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Abstract. By 2050, the global population is ez-
pected to exceed 9.7 billion, increasing the demand for
food production. Vertical hydroponic (VHF) systems,
which enable hydroponically growing plants in space-
constrained situations emerge as a promising solution
to these difficulties. To address the limitations of tra-
ditional farming methods and the challenges faced in
VHF, such as manual monitoring and inefficient re-
source utilization, this survey paper examines how IoT
and ACS are integrated into VHF to enhance crop
management. It discusses the advantages of this in-
tegration, including real-time monitoring, automation,
and improved environmental control. Examples of IoT-
ACS implementations in VHF, such as automated nu-
trient dosing systems and real-time root monitoring,
are provided to illustrate the diverse applications of
these technologies. This paper also presents the chal-
lenges such as connectivity issues and sensor calibra-
tion must be addressed for successful implementation.
Finally, this article demonstrates how IoT and ACS
have the potential to change agriculture and handle the
growing demand for food production in a sustainable
manner.
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1. Introduction

The global population is projected to reach 9.7 billion
by 2050, peaking at almost 10.4 billion by the mid-
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2080s [1]. This massive population growth will greatly
raise the demand for food production, especially in
space-constrained urban areas, with an emphasis on
sustainability and food security. Another concerning
issue is that according to recent United Nations assess-
ments, the world is currently off track to meet Sus-
tainable Development Goal 2, Zero Hunger by 2030
as well as the global nutrition targets [2]. These is-
sues highlight that the existing and traditional agricul-
tural practices are unable to supply the food demand
due to factors such as limitations of land, water, and
other resources. One potential answer to this problem
is to promote the concept of vertical cultivation, such
as vertical hydroponic farming (VHF), which uses in-
door farming systems within a controlled atmosphere
where every single ecological component can be moni-
tored and regulated [3].

VHF is a method of farming in which plants are
grown in vertically stacked layers utilizing a soilless
medium and nutrient-rich solution. This approach
of farming allows the cultivation of plants in space-
constrained areas including high-rise and indoor build-
ings [3]. Several other advantages of this approach
over conventional farming include year-round consis-
tency in production levels [4], smaller environmental
footprint due to reduced transportation costs, pesti-
cide, and fertilizer usage [5], and improved water us-
age [6]. However, the efficiency and productivity of
these systems can be further improved by incorporat-
ing smart technologies such as Internet of Things (IoT)
and autonomous control systems (ACS) into the verti-
cal farming systems.

IoT refers to a network of physical objects or
"things" embedded with sensors, software, and con-
nectivity capabilities that enable them to collect and
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exchange data via the internet. IoT offers numerous
applications across various domains, including agricul-
ture, healthcare, transportation, manufacturing, smart
cities, and energy management. In agriculture, IoT
can be used to monitor soil moisture levels, track live-
stock, or optimize crop yields [7]. Conversely, ACS
refers to the use of automation, artificial intelligence
(AI), and robotics to manage and control numerous
processes and operations without human intervention.
ACS combines cutting-edge technologies such as Al,
machine learning (ML), and robotics to enable au-
tonomous decision-making, task completion, and en-
vironmental adaptation in systems and machines. In
agriculture, ACS can automate certain farming tasks,
such as irrigation and nutrient delivery, and plant dis-
ease detection and treatment.

The integration of IoT and ACS in VHF can provide
numerous benefits, such as improved efficiency, produc-
tion, and sustainability. Nonetheless, there are obsta-
cles and constraints connected to the implementation
of these systems. Thus, this paper aims to provide a
comprehensive review of the role of IoT and ACS in
vertical hydroponic farming. This paper will discuss
the benefits and challenges of implementing these sys-
tems, as well as the prospects for further research in
this area. Ultimately, this paper seeks to highlight the
potential of IoT and ACS to revolutionize agriculture
and address the growing demand for food production
in a sustainable manner.

This review paper is organized as follows. Section |
2] provides a background of VHF with a highlight
on recent case studies. Section [3. ] discusses IoT
implementation in VHF, while Section [4.] focuses on
ACS in VHF. Section discusses the integration
of IoT and ACS in VHF, with a thorough examination
on the benefits and challenges of implementing these
systems as well as their prospects. Finally, Section[6]
| concludes this review paper.

2.  Vertical Hydroponic

Farming (VHF)

The world currently requires more farmable lands to
fulfill the huge food demands from the growing pop-
ulation, yet one-third arable land has been lost over
the last four decades due to erosion and pollution [7].
Unfortunately, current industrial farming practices are
degrading soil quality far quicker than nature can re-
build it. Furthermore, our planet is facing a significant
strain on freshwater availability, with agriculture ac-
counting for around 70% of water consumption due to
unsustainable irrigation practices [§]. Other challenges
to fulfill food demands include climate change, haz-
ardous infectious diseases (such as the Covid-19 pan-

(© 2024 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

demic) and increasing urbanization. One of the solu-
tions to overcome these challenges is through vertical
farming.

The term "vertical farming" has several various defi-
nitions "depending on the size, density, amount of con-
trol, layout, building type, location, and purpose of
use" |9]. In its most basic form, "vertical farming"
can be characterized as the multilayered cultivation
of plants to improve yield per surface area [9]. More
specifically, vertical farming is a method of growing
fruits, vegetables, and grains in vertically stacked lay-
ers using artificial lighting, controlled environmental
conditions, and soilless growing media such as hydro-
ponics or aeroponics. This farming strategy can boost
crop output while consuming fewer resources and uti-
lizing less ground surface. When vertical farming is
paired with hydroponics, a farm of 100 square meters
can produce the harvest equivalent to 1 acre of tradi-
tional farm while up to 95% less water and fertilizers
and without the use of pesticides or herbicides [7},10].
Additionally, Barbosa et al. |[6] demonstrated that VHF
of lettuces in Arizona reduced water consumption by
13 £ 2.7 times compared to conventional farming while
increasing yield production by 11 £ 1.7 times.

