheh, H.A., 2023. Effect of Stocking Density on
Sustainable Growth Performance and Water Quality of Nile
Tilapia-Spinach in NFT Aquaponic
System. Sustainability, 15(8), p.6935.

[46] Adidrana, D. and Surantha, N., 2019, October. Hydroponic
nutrient control system based on internet of things and K-
nearest neighbors. In 2019 International Conference on
Computer, Control, Informatics and its Applications
(IC3INA) (pp. 166-171). IEEE.

[47] Lévesque, S., Graham, T., Bejan, D., Lawson, J. and Dixon,
M., 2023. Prevention of Phytotoxic Effects of Regenerative in
Situ  Electrochemical Hypochlorination in Recirculating
Hydroponic Systems. HortScience, 58(1), pp.107-113.

[48] Holmes, S.C., Wells, D.E., Pickens, J.M. and Kemble, J.M.,
2019. Selection of heat tolerant lettuce (Lactuca sativa L.)
cultivars grown in deep water culture and their
marketability. Horticulturae, 5(3), p.50.

[49] Xia, J., Mattson, N., Stelick, A. and Dando, R., 2022. Sensory
Evaluation of Common Ice Plant (Mesembryanthemum
crystallinum L.) in Response to Sodium Chloride
Concentration in Hydroponic Nutrient
Solution. Foods, 11(18), p.2790.

[50] Yadav, R.K., Sahoo, S. and Patil, S.A., 2022. Performance
evaluation of the integrated hydroponics-microbial
electrochemical technology (iHydroMET) for decentralized
domestic wastewater treatment. Chemosphere, 288, p.132514.

[51] Yadav, R.K., Chiranjeevi, P. and Patil, S.A., 2020. Integrated
drip hydroponics-microbial fuel cell system for wastewater
treatment and resource recovery. Bioresource Technology
Reports, 9, p.100392.



M. Dutta and D. Gupta / GMSARN International Journal 19 (2025) 95-106 105

[52] Panigrahi, J., Pattnaik, P., Mukherjee, A.K. and Dash, S.R.,
2022. The predictive model to maintain pH levels in
hydroponic systems. In Al, Edge and loT-based Smart
Agriculture (pp. 329-343). Academic Press.

[53] Tapia-Vargas, M., Larios-Guzman, A., Diaz-Sanchez, D.D.,
Ramirez-Ojeda, G., Hernandez-Pérez, A., Vidales-Fernandez,
I. and Guillén-Andrade, H., 2016. Produccion hidroponica de
chile habanero negro (Capsicum chinense Jacg.). Revista
fitotecnia mexicana, 39(3), pp.241-245.

[54] Vincentdo, V. and Surantha, N., 2023. Nutrient Film
Technique-Based Hydroponic Monitoring and Controlling
System Using ANFIS. Electronics, 12(6), p.1446.

[55] Atmaja, P. and Surantha, N., 2022. Smart hydroponic based on
nutrient film technique and multistep fuzzy logic. International
Journal of Electrical and Computer Engineering, 12(3), p.3146.

[56] Kim, J., Kim, H.J., Gang, M.S., Kim, D.W., Cho, W.J. and
Jang, J.K., 2023. Closed Hydroponic Nutrient Solution
Management Using Multiple Water Sources. Journal of
Biosystems Engineering, pp.1-10.

[57] Anitha, M.L., Gowda, G.S., Tejaswini, L., Prokshith, P. and
Gupta, A.P., 2023, January. Smart ldentification of Nutrient
Based pH for an NFT Hydroponic System. In 2023 Advanced
Computing and Communication Technologies for High
Performance Applications (ACCTHPA) (pp. 1-5). IEEE.

[58] Kondaka, L.S., lyer, R., Jaiswal, S. and Ali, A., 2023, January.
A Smart Hydroponic Farming System Using Machine
Learning. In 2023 International Conference on Intelligent and
Innovative Technologies in Computing, Electrical and
Electronics (IITCEE) (pp. 357-362). IEEE.

[59] Danush Ranganath, G.V., Hari Sri Rameasvar, R. and
Karthikeyan, A., 2023. Smart Hydroponics System for Soilless
Farming Based on Internet of Things. In Smart Technologies
in Data Science and Communication: Proceedings of SMART-
DSC 2022 (pp. 271-280). Singapore: Springer Nature
Singapore.

[60] Kaloterakis, N., van Delden, S.H., Hartley, S. and De Deyn,
G.B., 2021. Silicon application and plant growth promoting
rhizobacteria consisting of six pure Bacillus species alleviate
salinity stress in cucumber (Cucumis sativus L). Scientia
Horticulturae, 288, p.110383.

[61] Viljoen, C.C., Jimoh, M.O. and Laubscher, C.P., 2021. Studies
of vegetative growth, inflorescence development and eco-
dormancy formation of abscission layers in Streptocarpus
formosus (Gesneriaceae). Horticulturae, 7(6), p.120.

[62] Pattillo, D.A., Hager, J.V., Cline, D.J., Roy, L.A. and Hanson,
T.R., 2022. System design and production practices of
aquaponic stakeholders. Plos one, 17(4), p.e0266475.

[63] Wheatley, M.D., Tattersall, E.A., Tillett, R.L. and Cramer,
G.R., 2009. An expanded clay pebble, continuous recirculating
drip system for viable long-term hydroponic grapevine
culture. American Journal of Enology and Viticulture, 60(4),
pp.542-549.

[64] Paradiso, R. and De Pascale, S., 2005, September. Effects of
coco fibre addition to perlite on growth and yield of cut
Gerbera. In International Symposium on Growing Media
779 (pp. 529-534).

