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ABSTRACT Medicinal plants play a vital role in treating human and livestock ailments. A majority of the
population living across the world relies on medicinal plants as a primary source of healthcare. The rural as
well as the urban habitats depend on medicinal plants. Medicinal plants may be of root type or shoot type.
Onion is one of the root types of medicinal plants that has abundant health benefits as well as economic value.
Due to increasing urbanization, the availability of agricultural land is decreasing rapidly which is causing an
increase in the demand for medicinal plants in a reduced cultivation area. This has led to the cultivation of
soilless smart precision farming methods. Sensors are used to monitor and control the environmental factors
affecting the growth and yield of agricultural produce. Among all the vertical farming methods, hydroponics
is found to be the best way for cultivating herbaceous plants. This article deals with the comparison of
growth responses of hydroponically grown onion (Allium cepa) in a Deep-Water Culture setup, as compared
to that cultivated in soil. A systematic literature survey of onion grown in a hydroponic cultivation system is
carried out. Finally, the growth responses of hydroponic and soil-grown onions are checked and compared
with the results obtained from the ‘AquaCrop’ simulator. Results of the actual and simulator are verified and
validated, and it is found that the actual and the simulation results are similar.

INDEX TERMS Hydroponics, medicinal plants, onion (Allium cepa), smart precision farming methods,
urbanization.

I. INTRODUCTION
Agriculture has been identified as the backbone of the
economy of India, which contributes to almost 18% of the
Gross Domestic Product (GDP) and 43% of the geographical
area [1]. The world population and urbanization are on an
exponential hike, and the population is expected to exceed
9.8 billion by 2050 [2]. Urbanization is another unavoidable
change that our society is going through. Various innovations
and opportunities are brought about in modern society as a
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result of urbanization. This is resulting in the relocation of
a huge mass of population towards the urban habitations,
which in turn is causing increased traffic, pollution, indus-
trialization, deforestation, increased pollution, soil erosion,
etc. All these factors have caused a compromised lifestyle in
urban habitats and an imbalance in the demand-supply ratio
of agricultural produce [3].
The combined issue of decreasing cultivatable land and

increasing demand for medicinal herbs is a major challenge
being faced in the last few decades. This issue is effectively
addressed by using alternate cultivation mediums in differ-
ent vertical farming setups. Three types of soilless vertical
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farming setups are practiced to facilitate cultivation without
soil: aeroponics, hydroponics, and aquaponics [4]. These
farming methods resolve the issue of decreasing availability
of cultivatable land, by eliminating the dependency on soil as
the cultivation medium. The cultivation medium for aeropon-
ics is air and that for hydroponics and aquaponics is water. All
the nutrient requirements of the plant are sufficient by infus-
ing the air or water with the nutrient solution. The possibility
of damage due to pests and rodents is eliminated in the case of
soilless cultivation methods. Diseases like fungal infection in
plants also impose a huge loss in the agricultural sector which
is still a possibility in soilless cultivation but the intensity of
such losses is mitigated to less than 50% as compared to soil
cultivation methods. This further enhances the productivity
of the crops in soilless vertical farming methods [5]. Fig. 1
depicts the three major types of soilless cultivation methods.

FIGURE 1. Types of soilless cultivation methods.

These setups consist of vertically stacked rows where
cultivation is carried out, thus justifying the name ‘vertical
farming’. Therefore, in a considerably small area, cultivated
yield is increased multiple times because the cultivation is
carried out in vertically stacked layers [6]. Though the issues
of less land for cultivation, and an increase in demand for
medicinal plants can be addressed, another major issue comes
up when it comes to dedicating time to the farming pro-
cess. Urban people follow hectic work schedules and vertical
farming methods need continuous monitoring for the bet-
ter yield and efficient working of the process. This issue
was then resolved by making the vertical farming setups
smart [6]. Sensors, microcontrollers, clouds, LED, buzzers,
pumps, actuators, etc. are attached to the vertical system
which helps in continuous monitoring of the system, making
it smarter and more efficient. All the parameters are moni-
tored by using specific sensors, which communicate with the
cloud for analysis and further actions are taken according to
the analysis of the real-time data generated from the sensors.
This method is termed smart precision farming. Providing
all the necessary growing conditions to plants externally,
in smart precision farming is termed as Controlled environ-
ment agriculture (CEA). CEA along with vertical farming
methods ensures all the optimal required conditions for the
medicinal plant to produce the maximum yield in a com-
paratively shorter vegetation period and minimal loss due to
damage. Thus, sustainable, year-round, qualitative produce is
ensured along with multiplied quantity [7].

FIGURE 2. Major utilities of onion.

Apart from the increasing demand for various agricultural
produce, the demand for cultivation of medicinal plants is
also increasing at an exponential pace. The potential of the
cultivation of medicinal plants like onion, has to be max-
imized to meet the continuous qualitative and quantitative
demands of rural and urban habitats. Rural habitats have a
very high dependency on the cultivation and production of
medicinal plants due to several reasons like lack of modern
health facilities, cultural priorities and beliefs, cost of modern
drugs, etc. Medicinal plants have a very high impact on the
lives of the urban habitats too due to their healing proper-
ties. Some vertical farming method enhances shoot growth
whereas other enhances root growth [8]. The cultivation of
herbaceous medicinal plants has to be ensured in such a way
of precision vertical farming, that the part of the plant used
for medicinal use, has a better growth response than that
in the substrate cultivation methods. Therefore, the growth
responses of various herbaceous medicinal plants need to be
checked for different precision farming methods to identify
the best-suited method that gives a year-round and better
qualitative and quantitative yield [9]. The year-round produc-
tion of herbaceous medicinal plants will not only enhance the
economic benefit but also ensure the year-round availability
ofmedicinal herbs for living beings. The reasons like compro-
mised, unhealthy lifestyles caused by hectic work schedules,
and increased pollution in the lifestyles of the urban popu-
lation are causing a lot of health issues and other ailments.
Commercially available medicines and modern treatments
also cause severe side effects. Medicinal plants are thus, the
most trusted source of medications that cure illnesses without
having adverse effects on the health of the individual.