Fig. 1: Examples of VHF setups |5]; a) nutrient film technique
(NFT); and b) deep irrigation system.

Fig. shows the typical VHF setup, which can
be categorized into nutrient film technique (NFT) and
deep irrigation system. With NFT, light is supplied
above each tray and water is pumped through the plant
root channel. Nutrient water runs down the channel,
into a reservoir, and back up to the top of the system.
On the other hand, with deep irrigation system, the
nutrient solution is dripped down the column. Water
is drawn to the wicking material near the plant roots.
Water that is not used by the plant flows through the
channel and is recirculated back to the system.

Through VHF, crops can be grown in near opti-
mal conditions using controlled environment agricul-
ture (CEA). CEA, also used interchangeably with in-
door farming, refers to the practice of replacing conven-
tional features of traditional farming with artificial and
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controllable elements . For example, LED lighting
is often used to replace sunlight, while growth mediums
such as water and coconut husks are used in place of
soils. This soilless approach reduces the risk pest and
weed invasion into the growth environment, while ver-
tical racking system allows farmers to optimize their
space and land usage . Additionally, the control-
lable “sunlight” and climatic conditions ensure year-
round farming and crop production that is unrestricted
by seasons or environment.

Recent research in VHF varies from quantifying the
energy consumption of VHF setups , feasibility of
alternative growth mediums and improving water
quality and microbial life of VHF' setups @7 spe-
cific plant’s yield potential in VHF , environ-
mental, financial, and economic feasibility studies of
VHF [19}21], and the effects of vertical farming on
the environment . Table [1| summarizes recent
VHF research in literature. Altogether, the literature
indicates that VHF has tremendous potential to allevi-
ate global food security concerns, improve crop yields,
and reduce the environmental impact of agriculture.
However, there are certain limitations, such as techni-
cal difficulty, costly initial capital expense, and energy
consumption. More study is needed to optimize verti-
cal farm design and operation, such as combining new
technologies such as IoT and ACS.

3.  The Internet of Things

(IoT) in VHF

ToT is a network of interconnected devices that collect
and exchange data to automate and optimize various
processes. This technology is based on the combination
of hardware, software, and communication protocols.
More specifically, sensors incorporated in IoT devices
collect data from the physical environment, such as
temperature, humidity, motion, or location. This data
is subsequently processed, analyzed, and sent to cloud-
based platforms or local networks for storage, further
analysis, and decision-making. In agriculture, IoT has
the potential to revolutionize farming by allowing for
real-time monitoring and control of the external en-
vironmental conditions, irrigation, and crop manage-
ment. Fig. [2 shows the applications of IoT in farm-
ing, as presented by Ayaz et al. [7], in which the blue
highlights emphasizing the applicability of IoT in VHF.
This section will examine the existing literature on the
application of IoT in VHF.

A study conducted by Chowdhury et al. (2020) [31]
explored the integration of IoT in VHF testbed in
Qatar. The researchers developed an automated IoT-
based system that does not depend on the outdoor en-
vironment, while allowing remote monitoring and con-
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Fig. 2: IoT applications in smart agriculture , with blue high-
lights emphasizing VHF applicability.

ndoor Wertical Mydropone: Sysiem
] L

Fig. 3: Block diagram of the designed system by Chowdhury et

al. .

trol of several parameters, including temperature, hu-
midity, and nutrient levels. Fig. [3] shows the block
diagram of the designed system. The study demon-
strated that the designed system was able to improve
the efficiency of the farming process by reducing water
and energy. During peak summer, the system con-
sumed 120.59 and 230.59 kWh, respectively, without
and with air conditioning control, for a total system
cost of 13.26 and 25.36 Qatari Riyal (QAR). This sys-
tem was circulating roughly 104 k gallons of fertilizer
solution weekly, however it only used 8-10 L of water.
The proposed platform may be utilized to objectively
optimize the indoor farming setup as well as automate
some of the most labor-intensive maintenance tasks.

Similarly, Chand et al. conducted a study of
IoT-based VHF where the environmental parameters
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Tab. 1: PV System parameters.

incorporation

Author and | Focus Description
Year
Beacham et | Categorization of | The authors review the basic characteristics of vertical farming and emphasize how scientific exam-
al.  (2019) | vertical farming ination of its potential is missing and will be needed to establish its practicality as a strategy to
125] meaningfully aid world food production.

| Cowan Environmental sus- | The authors outline existing information and gaps in knowledge about the environmental sustain-
et al. | tainability of CEA | ability of CEA systems and examine whether these systems can support intense and fully sustainable
(2022) |26| systems (including | agriculture on a global scale.

VHF)

de Carbon- | Understanding The authors of this review investigated how variable crop irradiation could accommodate the incor-
nel et al. | plant photobiology | poration of renewable and fluctuating energy sources (such as wind) into vertical farming systems.
(2022) |27) in VHF for RES | The authors specifically examine the challenges of implementing renewable energy into vertical

farming systems, as well as how light spectrum, intensity, and daylength can be altered to affect
crop quality. The authors recommend that plant photobiology can be applied to increase energy
efficiency in this ever-changing industry.

Baciu et al.