[65] Mavrogianopoulos, G.N. and Aggelides, S.M., 1996,
September. A photoprograming controlled drip irrigation
system and its effect on the yield of tomato crop grown on
perlite substrate. In Il International Symposium on Irrigation of
Horticultural Crops 449 (pp. 355-358).

[66] Passam, H. ed., 2002. Hydroponic production of vegetables
and ornamentals (pp. 15-23). Athens: Embryo publications.

[67] Thomas, P., Knox, O.G., Powell, J.R., Sindel, B. and Winter,
G., 2023. The Hydroponic Rockwool Root Microbiome: Under
Control or Underutilised?. Microorganisms, 11(4), p.835.

[68] Kumar, V. and Singh, J., 2023. Trends in hydroponics
practice/technology in horticultural crops: A
review. International Journal of Plant & Soil Science, 35(2),
pp.57-65.

[69] Yang, T., Altland, J.E. and Samarakoon, U.C., 2023.
Evaluation of substrates for cucumber production in the Dutch
bucket hydroponic system. Scientia Horticulturae, 308,
p.111578.

[70] Kumar, M.R., Bahadur, V. and Deepanshu, M., An Overview
about Hydroponics Technology in Vegetable Crops and Also
Impact of Hydroponics Present and Future Prospective for
Farmer’s Welfare.

[71] Giban, M.R.G. and Salas, R.A., Growth, Yield and Quality of
Cucumber (Cucumis sativus L.) Grown in Hydrophonic
System as Influenced by Different Aggregate Compositions
and Pruning Techniques.

[72] Jain, P., Patil, P., Ola, M. and Bhaskar, R., A Review on Plant
without Soil-Hydroponics.

[73] Gerlach, E.A., Hoang, A., Kamara, S., Longi, A., Sprincis,
D.A., Thurmond, E.W., Lu, B. and Louis, G.E., 2023, April. A
Floating Farm for Hydroponic Crop Cultivation in Small Island
Developing States. In 2023 Systems and Information
Engineering Design Symposium (SIEDS) (pp. 330-334).
IEEE.

[74] Cabillo, C.M. and Salas, R.A., Postharvest Quality of
Honeydew Melon (Cucumis melo L. var. inoduros) under
Aggregate Hydroponic System as Influenced by Inorganic and
Organic Nutrient Solutions.

[75] Souza, V., Gimenes, R.M.T., de Almeida, M.G., Farinha,
M.U.S., Bernardo, L.V.M. and Ruviaro, C.F., 2023. Economic
feasibility of adopting a hydroponics system on substrate in
small rural properties. Clean Technologies and Environmental
Policy, pp.1-15.

[76] Dey, M.G., Langenfeld, N.J. and Bugbee, B., 2023. Copper
Can Be Elevated in Hydroponics and Peat-based Media for
Potential Disease Suppression: Concentration Thresholds for
Lettuce and Tomato. HortScience, 58(4), pp.459-464.

[77] Pacheco, A.B., Duarte, S.N., Charles, T.D.S., Nascimento,
J.G., Simdes, A.L.T., Campos Janior, J.E., Almeida, A.N.D.,
Ricardo, H.D.C., Lopes, T.R., Jesus, F.L.F.D. and Lisboa, C.F.,
2023. Electrical Conductivity and Nitrogen: Potassium Ratios
from Nutrigation in the Quality of Zucchini Fruits. Brazilian
Archives of Biology and Technology, 66.

[78] Sajiv, G., Anburani, A. and Venkatakrishnan, D., 2023. Study
on the growth of eggplant (Solanum melongena L.) under
hydroponics with modified Hoagland solution. Journal of
Current Research in Food Science, 4(1), pp.04-06.

[79] Kusnierek, K., Heltoft, P., Mgllerhagen, P.J. and Woznicki, T.,
2023. Hydroponic potato production in wood fiber for food
security. npj Science of Food, 7(1), p.24.

[80] Maya Olalla, E., Lopez Flores, A., Zambrano, M., Dominguez
Limaico, M., Diaz lza, H. and Vasquez Ayala, C., 2023. Fuzzy
Control Application to an Irrigation System of Hydroponic
Crops under Greenhouse: Case Cultivation of Strawberries
(Fragaria Vesca). Sensors, 23(8), p.4088.



106 M. Dutta and D. Gupta / GMSARN International Journal 19 (2025) 95-106

[81] Sukor, A., Qian, Y. and Davis, J.G., 2023. Organic nitrogen
fertilizer selection influences water use efficiency in drip-
irrigated sweet corn. Agriculture, 13(5), p.923.

[82] Ranganath, S., Nagaraj, T. and Shivanna, R., 2023. Effect of
Fluid Mechanics System in Growth of Vegetable Crops using
Hydroponics  Technique Compared to Conventional
System. Journal of Advanced Research in Fluid Mechanics and
Thermal Sciences, 104(1), pp.12-20.

[83] Safeyah, M., Hardjati, S., Avenzoar, A. and Ichwanto, M.A.,
2023. Improving Knowledge and Skills in Farming with

Verticulture Hydroponics. Nusantara Science and Technology
Proceedings, pp.41-46.

[84] Dutta, M.; Gupta, D.; Sahu, S.; Limkar, S.; Singh, P.; Mishra,
A.; Kumar, M.; Mutlu, R. Evaluation of Growth Responses of
Lettuce and Energy Efficiency of the Substrate and Smart
Hydroponics Cropping System. Sensors 2023, 23, 1875.

[85] Dutta, M.; Gupta, D.; Javed, Y.; Mohiuddin, K.; Juneja, S.;
Khan, Z.I.; Nauman, A. Monitoring Root and Shoot
Characteristics for the Sustainable Growth of Barley Using an
loT-Enabled  Hydroponic ~ System and  AquaCrop
Simulator. Sustainability 2023, 15, 4396.