One such important medicinal plant is Allium cepa, com-
monly known as onion. Apart from being a widely used
condiment plant around the world, it also has many medic-
inal benefits [10], [11]. Dried onions come in the form of
powder and can be used as spices. Onions are overloaded
with Vitamin B, vitamin C, calcium, phosphorous, etc., and
can also be used to extract oil [10]. Many of its constituents
like thiosulphates, phenolic acids, and quercetin contribute to
its therapeutic effects [12]. Many disorders, such as asthma,
inflammation, scars, pain, wounds, etc. are effectively treated
by onion. It is also found to possess important phar-
macological properties like anti-cancer, anti-hypertensive,
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anti-spasmodic, anti-diarrheal, and anti-diabetics along with
being effective for bones, nervous systems, cardiovascular
systems, respiratory disorders, etc. The three basic utility
areas of onions are shown in Fig. 2.
Onion cultivation also plays a pivotal role in boosting the

economy of many nations like China, Egypt, Nepal, Turkey,
Afghanistan, and various regions of India [11], [12]. It is cul-
tivated in huge amounts in many Indian states, making India
one of the leading producers of onions [10], [13], [14], [15].
India is recorded to produce around 21% of the total onion
production of the world, which is led by China with around
26% of the global onion production. To reach the zenith of
economic growth from agricultural production, cultivation of
economically potent crops like onion. The qualitative yield
of onions can be enhanced by monitoring the environmental
conditions, which can be easily achieved by using Internet of
Things (IoT) sensors. Onion is the major medicinal food crop
that is exported among vegetables in India. revenues as large
as Rs. 222,70.3 million had been generated from exporting
onions in 2015 which has increased to Rs. 523.8 million
in 2022 [14]. India is the second leading exporter of onion
after China. Cultivation and export of high-quality onion can
form the basis for improving the Indian economy. Traditional
cultivation methods have unlimited limitations, like risks,
demand-supply mismatch, poor soil quality, and lesser arable
land, that cause a hindrance towards onion cultivation thus
leading to an adverse effect on the Indian economy [10], [12],
[15]. Concerning the significant boost in the Indian economy
from onion export and the continuously decreasing farming
land and natural resources, there is a dire need to enhance
the cultivation of onions. This can be achieved by prioritizing
precision farming techniques using hydroponics to cultivate
onions.

IoT is a vast network of smart devices that connects
things to people anytime, and anywhere [16], [17]. These
systems are capable ofmaking decisions withminimal human
interference and thus, make systems faster, smarter, and
more efficient [18]. The number of connected smart devices
encompassing IoTs has increased drastically and is further
predicted to surpass 43 billion by 2023, making them a part of
almost every application [19]. One of themajor areas of appli-
cation of IoT is agriculture. It forms the backbone of smart
precision farming. Hydroponics is a method of smart pre-
cision farming which practices soilless cultivation, by using
nutrient-rich water as the cultivation medium for plants [20].
Out of all the vertical farming methods, hydroponics outper-
forms the rest in terms of increased yield, lesser cost, easier
maintenance, feasibility in various scenarios, water consump-
tion, environmental sustainability, and wider adaptability.
The hydroponic cultivation method is much more scalable
than the other vertical farming methods because it can be
modified and scaled according to the adaptability of the herbs
to be cultivated. It comprises different setups to adapt to
various types of plants. Some of the most popular types are
nutrient film technique (NFT), ebb and flow, deep water
culture (DWC), drip system, and wick system [21], [22], [23],

[24], [25], [26]. Thus, smart precision farming in hydroponics
is the key solution to all the issues of urban farming, includ-
ing increased year-round qualitative and quantitative food
demand. Fig. 3 represents the various types of hydroponic
setups.

The selection of hydroponic technique out of all the five
types listed above is dependent upon many factors, such as
plant height, structure, irrigation needs, root anatomy, veg-
etation cycle, etc. DWC is considered to be the best-suited
setup for the hydroponic cultivation of onions due to the
compatibility with various growing requirements of onions as
well as the cost and feasibility of establishing andmaintaining
the setup.

FIGURE 3. Various types of hydroponic setups.

In [27], the author carried out two experiments of cen-
trosema, stylosanthes, trifolium, and lotus cultivation in soil
medium, and the effect of vesicular-arbuscular mycorrhiza
on the cultivation was studied in various compositions of
soil nutrients. The results showed the total fresh weight,
root/shoot ratio, and the percentage of mycorrhizal infection.
In [28], the authors have carried out the growth response
analysis of cucumber and the effect on its growth using the
T-203 strain of the biocontrol agent Trichoderma harzianum
in soil and axenic hydroponic conditions. In [29], soybean
cultivation was carried out in controlled soilless conditions
using four different nutrient concentrations, i.e. 0%, 50%,
100%, and 150%. The results showed significant variations
in growth and all the measured parameters under these dif-
ferent conditions. The root thrived the most in 50% nutrient
concentration, whereas the shoot growth was maximum in
150% concentration of nutrients. Three growth mediums i.e.
cork thin waste with rice hulls, peat, and coir fiber were com-
pared in three soilless cultivation methods, and the microbial
influence, pH, and EC were analyzed in [30]. In [31], two
varieties of lettuce were cultivated to analyze their growth
on different types of media in a wick system of hydroponics
using three mediums: cocopeat, Rockwool, and charcoal,
whereby it was found that charcoal husk showed the best
cultivation results. Rice was cultivated in a hydroponic setup
and the effect of sodium and potassium chloride was analyzed
in [32]. The rice seedling shoot was sensitive to KCL. In [35],
different nitrogen sources were supplied to lettuce from two
sources, one source with 200 ppmNO3–N, and the other with
150 ppm NO 3–N and 50 ppm NH 4+-N. The highest growth
was recorded using 200 ppm NO 3–N. The authors of [36]
have cultivated legumes called Serra Della in aluminum-toxic
soil to conclude that AI tolerance varies among various cul-
tivars. In [24], a certain variety of lily is cultivated in an
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ebb-and-flow system of hydroponic cultivation where statisti-
cal analyses showed no correlation between the weights of the
initial and the final bulblets. Elongation of roots and growth
and survival of bulblets were dependent upon the hydroponic
setup, the substrate type, and the composition of the nutrients
in the solution medium. ‘Rubinela’ lettuce was cultivated in
soil-filled pots and hydroponic systems by the authors of [38]
where the research aimed to analyze its physiology through
a comparative analysis of dry and fresh mass, production,
leaf count, chlorophyll, and carotenoid contents. It was found
that the hydroponic plants showed prominent variations in
chlorophyll content, with more biomass than those grown in
soil. In [39], the authors built an innovative hydroponic fuel
cell to reduce methane emissions from rice plants. Rice was
cultivated in a hydroponic setup where the results show that
the methane emission was significantly reduced with the use
of these cells. The effect of actinomycetes on hydroponic
lettuce was studied in [40], where it was found that miti-
gation of detrimental effects in various growth parameters
was found using Streptomyces thermocarboxydus S3 type of
actinomycete. In [25], the authors have grown basil in soil and
hydroponics, where the hydroponic basils hadmore browning
than hydroponic ones at the end of storage and shelf-life
periods. An IoT-based smart NFT setup was created in [26]
where various environmental parameters were collected in a
Raspberry Pi database. A Proteus simulator was also used
for analyzing the results, where a ‘‘very good’’ rating was
given to the implemented device. The authors of [41] pro-
pose a method to combine the theoretical and practical of
aquaponic and hydroponic farms by modeling and simulat-
ing the systems. Petri nets were used for modeling and the
GPenSIM tool was used for the simulation and monitoring.
Support vector regression (SVR) was also used to predict
the temperatures of air water and humidity. The research
in [42], investigates the economic and technical feasibility of
greenhouses in arid regions on a larger scale, where the results
demonstrate that these systems have a massive potential to
show considerable climate resilience which helps to enable
vegetation in arid and infertile regions.