Specific plant’s fea-

The authors review the benefits of cultivating mulberry as well as providing an assessment on the

(focusing on the
natural ventilation
in buildings)

(2023) 28| sibility /yield (mul- | suitability of vertical farming techniques to mulberry growth in a controlled setting, as well as its
berry) possibilities for a more sustainable and safer agricultural practice.
Asseng Specific plant’s | Wheat is arguably the most important food crop worldwide, with millions of hectares under cul-
et al. | feasibility/yield tivation. However, wheat yields in the field are typically low and they vary according to weather,
(2020) |17] (wheat) soil, and crop management practices. In their study, the authors demonstrate that wheat yields
cultivated in indoor vertical farms under optimal growth conditions would be “several hundred times
higher than yields in the field” due to increased yields, additional harvests per year, and vertically
stacked layers.
Moghimi Economic evalua- | The authors established a quantitative approach for assessing the economic viability of vertical
and  Asi- | tion farming systems in a competitive market context. The suggested framework highlights the key
abanpour elements for evaluating vertical farming’s economic and risk-aversion potential, and it employs a
(2023) 19| decision model to quantify the trade-off between the two alternative farming approaches. The model
is used to assess the competitive economic promise of vertical farming in seven places in the United
States with varying climate and economic conditions.
Yesil and | Specific plant’s fea- | The authors reviewed and discussed the feasibility of cultivating barley fodder in a VHF setup.
Tatar sibility (Barley fod- | According to the review, the system’s benefits, such as less water use (approximately 90%), no
(2020) 29| der) herbicides, pesticides, or fertilizer application compared to conventional production, would be more
pronounced for barley fodder in vertical systems than for other conventional forage crop production
systems.
Shahda Environmental, The researchers examined how the COVID-19 epidemic affected skyscrapers and whether verti-
and economic, and | cal farming could be used to lessen its effects. The study found that skyscraper-integrated vertical
Megahed social bene- | farming (SIVF) can create a closed ecosystem that preserves the environment by supporting food se-
(2022) |20] fits of VHF in | curity, improving indoor environmental quality, enhancing psychological and physical health, saving
skyscrapers in | energy, reducing greenhouse gas emissions and releasing oxygen, and supporting the local economy.
post-pandemic era
Wortman Specific plant’s | This study found the best strawberry cultivars and growing substrate and examined ways to replace
et al. | feasibility/yield synthetic fertilizer with organic nutrient sources in hydroponic strawberry production. Strawberry
(2016) |16] (Strawberries) output was highest in perlite mixed with coco coir or vermiculite and fertilized with synthetic nutri-
ents. Fertilizing with bio-based, liquid nutrients and vermicompost in soilless media lowered yield
by 15%. Strawberry cultivar yield varied by year and place. Results help create best management
methods for vertical, hydroponic, high tunnel strawberry production in the midwestern US, but
more research is needed to understand nutrient dynamics and crop physiological response among
tower levels.
Van  Ger- | Vertical farming re- | Plant growth-promoting rhizobacteria (PGPR) improves plant performance and resistance to biotic
rewey et al. | silience (via micro- | and abiotic stressors. In their study, the researchers give a brief history of vertical farming, explore
(2022) (9] bial life introduc- | its economic, environmental, social, and political implications, and explain progress in harnessing
tion) the rhizosphere microbiome in hydroponic production systems.
Yuan et al. | Effects of VHF | The authors investigated how vertical farming affects ventilation performance, which is crucial for
122] on environment | thermal comfort particularly in tropical and subtropical cities. According to the outcomes of the

computational fluid dynamics model simulation, the block ratio of vegetables has a significant impact
on the effectiveness of natural ventilation. By correctly changing the vegetable layout and species,
the natural ventilation could also be enhanced while maintaining the same vegetable block ratio.

VHF resilience (via
microbial life intro-
duction)

The authors discussed how plant growth-promoting microorganism (PGPM) processes can be used
in hydroponics and vertical farming. For aquaponic and aeroponic systems, the study advises a
synchronized PGPM treatment that includes a biostimulant extract in the hydroponic medium and
pre-treating seeds or seedlings with a microbial solution.

VHF for sustain-
able food supply

This study evaluates residual material fluxes for vertical hydroponic farming in urban areas to
enable a more circular, resilient, and sustainable urban food supply. Life cycle assessment is used to
assess replacing conventional growing media and fertilizers with urban residual streams. The results
suggest replacing conventional growing media appears to have significant environmental benefits.

Dhawi
(2023) |14]
Martin

et al.
(2019) 23|
Carotti et
al.  (2021)
[39]

LED light needed
for plant growth
(lettuce)

The researchers investigated the influence of LEDs switching frequency (SF) on the productive and
qualitative responses of lettuce, while considering resource efficiency. According to the findings, low
SF boosted energy consumption efficiency by 40% when compared to high SF. However, high SF
enhances lettuce leaves’ antioxidant capacity. This study shows that various levels of SF' can have
a significant impact on crop nutritional characteristics as well as energy use efficiency

(© 2024 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 149




POWER ENGINEERING AND ELECTRICAL ENGINEERING

VOLUME: 22 | NUMBER: 2 | 2024 | JUNE

Vertical Famm Stack

Tight Control Moritone

Fig. 2. An aulomated vertical hydroponic farming setup.
DHT11 sensor RASF;ERRY Camera
pH sensor Water Pump
TDS sensor Grow Light -
ARDUINO
Flow sensor Visualization
MEGA
LDR sensor LCD di
MQ2 sensor
GSM Module
(SMS Alert)

Ultrasenic sensor

(Water level) > vaves

(To maintain pH and TDS)

Fig. 3. Block diagram of automated vertical farming setup.

Fig. 4: IoT-based VHF with block diagram proposed by Kaur

et al. .

of the setup, such as temperature and humidity, can
be adjusted and monitored via a web server. The
applications provided by the proposed system include
water and nutrition monitoring, plant health monitor-
ing, and environment monitoring. These applications
are supported by sensors to detect pH, water level,
temperature, humidity, total dissolved solids/electrical
conductivity (TDS/EC), and light intensity (via light-
dependent resistor (LDR) sensor). The data is then
collected and transferred to the cloud for analysis. By
incorporating IoT into the VHF setup, the authors
demonstrated real-time monitoring and control of the

VHF system.
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Figure 1. Adaptalight architecture diagram—this shows the physical o
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Raspberry Pi 0S
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services used to create the system.

Fig. 5: Adaptalight architecture diagram .