The following research gaps have been identified from
the background study regarding growth response analysis of
medicinal plants:

• Growth responses of various herbaceous plants have
been compared in previous studies, but very little
research is focused particularly on the cultivation and
yield enhancement of medicinal herbs [27], [28], [29],
[30], [31], [32], [35], [36]. Medicinal herbs add to the
essential nutrient contents in edible products of humans
and livestock. Herbal medicines are also preferred over
the chemical medicines available commercially because
they are devoid of harmful side effects. Medicinal
herbs eliminate food security issues and ensure healthy
lifestyles in rural and urban habitats. Thus, the need
of the hour is to enhance the cultivation and yield of
medicinal plants.

• In the existing research works, either the root [24],
[35], [36], [37] or the shoot growth responses are moni-
tored [25], [28], [38], [39], [40] not both.

• The comparative growth responses of any plant are car-
ried out only in any one medium, growth responses
in multiple mediums are not analyzed for a single
plant [24], [28], [30], [31], [32], [33], [34], [35], [36].

• Either the growth responses of a plant are analyzed in
actual cultivation [27], [28], [29], [30], [31], [32], [35],
[36], [42] or the analysis is done using the simulator, the
incorporation of both methods in a single experiment
is not found [26], [41], [42]. This research focuses on
the analysis based on actual experimentation as well as
results obtained from the ‘AquaCrop’ simulator.

The present investigation was guided by the formulation of
the following research questions:

RQ. 1: Which hydroponic setup is most suitable for grow-
ing herbaceous medicinal bulbs?

RQ. 2: What is the comparative growth analysis for the
growth of onions in traditional and hydroponic methods?

RQ. 3: How relatable are the actual results as compared to
the simulator results?

RQ. 4: Which method is more beneficial, in terms of
environmental footprint, expenses, and yield of the medicinal
plant under consideration?

RQ. 5: Which method is more effective in terms of energy
consumption?

The novelty of this research lies in the fact that a
real-time comparative analysis of root as well as shoot growth
responses of onion, a medicinal plant, is carried out in this
experiment. The experimental results are then verified and
validated using a simulator. Very few works have focused
on the better qualitative and quantitative yield of the root as
well as the shoot of any medicinal plant [27], [28], [29], [30],
[31], [32], [35], [36]. Some of the research works focus on
only the root [24], [35], [36], [37] or only the shoot of any
plant [25], [28], [38], [39], [40]. This work demonstrates the
root and shoot growth responses of a medicinal plant (onion)
having abundantmedicinal properties in its shoot aswell as its
root. Also in previous works, the growth responses have been
analyzed on any one method of cultivation [24], [28], [30],
[31], [32], [33], [34], [35], [36], whereas the authors have
considered the analysis of root and shoot growth response
comparison in soil cultivation as well as in hydroponics.
No previous work includes the verification and validation of
the actual results with the simulator results, either the actual
cultivation is carried out [27], [28], [29], [30], [31], [32], [35],
[36], [42] or the simulation is carried out [26], [41], [42]
not both. All these aspects are incorporated in this research
work where the actual cultivation results in soil as well as
hydroponics are verified and validated with the results of the
‘AquaCrop’ simulator. The main objective of the research is
to enhance productivity and obtain a better qualitative and
quantitative yield of onion in a shorter span, all round the
year. Thus, the results of this research will be helpful for
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the agricultural, medical, as well as economic benefit of any
nation.

The major contributions of this research article are men-
tioned as follows:

• The necessity and importance of soilless cultivation
methods in modern urban localities are discussed in
terms of various parameters. The authors have high-
lighted the advantages of soilless cultivation over soil
cultivation methods in terms of better, faster, and
year-round yield. Parameters like space optimization,
resource conservation, increased year-round yield, and
shorter vegetation period are considered for a compara-
tive analysis of hydroponic and soil cultivation methods
in this research.

• The emerging need to cultivate medicinal plants via
vertical farming methods is explained in context to
the nutritional components and medicinal properties of
onion shoots and roots. The effect of onion cultivation
on the economy of India is also discussed, which adds to
its importance as one of the majorly exported medicinal
food crops.

• In this research, various types of hydroponic setups are
discussed. The workings and components of a smart
hydroponic setup are also explained. Out of the fivemost
popular classifications of hydroponic setups, DWC is
identified as the most suitable setup for the cultivation
of onion.

• Classification of various types of medicinal plants is
done based on their medicinal properties in their roots
and shoots. The trend of using medicinal plants in
India is also shown along with the trend of IoT and
sensor-enabled hydroponics in the last year.

• Onion bulbs are cultivated in the soil as well as in
DWC hydroponics. The growth responses of onion
shoots, roots, and bulbs are monitored, analyzed, and
compared in qualitative and quantitative terms. The
obtained results are also verified and validated using the
‘AquaCrop’ simulator in both mediums.

The rest of the paper is organized as: section II covers
the extensive background study regarding smart hydroponic
farming, medicinal plants, and onion as a medicinal plant.
Section III encompasses the materials and methods employed
in the process of this experiment, and the results and dis-
cussions are projected in Section IV. Finally, the article is
concluded in Section V.

II. BACKGROUND STUDY
This section deals with the extensive literature studied con-
cerning smart hydroponic farming methods associated with
the cultivation of onions. Three subsections are created
to present a detailed overview of each aspect. The first
subsection deals with the study of the hydroponic method
of smart precision farming, and the second subsection gives
a detailed overview of various types and classifications of
medicinal plants. The third and final subsection of this topic

FIGURE 4. Working with a smart precision hydroponic setup.

deals specifically with the importance of onion as a medicinal
plant, its growing period, and its cultivation in smart hydro-
ponic setups.

A. HYDROPONIC TYPE OF SMART PRECISION FARMING
Hydroponic type of precision agriculture is the agricultural
process that uses water as the cultivation medium and inputs
the precise values of the agricultural conditions to the system
to obtain the best possible yield with the use of IoTs [43].
The IoT usage makes the system more intelligent and self-
sustaining, thus consuming less time and effort for the farmer
along with enhancing the cultivated produce [3]. Fig. 4
explains the working of a smart precision hydroponic setup.
The smart hydroponic farm is integrated with the cloud to
analyze sensor data and the farmer can monitor and control
the farm remotely. This will help serve the multiple purposes
of having a healthier living, a cleaner surrounding environ-
ment, easy and handy cultivation methods, domestic as well
as economic benefits to the cultivators, etc.

A fully automatized greenhouse integrated with the hydro-
ponic type of vertical farming ensuring provisions for security
and surveillance is proposed which makes it an advanced
and diverse form of all the existing models. It is observed to
provide an improved product with a cent percent success rate,
maintaining the ranges of the parameters [44]. An automatic
aeroponic system of cultivation for lettuce while keeping
the humidity, time taken for irrigation, temperature, etc.
in control and spraying the nutrient mist to the plant root,
is proposed as a cost-effective Arduino-based system using
IoT [45]. IoT tools connected to a web server help in moni-
toring the variables remotely. As compared to the traditional
processes of cultivation, lettuce leaves as well as roots grew
more than 40% with around 400% better performance, had
been recorded [46]. The system designed in this study is
capable of keeping healthy growing parametric conditions
for the crops automatically, irrespective of the prevailing
climatic conditions, and with minimum user interference.
It shows the temporal variations, light intensity variations,
temperature, humidity, electrical conductivity, pH, and CO2.
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To show better vigilance in a hydroponic setup, the system
even monitors the level of water in the storage. Smart cooling
is ensured of lettuce roots in the smart aeroponic setup for
lettuce cultivation. The temperature and humidity data are
also retrieved in [47]. Cost-effectiveness is maintained using
a fan that is connected to the Arduino board to ensure con-
tinuous data recording. An application for mobile phones is
employed to get the data. An Excel sheet is updated and kept
and updated every week by the farm owner. This increased
the lettuce growth and also the inorganic nutrients absorbed
by the plant [48]. Role of IoT to control the growth and com-
munication of alerts to the user using web applications. The
controlled plants are found to show better growth responses
than those cultivated in an uncontrolled environment and also
there are fewer unwanted values in the case of controlled
growth of plants. The growth responses of plants are shown
as a figure on the website app and the values violating the
preset ranges can be identified conveniently and efficiently.
Subsequently, the farm owners are notified, and thereby
minimum losses are incurred by activating the alternative
control measures present in the system [49]. To improve the
efficiency of hydroponic cultivation, Electrical conductivity
(EC), fluid level, total dissolved solids (TDS), and the poten-
tial of Hydrogen (pH) values are controlled automatically.
Facilitation data collected continuously, from a large num-
ber of sensors, in urban farms, a system is developed for
adjusting the pH value automatically, and in the cultivation
of lettuce using a neural network is developed to facilitate
continuous data collection from multiple sensors in urban
farm conditions [50]. A study based on image processing is
put forth to check the percentage of deficit of macronutrients
in a hydroponic environment [51]. Determination of a lack
of macronutrients can be done in multiple phases such as
acquisition and pre-processing of images, feature extraction,
image segmentation, task identification, and estimation. IoT
is used to process image data acquisition automatically. The
plant under consideration in [52] is chili. The main feature of
this research work is to improve the output of the precision
agricultural methods, three of the features were combined in
the form of the texture, color, and shape of the leaf. This study
is also focused on estimating various plant condition types
like a deficit of nutrients like Sulphur, calcium, potassium,
magnesium, etc., or a healthy plant condition. A model is
aimed to be built that is capable of performing identification
as well as estimation. Along with analyzing multiple nutri-
ents.

B. TYPES OF MEDICINAL PLANTS WITH MEDICINAL
VALUES IN VARIOUS PARTS
Medicinal plants have always held major importance in the
lives of all living beings [53]. Various parts of the medicinal
plants are put to use in various ways. In plants like ginger,
turmeric, burdock, and ginseng, roots have medicinal prop-
erties of antioxidants, anti-tumor, enhanced immune system,
etc. [52], [55], [59], whereas in plants like basil and thyme,

FIGURE 5. Examples of herbaceous plants with medicinal values.

the leaves have medicinal properties of liver detoxifier, disin-
fectant, reliever of the wound, kidney stones, muscle aches,
etc. [25], and in plants like lavender and saffron, the flowers
contain medicinal values of stress, pain and anxiety reliever,
helpful in Alzheimer disease and depression [57], [58]. The
vertical precision farming methods are best suited for herbs
and thus, the herbaceous medicinal plants must be analyzed
in terms of the smart precision vertical farming method that
suits them the best [53]. A generalized answer to this question
cannot be found because each medicinal plant has a different
part that is put to use for its medicinal value. Thus, the plants
whose roots are used for medicinal purposes would need
a different precision vertical farming method whereas the
plants whose leaves or flowers or any other part of the shoot
would need a different method of precision vertical farming
method for it to thrive to the fullest. Fig. 5 is a representation
of examples of herbaceous medicinal plants with various
parts having medicinal properties.

Every medicinal plant has medicinal properties in different
parts of the plant. Some plants have medicinal properties in
the shoot part (stem, leaves, fruits, or flowers), and some may
have medicinal properties in the root part. Lettuce and barley
are examples of medicinal leaves, whereas tomato and broc-
coli are medicinal fruits. Garlic and onions are seen to have
medicinal values in their bulb roots, and ginger and ginseng
are examples of roots that contain medicinal properties. Thus,
to employ the vertical farming method for herbaceous medic-
inal plants, the part of the plant containing the medicinal
properties needs to be identified [54]. Thereafter, a suitable
cultivation method can be used to cultivate the identified
plant and a smart precision farming method can be used to
cultivate it.

The authors of [55] tested the growth of medicinal plants in
aeroponics and hydroponics whereby no significant variation
is seen in the shoot growth characteristics of the plants.
The ginseng roots contain healing properties which makes
it very important to maintain its root quality. Rotting of
roots is a major disease-causing deterioration of ginseng
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root quality. The authors in [56] proposed a way to detect
the disease-causing rotting of roots by checking the colored
images of the plant through image processing and deep learn-
ing. The authors in [57] checked three categories of medicinal
herbs in multiple hydroponic setups and one aeroponic setup.
Post that results comparisons are done with plants grown in
substrate medium, with exactly similar environmental con-
ditions. An innovative frame of aeroponic setup was formed
in [58] to enhance the produced quality of Burdock root
(Arctium lappa L.) cultivated in an aeroponic method in a
controlled soilless greenhouse environment. The production
of biomass from the aerial parts of the plant was found to be
considerably high in an aeroponic setup as compared to the
controlled cases. Whereas the biomass yields of the root of
the plant did not exhibit any significant variations between
treatments. The authors in [52] and [59] found that hydro-
ponic techniques are optimal in reproducibly and efficiently
generating the medicinal herb Withania somnifera (L.).

FIGURE 6. Plot obtained from Google trends showing the trend of
medicinal plants, IoTs, sensors, and hydroponics in India for the past year.

Fig. 6 shows the Google trend plots showing interest and
trends in smart hydroponic farming of onion over the past
12 months, specifically in India. The trends of Onion and IoT
are increasing at a very fast pace.

C. ONION (ALLIUM CEPA)
Onion is a category of medicinal plant that has medicinal
properties in its shoot as well as in its bulb. Onion can be
cultivated in three seasons, namely, Rabi, Kharif, and Late
Kharif. Table 1 is a tabular representation of the various
growing seasons of onion. The production cycle of onion,
if shortened, can be advantageous to mankind in multifold
ways [12], [13], [15].