While Kaur et al. presented an IoT-based VHF
setup to maintain an optimum plant growth parame-
ters in the Punjab region. More specifically, the au-
thors implemented IoT sensors to VHF setup as pre-
sented in Fig. [4 From the comparative analysis con-
ducted between automated and manual setups, the
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study shows overall higher growth in the proposed au-
tomated setup, which can be attributed to the opti-
mum growth environment. However, because of the
usage of sensors and high electrical costs, the overall
cost and energy consumption of an automated setup
are substantially higher. Based on their findings, the
authors proposed that an IoT-based setup be applied
in industry or large-scale operations where cost might
be neglected at the expense of skilled people required,
time constraints, and human error.

Stevens et al. designed an IoT spectroscopic nu-
trient monitoring system for VHF. The authors im-
plemented an inexpensive IoT sensor (AS7265x) to ef-
fectively detect nitrogen concentration in nutrient so-
lution for Micro Indoor Smart Hydroponics (MISH)
system (small scale VHF), as opposed to the conven-
tional methods of either measuring electrical conduc-
tivity (EC) or total dissolved solids (TDS) in the hy-
droponic solution. It should be noted that these con-
ventional methods are incapable of distinguishing the
concentrations of individual nutrients . In two case
studies of 40 L and 80 L MISH systems for growing
lettuce over 30 days, the proposed system showed sig-
nificant accuracy in monitoring nitrogen concentration
changes when compared to the standard EC approach.

In another study, Stevens et al. explored the
potential of reducing the prohibitive cost of MISH sys-
tem through harvesting ambient light. Commercially
available Photosynthetic Active Radiation (PAR) me-
ters measure the light spectrum required by plants, but
they are costly. Thus, the authors presented Adapta-
light, a MISH system built on commonly found IoT
technology that harvests ambient light using an inex-
pensive AS7265x IoT sensor to measure PAR. Fig.
shows the architecture of the proposed system. Over
the course of three months, a two-part experiment was
carried out, with each phase lasting 21 days. The
first phase assessed the IoT sensor’s capacity to reli-
ably measure PAR. Using the calibrated IoT sensor
from phase one, phase two assessed the system’s abil-
ity to gather ambient PAR light and provide appro-
priate yields. The results demonstrated that the pro-
posed Adaptalight system was successful in conserv-
ing energy, gathering ambient PAR light, and provid-
ing yields with no significant changes from the control.
Furthermore, the data suggests that the AS7265x sen-
sor, when calibrated, is well suited to correctly mea-
suring PAR light in MISH systems.

A summary of the discussed literature is presented in
Table[2] Overall, the literature implies that IoT has the
potential to significantly revolutionize agriculture by
providing real-time monitoring and control of farming
processes in VHF. IoT technology also enables innova-
tive and cost-effective sensor applications as presented
by [33l[34], who demonstrated nutrient monitoring and
ambient light harvesting for efficient energy consump-
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tion, respectively. According to the literature, IoT de-
ployment in VHF can increase efficiency, sustainability,
and productivity while reducing resource consumption.
However, this technology alone is unable to monitor
and control the intrinsic factors (e.g., plant health) of
a VHF setup. Additionally, advanced features such as
tasks automation are needed, which necessitate the in-
tegration of other technologies with IoT for a successful
and efficient VHF implementation.

Autonomous Control
Systems (ACS)

4.

ACS refers to the concept of control systems that self-
govern without external intervention over lengthy peri-
ods of time [35]. To accomplish this autonomy, ACS re-
lies heavily on AI, ML, and robotics, as well as various
other optimizing functions and feasibility programs.
While the notion of ACS was considered a futuris-
tic fiction around a century ago, with the advance-
ment of new technologies and vast processing capac-
ity, ACS is becoming a reality and increasingly preva-
lent in our current world. This is evident in innova-
tions such as self-driving cars [36], robot vacuum clean-
ers that can navigate irregular spaces and objects to
clean floors [37], autonomous high-rise window clean-
ing robots [38|, and energy-saving smart windows that
automatically tint to regulate light and heat in build-
ings [39]. In agriculture, the adoption of ACS has the
potential to reduce labor costs, improve efficiency, and
optimize resource usage |40]. This section will examine
the existing literature on the use of ACS in VHF, with
a particular emphasis on the implementation of Al and
optimizing functions for VHF tasks automation.

One of the most significant parts of VHF is arti-
ficial lighting, which provides crops with an optimal
amount of lighting and faster growing times. Although
contemporary technology, such as LED lighting, con-
sumes substantially less energy than systems from just
5 years ago, it is definitely not as efficient as using sun-
shine [40]. Additionally, some VHF systems require ad-
ditional energy for tasks such as plant health monitor-
ing, environment control (temperature and humidity),
and other services and applications. The energy us-
age will grow exponentially as the size of the VHF sys-
tem increases. Thus, there is several research dedicated
to optimizing the energy efficiency of these VHF sys-
tems. For example, Avgoustaki and Xydis |[41] focus on
energy demand optimization of VHF based on partial
equilibrium model. While Delorme and Santini [40] de-
velop mathematical models and decision support tools
to reduce the energy consumption of the automatic el-
evators servicing large-scale VHF structures.
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ACS has also been implemented for quality inspec-
tion of VHF produces such as the study presented
by Wongpatikaseree et al. [42] who explored the use
of machine learning to assess the freshness of lettuce
produced via hydroponic setups. While Kamala and
Alex [43] implemented support vector machine (SVM)
classifier in image processing to detect diseases in hy-
droponic apples. ML was also adopted by Kondaka
et al. [44] in their design of a smart hydroponic sys-
tem. More specifically, the researchers implemented
random forest regression model in predicting the op-
timum EC/PPM of the hydroponic solution for plant
growth based on the inputs of temperature, humidity,
water temperature and number of days.

A study conducted by Rahadiyan et al. [45] focus on
automated plant health inspection via non-destructive
macronutrient identification and estimation in chili
plants in a VHF setup by using computer vision tech-
nology. The study proposed a multi-layer perceptron
(MLP) architecture, which is a feed forward artificial
neural network (ANN), to identify and evaluate the
conditions of the chili plants based on color, shape, and
leaf texture. The proposed approach categorizes the
health of the chili plants as healthy, potassium deficit,
calcium deficit, magnesium deficit, or Sulphur deficit.
The deployment of this technology will assist farmers
in checking the condition of their plants, eliminating
the need for tedious and manual inspection.