Apart from being loaded with vitamins, minerals, and
other beneficial medicinal, pharmacological, and therapeutic
properties, onions are also loaded with several nutritional
components. It has the capability of curing various ail-
ments and health disorders. The authors of [10], [13], and
[15] have come up with the amount of nutritional compo-
nents per 100 grams of the edible portion of onion. Energy,

TABLE 1. Production cycle of onion.

TABLE 2. Nutritional components per 100 grams, in the edible portion of
onion.

carbohydrates, sugars, fibre, fat, protein, various vitamins,
calcium, iron, manganese, phospsorous, and potassium are
the major component found in onion.

Table 2 is a generalized representation of the nutritional
contents contained in the edible portion of onion.

III. MATERIALS AND METHODS
This section deals with the materials used in the cultivation of
onion bulbs in soil as well as in water mediums. Onion is the
medicinal plant selected as the experimental subject in this
experiment because it contains medicinal value in its shoot
as well as in its bulb. Onion thrives well in water as well
as soil mediums. This experiment comprises the cultivation
of onion bulbs in in substrate medium and DWC hydroponic
system, a comparative analysis of their growth responses, and
validation of the obtained results with the results obtained
from the ‘AquaCrop’ simulator.

The soil was prepared for onion cultivation by adding sand
and compost and making it moist. Onion bulbs were slit
from the top and planted in soil in a way that ample space
is maintained between the onion bulbs to ensure proper root
and shoot growth. The water used for onion cultivation was
infused with essential nutrients as mentioned in Table 2. The
growth responses of onion were monitored and compared in
soil and hydroponic methods. Onion growth was found to be
much faster and more qualitative in water as compared to its
growth in soil. Fig. 7 represents the flowchart of the overall
framework of the experimental work done in the experiment.
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FIGURE 7. Flowchart of the proposed experiment.

The input parameters of soil and DWC cultivation were set
in the ‘AquaCrop’ simulator separately and the experimental
results were then verified and validated through the results
obtained from the simulator. The comparative analysis of
onion growth was thus carried out in an actual experimental
setup as well as in the ‘AquaCrop’ simulator.

The substrate cultivation has to be carried out when the
weather conditions are favorable for its growth, whereas,
in the smart DWC hydroponic cultivation, the cultivation can
be done at any time of the year because all the environmental
conditions and the nutrient requirements can be monitored
in real-time and controlled as per the requirements of the
plant. This ensures year-round qualitative and quantitative
produce. The DWC hydroponic method uses a specific setup
where the roots of the plants are submerged in nutrient-
rich water. The pH, EC, and nutrient content of the growing
medium are monitored continuously for any alteration, and
the nutrient-infused water is also changed periodically to
ensure proper nutrient intake by the plants. A smart DWC
setup carries out the additional task of maintaining a CEA
in the cultivation system whereby the pH, temperature, TDS,
and other essential parameters are controlled externally.

Onion plants have medicinal properties in their shoot as
well as in their bulbs. The onion shoots grow much faster
and can be harvested sometimes before the onion bulbs are
developed and harvested. Till the time the shoots are thick
and green at the base, they can be harvested repeatedly. Once
the shoot dries up and wilts from the base, the bulbs are ready
to be harvested. Onion bulbs were planted simultaneously
in a DWC hydroponic setup and soil medium. The growth
responses of onion root and shoot were compared in both the
mediums and it was verified and validated with the results
obtained from the ‘AquaCrop’ simulator.

A. CONTROLLED PARAMETERS FOR OPTIMAL ONION
GROWTH
Many researches have proved that the cultivation of onions
under controlled environmental conditions has produced

FIGURE 8. (a) Fungus-inflicted onion bulb. (b) Root growth of n inflicted
onion bulb in hydroponics.

enhanced and uniform shoot growth and bulb formation of
onion plants. Onions were cultivated simultaneously in a
smart DWC setup and soil. Soil cultivation is dependent on
the natural resources and climatic conditions, thus it has to
be carried out in the season which suits its requirements,
whereas the cultivation in a smart DWC setup can be car-
ried out at any time of the year. A low relative humidity
and high-temperature help in enhancing the shoot and bulb
growth of onions, whereas a high relative humidity causes
fungal and bacterial growth on the onion bulbs. Fig. 8 (a) is a
picture of fungus fungus-inflicted onion bulb, and Fig. 8 (b)
shows the root growth of the fungus-infected onion bulb in
the DWC hydroponic setup.

The life cycle of onion is also affected by temperature
fluctuations. Higher temperatures cause early bulb develop-
ment in onions, therefore ensuring precise temperature while
studying various growth phases of onion cultivation is impor-
tant. The light source used in the experiment was natural
sunlight for optimum daylight.

B. PESTS AND DISEASE CONTROL
Onion bulbs are prone to fly infestation and fungal infec-
tions. Cultivation of onions under controlled environmental
conditions ensures minimized damage due to pest and
disease infestations. These pests and diseases must be man-
aged efficiently with continuous monitoring of the system,
especially in greenhouses. A few precautions to be taken
while cultivating in any controlled environment can be
mentioned:

• Maintaining cleanliness in and around the growing area.
• The substrate mix must be kept tightly sealed before and
after use to avoid drying up or infestation.

• Use preferable new potting units or sterilized, washed
with the bleach solution, and rinsed thoroughly.

• Using insect repellants or sticky insect traps for real-time
control of fly and pest infestations.

• Dead, wilted, or damaged plants must be removed from
the setup regularly to ensure the safety of the other plants
in the setup. Diseased and weak plants are more prone
to infections.
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FIGURE 9. Components of an IoT-enabled smart precision agriculture
setup.

C. SMART DWC HYDROPONICS SETUP
A representation of the commonly used components of an
IoT-enabled smart precision agriculture setup is depicted in
Fig. 9. The smart precision agriculture setup is equipped with
a sensor module and an actuator module. A microcontroller
acts as an interface between the entire hardware system and
the cloud or the communication gateway. The sensor module
collects data on various parameters. All the sensors are preset
with a particular range. The data collected in real-time is then
sent to the cloud for analysis [60]. If any value is found to drop
below the lower limit of the set range or exceed the upper
value of the range, the user or the farm owner will be notified
of the situation.

If the setup is well equipped with actuators, corresponding
alternative arrangements could also be activated to get the
data value of the sensors in range to regain the smooth func-
tioning of the smart precision farming setup. The fact that the
cultivation is done in a CEA setup, ensures high-quality, year-
round produce which eliminates the dependency on climatic
conditions and thus reduceswastage or damage in agricultural
produce to a large extent [61], [62], [63].
Fig. 10 is a pictorial representation of the components of

a smart DWC setup. The components of the setup can be
broadly classified into two categories: hardware components
and software components. The hardware components can be
further classified into two subcategories: sensor module and
actuator module.

The sensor module is responsible for collecting real-time
data on the parameters that are controlled in the setup. Sensors
to monitor temperature, pH, water level, and humidity are
deployed in the system to collect real-time data on the respec-
tive parameters. Every sensor is providedwith the permissible
parametric range, and the values collected by the sensors are
then sent to the cloud for analysis. If the values are found
to violate the specified range, the actuators are instructed to
facilitate the situation. Actuators are hardware components
like fans, water pumps, nutrient pumps, buzzers, etc. that are
used to keep the parametric values within the range. This

FIGURE 10. Various components of the smart DWC setup are used.

is very helpful to the urban habitats that perform vertical
farming, where they can have a remote check on the farm and
the system takes care of the farm.

Fig. 11 shows the various hardware components used in
the smart DWC setup. The hardware components used in the
setup can be described as:

• Temperature sensor: According to the requirement of
onion, the temperature sensor was set with a range
of 29◦C – 32◦C. The Arduino microcontroller board
receives the real-time temperature values collected by
the temperature sensor and analyses the values concern-
ing the specified range. If the recorded temperature is
beyond 32◦C, the fans are activated and the tempera-
ture is lowered. When the temperature comes within
the range, the fan is switched off. The experiment was
carried out in August – September when the temperature
did not fall too low. Thus, the lower level of temperature
was maintained.

• pH sensor: The pH value is set to 6.0 – 6.4. If at
any moment, the pH value drops below 6.0, sodium
carbonate (Na2CO3) is added to the mater medium,
alternatively if the pH rises above 6.4, nitric acid
(HNO3) is added to the growing medium to balance the
pH of water.

• Humidity sensor: A minimum of 66 % and a maximum
of 70 % humidity is suitable for growth of onion. More
than 70% humidity causes fungal infestations on the
bulbs of onion which hampers the proper growth of
onion shoots. The humidity sensor monitors the humid-
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FIGURE 11. Various hardware components are used in the smart DWC
setup. (a) LED; (b) Insect Trap; (c) Mist Spray; (d) Temperature Sensor.

ity and sends the collected value to the microcontroller.
If the humidity rises above 70 %, the fans are used to
circulate dry air, and if the humidity falls below 60%,
the mist spray is activated to increase the humidity and
bring it within the range.

• Water level sensor: The DWC setup has a stagnant
nutrient solution in which the roots of the plant are
submerged. The water level of the cultivation units has
to be maintained to a level where there is a little gap
between the water level and the lid of the box to ensure
space for vapor.

• CO2 and O2 sensors: Both CO2 and O2 are required in
the nutrient solution for the optimal growth and develop-
ment of the hydroponic plant. These sensors notify the
users if the CO2 level exceeds 900 ppm or the O2 level
drops below 18%. The nutrient solution of the DWC
setup is then replaced with a fresh one.

• Buzzer and LED display: These hardware components
in the smart DWC hydroponic system help in facilitating
continuous monitoring of the system and send alerts in
case of any unwanted situation.

A smart DWC hydroponic setup implementing CEA is
used for cultivating onions for this experiment. Table 3
shows the optimal parametric ranges required by onions in
a DWC hydroponic system and their corresponding values or
ranges [10], [12], [15].

A static nitrogen-rich nutrient solution is provided as the
cultivation medium for the onions. The culture unit used in
this experiment consists of plastic boxes. Each of the boxes
has a capacity of 1 L of the nutrient solution. Holes of 1 –
1.5 cm diameter were drilled in the center of the lids of each

TABLE 3. Parameters and their permissible ranges for growth of onion in
a DWC hydroponic system.

FIGURE 12. Onion bulbs are planted in boxes filled with nutrient-mixed
solution.

FIGURE 13. Algae formation at the bottom of the container.

of the boxes, and 4 other holes of 0.5 cm diameter were drilled
around it as shown in Fig. 12.

The bigger hole was for the onion to immerse its roots
in the nutrient solution inside the box, and the four smaller
holes were drilled to ensure proper ventilation and release
of heat from the inside of the box. Onions can be harvested
as immature spring onions or full-grown bulbs. To ensure
proper growing space for each of the onion bulbs, all the
onions were planted in separate boxes. The onion bulbs were
planted at the end of July. The nutrient solution was changed
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FIGURE 14. Cultivation of onion bulbs in soil. (a) Onion bulbs planted in
soil; (b) LED depicting NPK contents in soil.

every week to ensure proper nutrition to the plants and avoid
algae formation inside the boxes. Fig. 13 depicts a case where
algae formation was found at the bottom of the hydroponic
container. A pH level of 5.8 to 6.9 and an EC level of 1.4 to
1.8 was maintained throughout the cultivation process.

D. SUBSTRATE CULTIVATION
The onion needs a substrate that has a good aeration and
water retention capacity. Sandy or heavy soil types are the
most suitable soil types for onion cultivation. garden soil,
sand, and compost are mixed to make the growing medium
ready for onion cultivation. The moisture retention capacity
determines the frequency of watering. The moist substrate is
one of the important requirements for the healthy growth of
onions. The stage of plant development alongwith the relative
humidity and temperature maintained in the growth chamber
determines the frequency of watering the plants. Growing
stages require more frequent watering as compared to the
maturity stage. The onion bulbs were cultivated at the end of
July when an average temperature of 22 – 38 ◦C temperature
was prevailing in the Punjab region. An average relative
humidity of 60 – 70 % prevailed in the region during the
mentioned period. A tabular representation of the necessary
parameters for cultivating onions in soil is shown in Table 4
[10], [12], [15].

Fig. 14 (a) shows plastic trays of dimensions (20 × 15)
cm filled with soil and 4 onion bulbs uniformly planted in
it. Optimum distribution of air and water was ensured to
maximize the growth of the plants. Regular watering is done
in the soil using distilled water to prevent algae growth on
the soil surface. Colorless plastic trays were used to ensure
proper passing of light to the onion roots. Also, dark-colored
pots absorb much heat and cause damage to the plants.

Fig. 14 (b) is a picture of an instance where the LED
displays the N, P, and K percentages in the soil.

E. RESULTS AND DISCUSSIONS
The utility of onion in culinary, medicinal, and economic
aspects, is discussed in the introduction section of the
manuscript, which highlights its importance and the neces-
sity for its better and enhanced yield. Apart from having a
wide range of medicinal, therapeutic, and pharmacological

TABLE 4. Parameters and their permissible ranges for growth of onion in
soil medium.

properties, onion also contains various nutrients in its bulbs
and shoots as mentioned in table 2 of the background study.
It also plays a significant role in boosting the economy of
India by being one of the majorly exported medicinal plants.
Keeping in view all these aspects, the onion is selected for
this research, and its root, shoot, and bulb growth in soil and
DWC hydroponics are monitored, analyzed, and compared.
Furthermore, the actual cultivation results are verified and
validated with the results of the ‘AquaCrop’ simulator.