In the area of VHF nutrient solution, periodic read-
justments of nutrient concentration in the hydroponic
solution are required to continually offer a stable en-
vironment to plant roots because the interaction be-
tween plant and nutrient solution affects the rate of
ions in the solution over time [46]. The traditional
method involves repeating the process of giving a tiny
amount of readymade concentrated nutrient solution
while monitoring overall EC and pH of the tank. In
order to automate the nutrient readjustments process,
researchers in [46,/47] focus on the study of ion con-
centration of each chemical component in the nutrient
solution. More specifically, Ban et al. [47] proposed a
continuous network model based on the ordinary dif-
ferential equation to describe the reactions in the so-
lution, which is able to predict molar concentration of
each chemical components and total dissolved solids
with low error. While [46] developed a machine learn-
ing approach to adjust and remove interference in ion
selective electrodes data for individual ions concentra-
tion in hydroponic solutions.

Table [3| summarizes the recent research on ACS in
VHF, in which we highlight the focus area of the re-
search, the method or model employed, as well as the
task automation achieved.
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Tab. 2: PV System parameters.

harvesting daylight

Author and | Description Applications Services Sensors/Equipment Measurements/Data
Year Collected
Chand et al. | Presented a study | - water and | irrigation - pH sensor - water level | Temperature, hu-
(2022) 32] of IoT-based VHF | nutrition sensor - temperature and | midity, pH, crop
where the envi- | monitoring - humidity sensor - TDS/EC | yield, plant health
ronmental factors | plant health meter - light-dependent re-
such as tempera- | monitoring - sistor (LDR) sensor - Ar-
ture and humidity | environment duino Uno (connecting all
of the setup can | monitoring sensors) - Wi-Fi Module
be controlled and
monitored via a
web server
Chowdhury et | Designed an auto- | - water and | irrigation - artificial lights - Arduino | pH, EC, temper-
al. (2020) [31] mated indoor VHF | nutrition Mega 2560 (for controlling | ature of the sur-
that does not de- | monitoring - other sensors) - Arduino | roundings, light in-
pend on the outside | plant health Nano (for power mea- | tensity, and water
climate and wuses | monitoring - surements) - WiFi mod- | level
minimal human in- | environment ule ESP8266 - Submersible
tervention. Tested | monitoring Water Pumps - Water flow
in Qatar. sensor - water level sensor
- pH sensor - EC sensor -
Dosing pumps - Tempera-
ture and humidity sensor
- 16 Channel relay - Real-
time clock
Kaur et al. | Designed an IoT- | - water and - artificial lights - Rasp- | Temperature and
(2023) |24] enabled smart | nutrition berry Pi - Camera - Wa- | humidity, toxic
VHF system with | monitoring - ter pump - GSM module | gases (carbon diox-
a controlled envi- | plant health for SMS alert - Water flow | ide concentration),
ronment for plant | monitoring - sensor - LDR - Tempera- | light intensity,
growth environment ture and humidity sensor - | pH and TDS of
monitoring Ultrasonic sensor for water | nutrient solution,
level - Toxic gas sensor - pH | water flow in pipes,
sensor - TDS sensor water level in tank
Stevens et al. | Designed an inex- | - Water and nu- | - Yield con- | - SparkFun Triad Spec- | pH, EC, tem-
(2023) 33| pensive IoT spec- | trient monitor- | dition troscopy Sensor-AS7265x - | perature of the
troscopic nutrient | ing Arduino Uno - Raspberry | surroundings,
monitoring system Pi 4 B (gateway for sen- | spectrophotomet-
for VHF (detection sors) - Grow lights - Wa- | ric data, and water
of nitrogen concen- ter pump - DFRobot ana- | level
tration in hydro- log EC sensor DFR0300 -
ponics solution) DFRobot pH analog sen-
sor V2 SEN0161-V2 - ana-
log water-level sensor, and
- DS1820 digital tempera-
ture sensor
Stevens et al. | Designed an inex- | - Environment | - Yield con- | - Power meter - Arduino | Channel spectral
(2022) |34] pensive IoT-based | monitoring dition Uno - Relay - MOSFET | readings PAR light
VHF system for | (light) PWM - SparkFun A57265x | kwH
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5. Integration of IoT and

Autonomous Control
Systems in Vertical
Hydroponic Farming

As discussed in Section IoT has been utilized to
monitor extrinsic factors and get relevant data from
VHF setups; however, the difficulty with this strat-
egy is that only the external factors are monitored.
Through the introduction of ACS in VHF, tasks au-
tomation as well as the monitoring of intrinsic param-
eters for a successful cultivation of vertical farms are
possible. This includes automated energy optimization
of the VHF system based on the energy demand anal-
ysis, plant health monitoring via leaf and plant growth
analysis, efficient nutrient management, as well as au-
tomated crop harvesting robotic arm. The integration
of IoT and ACS in agriculture has the potential to
transform farming even further by allowing real-time
monitoring, automation, and control of environmental
conditions, irrigation, efficient nutrient delivery, and
crop management. This section will review the existing
literature on the use of IoT and ACS in VHF, followed
by a discussion on the future of VHF.

5.1. Examples of IoT-ACS

Implementation in VHF

Researchers around the world are integrating IoT and
ACS into VHF in various focus areas. For example,
Gertphol et al. [51] deployed an IoT-based smart hy-
droponic lettuce farm for real-time monitoring and con-
trol. The environmental data collected from the IoT-
based VHF setup was used to forecast lettuce yield via
machine learning. Similarly, Samaranayake et al. [52]
proposed a real-time VHF strawberry cultivation sys-
tem that implements IoT, image processing and ma-
chine learning for remote monitoring, controlling of
environmental factors and nutrition required for straw-
berry cultivation, and automated plant health inspec-
tion. While V. et al [53] focused on developing an auto-
mated irrigation system and plant growth prediction,
and Musa et al. [54] implemented an IoT-based deep
learning approach to automate plant disease diagnosis
through image analysis of the plant leaf surface.