The analysis of resulting growth responses of onion culti-
vated in soil and a smart DWC hydroponics is done in this
section. The growth responses of onion shoot, root as well
and bulb are analyzed based on the experiment conducted,
and qualitative as well as quantitative yield analysis of the
obtained yield is carried out. The obtained results were finally
compared and validated with the results obtained from the
simulator. The growth responses of shoot, root, and bulb in
DWC hydroponics are found to outperform those in the soil
cultivation method.

F. GROWTH COMPARISON OF ONION SHOOTS AND
ROOTS IN SOIL AND DWC HYDROPONICS
Onion bulbs were cultivated in the soil as well as in a DWC
hydroponic setup. The plant with the best shoot growth is
considered for the comparative analysis. In all the cases,
the hydroponic roots and shoots showed the best growth
responses as compared to soil cultivation. It is observed that
the maximum length of onion shoot in hydroponics was
found to reach 21.5 cm, whereas the maximum onion shoot
length attained in soil medium was 16 cm. As a result, the
hydroponics proved to give almost 74.4 % better shoot yield
as compared to soil.

The root length obtained in the DWC hydroponic method
was also found to be 21.43 % better and much faster as
compared to that in soil.

The graph in Fig. 15 is a comparative plot of the maxi-
mum shoot and root length of onion bulbs in water and soil
mediums.
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FIGURE 15. Growth analysis of onion shoot and root growth cultivated in
substrate and hydroponics.

FIGURE 16. Shoot growth from onion bulbs on day 15 after planting.
(a) Onion shoot growth in soil; (b) Onion shoot growth in water.

G. DAY-WISE GROWTH COMPARISON OF ONION SHOOTS
IN SOIL AND DWC HYDROPONICS
Fig. 16 (a) and (b) show the onion shoot measurement on day
15 of cultivation in soil and DWC hydroponics respectively.
The growth of the onion shoot was found to be better in
hydroponics than in soil.

The plot in Fig. 17 demonstrates the growth trend of onion
shoots in soil and water mediums. The lengths of the best
sample of both the cases are considered and the day-wise
graph is plotted. This graph proves that the DWC method of
cultivation produces approximately 1.3 times better yield in
less than half the number of days as compared to the results
obtained when cultivated in a soil medium.

Therefore, in response to RQ. 1, it can be answered that
the DWC hydroponics method is the best for the cultivation
of herbaceous medicinal bulbs.

H. DAY-WISE GROWTH COMPARISON OF ONION ROOTS
IN SOIL AND DWC HYDROPONIC
Fig. 18 shows the picture of roots developed in both methods
of cultivation on the fourth day after cultivation. it is visible
that the root growth in the soil medium is considerably lesser
than that in the water medium.

The maximum root length recorded in soil medium was
9 cm whereas that recorded in water was 13 cm. The concept

FIGURE 17. The day-wise plot of onion shoot lengths in soil and
hydroponic methods respectively.

FIGURE 18. Root growth of onion bulbs on day 4 after planting. (a) Onion
root growth in soil; (b) Onion root growth in water.

of analyzing the qualitative and quantitative comparison of
the shoot, root as well as bulb growth characteristics of a
medicinal plant with high economic value (onion), cultivated
in water as well as in substrate mediums, which are further,
verified and validated using simulator results in the same
experiment, contribute to the novelty of this research.

I. ONION BULB FORMATION FROM BULBS CULTIVATED
IN SOIL AND DWC HYDROPONICS
Fig. 19 depicts the bulb formation of onions in soil and
hydroponics systems respectively. The quality of bulbs is
found to be much better than that formed in soil and also the
time required by the onion bulb to produce newer bulbs in
soil medium is almost more than double the time taken by
the hydroponic onion.
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FIGURE 19. Onion bulb formation. (a) Onion bulb formation in soil;
(b) Onion bulb formation in water.

Thus, as a response to RQ. 2, it can be concluded that
in all three cases, i.e., shoot growth, root growth, and bulb
formation, hydroponics is found to outperform the soil culti-
vation method in terms of better quality, quantity, and lesser
vegetation period.

RQ. 4 can be answered as hydroponics outperforms soil
cultivation method not only in qualitative and quantitative
terms, but also has an advantage of being more certain in
terms of yield, and less expensive. However, the negative
environmental footprint is much higher in terms of energy
usage in hydroponics as compared to the soil cultivation
method. The entire setup and the external controlling of envi-
ronmental conditions is carried out with the help of energy.
To sum up, the answer to RQ. 5, the soil cultivation method
is more efficient in terms of energy efficiency.

J. EVALUATION OF GROWTH RESPONSES OF ONION
USING ‘AQUACROP’ SIMULATOR IN SOIL AND DWC
HYDROPONIC SYSTEMS
The actual results of growth responses obtained from the
experiment are then verified with the results obtained from
the ‘AquaCrop’ simulator. All the parametric requirements
for optimal growth of hydroponic and soil onion shoots and
bulbs as mentioned in Tables 3 and 4 are provided as input
to the simulator. The growing conditions of DWC hydro-
ponics and soil are input to the simulator separately. The
results obtained from the simulator produced similar outputs
as those obtained from the actual cultivation methods. There-
fore, in response to RQ. 3 it can be stated that the actual and
simulator results are similar and completely relatable. Fig. 20
is the screenshot of the simulator output screen showing the
growth responses of the onion bulb in a DWC hydroponic
setup.

It can be observed from Fig. 20 that the transpiration,
canopy cover, and root growth are maximum when the grow-
ing conditions as per Table 3 are input to the simulator. there
is no gap between maximum and actual growth. Fig. 21 is the
screenshot of the simulator output screen showing the growth
responses of the onion bulb in a substrate medium.

Transpiration in the soil, as well as DWC hydropon-
ics, is maximum in the soil as well as in hydroponics.

FIGURE 20. ‘AquaCrop’ simulation results for cultivation of onion in a
DWC hydroponic setup.

FIGURE 21. ’AquaCrop’ simulation results for cultivation of onion in
substrate cultivation.

The simulator outputs of canopy cover (CC) in case of sub-
strate cultivation results are shown in two colors: grey and
green. The grey portion depicts the gap between the optimal
and actual growth of the onion shoot. It can be seen that
there is a considerable gap between the actual and optimal
results of canopy cover in the case of the cultivation of onion
bulbs in a substrate medium. All the necessary agronomic
conditions including the most appropriate soil type are input
to the simulator, still, the substrate cultivation methods do not
always produce optimal results in terms of growth due to the
presence of weeds and pests in the soil. Also, soil cultivation
is dependent on natural resources and climatic uncertainties,
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FIGURE 22. Comparative plot of the biomass and dry yield of onion when
cultivated in DWC and soil separately.

TABLE 5. Quantitative growth analysis of onion: DWC vs. substrate
mediums.

which in turn causes depleted growth responses of agricul-
tural produce. Table 5 shows a tabular representation of the
quantitative growth analysis of onion in DWC hydroponics
and substrate mediums.

The comparative analysis of the growth responses obtained
in soil vs hydroponic cultivation as obtained from the simu-
lator can be further demonstrated graphically in Fig. 22.

FromFig. 22, it can be inferred that the quantitative yield of
onion is approximately 1.4 times more in DWC hydroponics,
as compared to soil cultivation. This analysis is obtained from
the ‘AquaCrop’ simulator which shows that the biomass of
onion obtained in DWC is approximately 1.34 times as much
as that obtained in the soil cultivation method. Simultane-
ously, the dry yield of onion is approximately 1.44 times
more in DWC than in soil. Thus, the comparative plot shows
a better quantitative yield of onion in DWC hydroponics as
compared to cultivation in soil, along with quantitative yield
as inferred from the previous subsections of the result section.

Therefore, technically summarizing the comparison of
growth responses of onion in DWC hydroponic cultivation,
it is found that with an optimum average temperature of 30 ±

2 ◦C, the humidity of 68± 2%, pH of 6.2± 0.2, and EC of 1.7
± 0.5 mS/cm in a nutrient-infused water medium with N:P:
K ratio of 10:20:10 and 20:05:05 in initial and subsequent
weeks respectively, produces onion shoots in 3 – 4 days from
sowing and onion bulbs within 30 ± 2 days, irrespective of
any month of the year. The maximum shoot and root lengths
attained were 21.5 cm and 15 cm respectively. The TDS in
the nutrient-infused water medium must also be maintained

within 600 – 750 mg/l and the CO2 and O2 concentrations
must be < 900 ppm and > 18 % respectively to attain the
said yield. The biomass and dry yield as obtained from the
‘AquaCrop’ simulator results in DWC hydroponic conditions
were found to be 2.125 and 1.167 respectively.

Whereas in soil cultivation, it is found that with approx-
imately similar temperature, humidity, and pH as in hydro-
ponics, an EC of 3.7 ± 0.7, and a rainfall of 750 ± 150 mm,
with NPK ration of 2:1:1, in July to August, onions were seen
to sprout in around 15 days of sowing and the bulbs were
seen to form in 70 ± 5 days with a maximum shoot length
of 16 cm and a maximum root length of 7 cm. The biomass
and dry yield as obtained from the ‘AquaCrop’ simulator
results in soil cultivation systems were found to be 2.125 and
1.167 respectively.

In a nutshell, it can be said that the DWC hydroponic
method of cultivation outperforms the soil cultivation method
of onion cultivation in various qualitative and quantitative
parameters, without using soil or depending upon natural
resources for its yield. The simulation results also complied
with the actual cultivation results, thus, verifying and validat-
ing the actual and experimental results. It is evident from the
research done, that the hydroponic cultivationmethod ensures
year-round enhanced and sustainable agricultural yield, irre-
spective and independent of natural resources and climatic
uncertainties. The hydroponic cultivation method eliminates
other causes of damage in substrate cultivation, i.e., weeds,
pests, and rodents. Thus, the production of shoot and bulb of
the medicinal plant, onion, can be enhanced with the use of
the DWC hydroponics method.

The scope of this experiment is limited to the comparison
of root and shoot growth responses of only one species of
onion. Other varieties of onion could be considered for their
growth response analyses, and more distinct results could
have been obtained for various species of onions.

IV. CONCLUSION
The DWC hydroponics is proven to be the best choice for
the cultivation of onion in terms of qualitative, quantitative,
and year–round yield. The total vegetation period of onion
in a soil medium takes almost 2 ± 2 times more time to
produce new bulbs than it takes in a water medium. The smart
DWC cultivation implements CEA and produces almost
2 times more yield, irrespective of the growing season and
the prevalent environmental conditions. Onion root as well
as soot shows significant enhancement in growth responses in
DWC setup of hydroponics as compared to cultivation in soil
medium. This result was obtained by practically cultivating
onion bulbs in the soil as well as in a smart DWC hydroponics
setup and then verifying and validating the results with the
results obtained from the ‘AquaCrop’ simulator. The previous
works done in this regard have focused on the prediction of
onion bulbs in hydroponics [64]. The authors of this research
work have considered the onion as a medicinal plant whose
shoot as well as the bulb contains medicinal properties, thus
the growth responses of the shoot as well as the bulb of the
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onion were monitored and enhanced with the use of DWC
hydroponics, which makes the work novel. The previous
works also have focused on either the actual growth results
or only simulation outputs, but the authors of this research
work have carried out actual cultivation and then verified
and validated the results with the results obtained from the
simulator [65], [66]. All these features add to the novelty of
this research work.

A comparative analysis of this research is done with the
research of other authors under various domains. A major
lack in the existing research is the lack of cultivation and
enhancement of medicinal plants [27], [28], [29], [30], [31],
[32], [35], [36]. The authors have focused on onion as the
subject plant where its shoots, as well as roots, have abundant
medicinal properties. Some of the existing research works
like in [24], [35], [36], and [37] have focused on the root
growth of plants, others like [25], [28], [38], [39], and [40]
have demonstrated and analyzed the shoot growth responses
of various plants, but the focus of this research is to analyze
and enhance both the shoot and root in qualitative and quan-
titative aspects.

Also, in many researches like [24], [28], [30], [31], [32],
[33], [34], [35], and [36], the cultivation is carried out in either
soil or soilless medium. The growth analysis of medicinal
plants in both mediums was an aspect lacking for research
which is carried out in this experiment. Another dimension
of the novelty of this research work can be mentioned by the
fact that actual experimental results are verified and validated
using simulator results. In previous works like in [27], [28],
[30], [31], [32], [35], [36], and [42], the growth responses of
plants are analyzed only in actual cultivation methods, and
in experiments in [26], [41], and [42], the analysis was done
using a simulator.

Therefore, after comparisons with the previous works done
by many researchers, it can be said that this experiment is
a novel work done by comparing the shoot and root growth
responses of the medicinal plant, onion, under various quali-
tative and quantitative aspects. The two cultivation mediums
used for the analysis are soil and water, particularly in DWC
hydroponics. The results of which were verified and validated
by comparing the actual results with the simulator results.

V. FUTURE OUTLOOK
The scope of this research can be further expanded by com-
paring the growth responses and the resource utilizationwhile
comparing with the other forms of vertical farming meth-
ods, i.e., aeroponics and aquaponics. Various other species
of onions may also be considered to carry out their growth
response analyses to obtain more specific results dedicated to
each type of onion. Though the water consumption in DWC
hydroponics is much less than that needed in soil cultivation,
the nutrient solution needs to be drained and replaced at regu-
lar intervals. Lack of cultivatable land and water conservation
are the major concerns in the urbanized localities. Thus,
wastewater treatment plants can act as a further measure of
water conservation by making wastewater reusable.
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