Arora et al. |55] proposed an automated IoT-based
dosing system for nutrient supply and pH level screen-
ing in VHF setups, while Li et al. [56] introduced a self-
adaptive IoT-based hydroponics care system. Kaur et
al. [57] utilized SARIMA time series forecasting for To-
tal Dissolved Solids (TDS) prediction in VHF, and De
Los Santos et al. [58] developed a real-time lettuce root
monitoring system. Vadivel et al. [59] implemented
Hypaponics, an IoT and ML-based monitoring system,
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and Shrivastava et al. [60] integrated IoT sensors with
big data analytics for continuous monitoring. Rath-
nayake et al. [61] enhanced VHF control with precise
growth element management and customization for di-
verse plant species. These advancements underscore
the global endeavor to optimize VHF efficiency and
sustainability through IoT and ACS integration. Ta-
ble [ shows the examples of IoT-ACS implementation
in VHF.

5.2.  Challenges in the integration of

IoT and ACS in VHF

The integration of IoT and ACS into VHF has a lot of
advantages, including real-time monitoring, automa-
tion, and control of environmental conditions, as well
as efficient irrigation and nutrient delivery. Through
IoT sensors, VHF systems can collect data on crucial
factors such as temperature, humidity, and nutrient
levels, enabling ACS to adjust environmental parame-
ters in real time to optimize plant growth. This level
of precision ensures that crops receive the ideal con-
ditions for their development, leading to higher yields
and better quality produce compared to conventional
farming methods.

Moreover, the incorporation of IoT and ACS tech-
nologies in VHF' enhances overall crop management.
By leveraging predictive analytics based on historical
data, farmers can anticipate potential issues and proac-
tively address them before they escalate, resulting in
more resilient and sustainable farming practices.

Additionally, automation features streamline routine
tasks such as irrigation scheduling and pest control,
freeing up labor resources for more strategic activi-
ties. Overall, the integration of IoT and ACS into VHF
not only revolutionizes farming practices but also holds
promise for addressing key challenges in agriculture,
such as food security and environmental sustainability,
in the years to come.

However, there are several challenges that must be
overcome for successful integration of these technolo-
gies into VHF. The challenges include connectivity and
communication, sensor placement and calibration, data
management and analysis, system scalability, energy
efficiency, and security and privacy issues.

1) Connectivity and communication

To exchange data and commands, IoT devices and ACS
require reliable and stable communication. The physi-
cal structure of VHF systems, where plants are stacked
in numerous layers, might interfere with wireless sig-
nals, producing communication problems. Thus, it can
be difficult to maintain strong and constant connec-
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Tab. 3: PV System parameters.

Authors  and | Description Focus area Method/Model | Task automa-
Year tion
Avgoustaki Developed an energy demand opti- | Energy optimization Partial equilib- | LED lighting
and Xydis | mization model of VHF based on par- rium model control
(2021) |41) tial equilibrium model. Energy con-
sumption costs is reduced by employ-
ing electricity load shifting of LED
lighting through the selection of the
time of the day for darkness for plant
growth and analysis on the energy
market.
Delorme Developed mathematical models and | Energy optimization Mixed-Integer Energy  opti-
and Santini | decision support tools to lower the en- Linear Pro- | mization for
(2022) 40| ergy consumption of the automatic ele- gramming automated
vators servicing large-scale VHF struc- and constraint | VHF
tures programming
model
Rahadiyan et | Developed a non-destructive macronu- | Macronutrient identification | MLP Plant  health
al. (2022) [45) trient identification and estimation | and estimation inspection
system in chili plants in a VHF setup
by using computer vision technology
Ban et al. | Developed a machine learning ap- | Hydroponic nutrient solution Quadratic re- | Nutritional
(2019) |46| proach to adjust and remove interfer- gressions balance in
ence in ion selective electrodes data for hydroponic
individual ions concentration in hydro- solutions
ponic solutions.
Lauguico et al. | Designed a VHF crop-harvesting | Design of robot for harvesting | Inverse kine- | Harvesting
(2019) 48| robotic arm using inverse kinematics crops matics crops
Wongpatikaseree| Explored machine learning methods | Quality of produce (lettuce) Decision tree, | Product qual-
et al. (2018) | for assessment if the freshness in hy- Naive Bayes, | ity inspection
142] droponic produce MLP, deep
neural network
Kamala Implemented machine learning image | Disease detection/Quality of | SVM Product qual-
and Alex | processing for detection of diseases in | produce (apples) ity inspection
(2021) 43| apples
Kondaka et al. | Proposed an automated VHF system | Design of an automated VHF | Random for- | Control of
(2023) 44] that is controlled using machine learn- | system est regression | VHF environ-
ing analysis model ment
Ban et al. | Proposed a continuous network model | Hydroponic nutrient solution Ordinary Nutritional
(2019) |47] of VHF nutrient solution system, differential balance in
which predicts the molar concentra- equation hydroponic
tion of each chemical component in solutions
the solution accurately. Furthermore,
the suggested model can compute the
number of chemical compounds re-
quired to make a desired nutrient so-
lution.
Aquino et al. | Utilized computational intelligence | Disease detection Support  vec- | Plant health
(2022) 49| and computer vision for the early tor machine | inspection
detection of discoloration in lettuce (SVM)
leaves
Verma and | Proposed a flexible framework for pre- | Hydroponic nutrient solution Classical ma- | Nutritional
Gawade dicting and analyzing nutrients uptake chine learning | balance in
(2021) |50] for plant growth (tomato) in hydro- models hydroponic
ponics system. solutions
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Tab. 4: PV System parameters.

nitrate content, number of leaves, and
leaf area)

Authors  and | Description Focus area Method/Model | Task automa-

Year tion

Gertphol et al. | Deployed an IoT-based smart hydro- | Yield forecasting Linear regres- | Amount and

(2018) |51) ponic lettuce farm to collect environ- sions, SVR, | intensity of
mental data and control the farm’s op- MLR, and | light, humidity,
eration in real time. The large dataset ANN and the | temperature,
from data collection was used to create best ones were | weekly mea-
regression models using machine learn- selected for | surement of
ing techniques to forecast lettuce yield each week | plant growth.
(target variables are total fresh weight, prediction

V et al. (2020)
153

Proposed a smart irrigation system for
VHF, which employed IoT for data
collection and control, while machine
learning is employed for plant growth
prediction

Automated irrigation system
and plant growth prediction

Random forest

pH, tempera-
ture, humidity,
EC, water level

Musa et al

Implemented an IoT-based deep learn-

Plant disease detection

Deep CNN

Image of leaf

(2022) [57)

VHF using the seasonal autoregressive
integrated moving average (SARIMA)
time series forecasting model

ent solution’s concentration

(2021) |54] ing approach to automate plant dis- (captured via
ease diagnosis (through image analysis Raspberry Pi
of the plant leaf surface) Camera mod-

ule)

Samaranayake Proposed a design for a closed en- | Live monitoring, control, and | Fuzzy logic and | Image of plant

et al. (2022) | vironment with automatic monitoring | analysis (strawberry plants) CNN (to identify

152] and controlling of environmental fac- growth stages
tors and nutrition required for straw- of plant),
berry cultivation, with the capability air quality,
of remote live monitoring and analysis temperature,
of each plant using IoT, image process- humidity, and
ing, and machine learning. light intensity

Arora et al. | Proposed an automated IoT-based | Automated nutrient delivery Deep neural | Temperature,

(2021) |55) dosing system that supplies nutrients networks humidity, pH,
and screens the pH level, water level, nutrient, car-
and supplement fixation in a VHF bon dioxide
setup. level, light

intensity)

Liet al. (2021) | Introduced a self-adaptive IoT-based | Maintaining and controlling | multivariable Light, water

156] hydroponics care system that adapts | plant growth conditions linear regres- | level, pH,
its daily plant care plan by forecasting sion EC/TDS, his-
future growing environments and eval- torical sensor
uating humans’ daily routines data

Kaur et al. | Presented a TDS prediction system for | Prediction and control of nutri- | SARIMA TDS, pH

De Los Santos

Developed an automated real-time let-

Disease detection/Plant health

Decision tree

Image of root,

cal farming (included agriculture, hy-

et al. (2022) | tuceroot monitoring system for detect- | monitoring temperature
158] ing root rot and changing water tem-

perature to avoid extreme heat that

damages the root system
Vadivel et al. | Developed Hypaponics, an IoT and | Prediction of plant growth and | Linear regres- | Temperature
(2019) 59| ML-based monitoring system for verti- | health sion and humidity,

pH, soil mois-

droponics, aquaculture, and poultry in ture, water
their setup) temperature
Shrivastava et | Integrated IoT sensors with big data | Automated irrigation system | Big data ana- | Temperature,
al. (2023) 60| analytics to monitor crop’s status, nu- | and plant growth monitoring lytics pH, EC,
trition level, water level and plant’s ultrasonic,
health continuously. moisture, wa-
ter level and
water flow
Rathnayake et | Developed an indoor VHF with pre- | Prediction of plant growth and | ANOVA pH, total dis-
al. (2023) [61] cise control over essential growth ele- | health solved  solids
ments, customization options for dif- (TDS), tem-
ferent plant species, and independence perature, and
from external environmental factors. humidity sen-
sors
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tivity throughout the system. Additionally, other is-
sues include the selection of suitable communication
technology that provides the best coverage and reli-
ability at a reasonable cost. For example, Tolentino
et al. [62] explored implementing the LoRaWAN tech-
nology, which enables long-range and low-power data
transmission over a wide area network, in a smart VHF
setup. While Zhang and Zhang [63] proposed a data-
driven control method for planting temperature that
connects to the server via 5G module.

2)  Sensor placement and calibration

A smart VHF setup is highly reliant on the capabilities
of sensors for monitoring various parameters such as
ambient and hydroponic solution temperature, humid-
ity, pH levels, nutrient levels, and light system. Moni-
toring these parameters requires accurate sensor place-
ment. In a VHF system, arranging sensors in each layer
to capture representative data can be challenging. Ad-
ditionally, the calibration of sensors may vary across
different layers due to variations in environmental con-
ditions, affecting the accuracy of measurements. An
example of a sensor placement study in agriculture is
presented by Khujamatov et al. [64]. More specifically,
the researchers presented a simulation of 5G-based IoT
sensor placement in an agricultural field to determine
the current state of the soil. Although this study is fo-
cused on soil-based smart agriculture, the research can
be expanded to sensor placement in VHF.

3) Data management and analysis

The integration of IoT devices creates a large volume
of data. It can be difficult to manage and analyze this
data, especially when working with various sensors and
control systems. To draw valuable insights and make
informed decisions, efficient data management strate-
gies such as data storage, processing, and real-time an-
alytics must be employed. This includes using edge
computing [65] for minimized latencies and enhanced
efficiency in smart VHF setups, and employing big data
analytics to enhance acquiring, storing, and analyzing
data from vertical farming activities [66].

4) System scalability

VHF systems frequently have numerous tiers or levels,
and increasing production capacity may necessitate ex-
panding the system or adding new layers. Integrating
IoT and control systems into a scalable architecture
that can handle system growth can be a difficult un-
dertaking. It is difficult to ensure smooth integration
of additional layers and devices while maintaining sys-
tem stability and performance. In a study conducted
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by Meshram et al. |67, the researchers evaluated var-
ious wireless IoT network protocols for scaling micro
VHF to macro setups. In a simulation, the researchers
evaluated the packet drop, energy efficiency, and net-
work latency by increasing the number of sensors and
sinks for a given volume of a confined space.

5) Energy Efficiency

VHF is an energy intensive crop production system
[68], especially with the integration of IoT devices and
ACS. It is challenging to balance the energy require-
ments of the system while optimizing plant growth and
maintaining cost-effectiveness. Implementing energy-
efficient designs, utilizing renewable energy sources,
and adopting smart scheduling algorithms can help ad-
dress this challenge. Examples of investigation in en-
ergy efficiency of ACS-based VHF have been presented
by [40L/41], which can be extended to VHF integrated
with other advanced technologies. While [69] studied
agro-photovoltaic system, a system that “promotes the
co-location of crop production and electricity genera-
tion using photovoltaic technology”.

6) Security and privacy

Another issue to be considered is the security and pri-
vacy of IoT devices and ACS. IoT devices are vulner-
able to cyber-attacks. Thus, system security is crucial
to preventing unauthorized access, data breaches, or
control system manipulation. It is critical to safeguard
sensitive data linked to crop growth, user information,
and system operations is essential. To address these is-
sues, robust security protocols, encryption, access con-
trol mechanisms, and regular system updates are re-
quired. Additionally, another issue that needs to be
considered is the publishing of smart agriculture data
to support the expansion of research, while maintaining
data privacy and confidentiality. An example of data
publishing research is presented by Song et al. [70], who
proposed a Flexible Privacy-Preserving Data Publish-
ing (FPDP) scheme that balances the data publishing
aspects of smart agriculture and data privacy.

5.3. VHF Prospects

VHF provides exciting prospects for the future of agri-
culture. This agricultural practice offers the potential
to increase food production with a smaller footprint
compared to traditional farming methods. VHF en-
hances land efficiency by exploiting vertical space, al-
lowing farmers to grow more crops in a smaller area.
This scalability can aid in addressing the worldwide
challenge of feeding a growing population, particularly
in urban areas with limited land availability.
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VHF also enables localized food production, bring-
ing farmers closer to urban centers and shortening the
distance between production and consumption. This
results in fresher products with lower transportation
costs and carbon emissions. VHF can reduce resource
usage and environmental effect by using sustainable
techniques like water and nutrient recycling. Further-
more, when compared to traditional soil-based agri-
culture, hydroponic systems used in VHF utilize sub-
stantially less water |71]. The closed-loop technology
recirculates water, decreasing waste while also allowing
precise control over water flow to plants, maximizing
water efficiency.

As previously pointed out, VHF can leverage ad-
vancements in IoT and ACS to optimize crop culti-
vation. IoT sensors and control systems can monitor
and adjust environmental factors, nutrient levels, and
irrigation schedules automatically. Al algorithms can
analyze data to optimize resource utilization, detect
crop diseases, and enhance overall productivity. Addi-
tionally, the integration of VHF with technologies such
as blockchain [72] may improve the overall VHF sys-
tem. For example, blockchain technology can be used
to provide a transparent and immutable record of each
stage of the VHF supply chain, ensuring food safety
and quality while promoting trust in the supply chain.

VHF systems also allow for the cultivation of a di-
verse range of crops, including uncommon and exotic
species that would not be feasible in regular farming
approaches. Furthermore, VHF enables the adjust-
ment of environmental parameters to improve nutri-
tional profiles, such as boosting nutrient density or en-
hancing flavor attributes, in order to meet consumer
demand for healthier and tastier products.

These prospects demonstrate VHF’s potential to
change agriculture by providing sustainable, locally
sourced food, lowering environmental impact, and en-
hancing agricultural output. VHF is positioned to
play a significant role in the future of food produc-
tion as technology, research, and adoption continue to
progress.

6. Conclusion

The global population is projected to reach 9.7 billion
by 2050, raising the demand for food production. Due
to land, water, and resource constraints, traditional
farming operations cannot meet the exponential food
demand. VHF systems, which allow for the growing
of plants hydroponically in space-constrained environ-
ments such as high-rise and inside structures, could
be a potential answer to these challenges. Addition-
ally, the efficiency and productivity of these systems
can be further improved by incorporating smart tech-
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nologies such as IoT and ACS. The integration of IoT
and ACS in VHF can provide numerous benefits, such
as improved efficiency, production, and sustainabil-
ity. Nonetheless, there are obstacles and constraints
connected with the implementation of these systems.
Thus, this paper provided a comprehensive review of
the role of IoT and ACS in VHF. We also discussed the
benefits and challenges of implementing these systems.
Ultimately, this paper highlighted the potential of IoT
and ACS to revolutionize agriculture and address the
growing demand for food production in a sustainable
manner.

As VHF continues to evolve, future research direc-
tions are poised to address key challenges and unlock
new opportunities in the field. One critical area of
focus is scalability, where efforts will be directed to-
wards developing VHF systems that can accommodate
larger production volumes while maintaining efficiency
and sustainability. This involves exploring innovative
design strategies, such as vertical stacking and mod-
ular construction, to optimize space utilization and
maximize yield per square meter. Additionally, sus-
tainable practices will be prioritized to promote wider
adoption of VHF technologies. Researchers will inves-
tigate methods to minimize energy consumption, re-
duce waste, and mitigate environmental impact, ensur-
ing that VHF remains an environmentally responsible
alternative to traditional farming methods.

Furthermore, the integration of other advanced tech-
nologies, such as blockchain, holds immense poten-
tial to revolutionize VHF operations. Blockchain
technology can enhance transparency and traceability
throughout the supply chain, enabling consumers to
track the journey of their produce from farm to ta-
ble. This not only fosters trust and confidence in VHF
products but also provides valuable insights for quality
control and regulatory compliance. Moreover, future
research will focus on expanding the range of crops cul-
tivated in VHF systems. By optimizing growing con-
ditions and genetic traits, scientists aim to diversify
the types of crops that can be successfully grown in-
doors, thus addressing global food security challenges
and meeting the diverse dietary needs of consumers.
Overall, these future directions underscore the ongoing
innovation and potential for VHF to reshape the future
of agriculture in a sustainable and impactful manner.
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