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Abstract

Hydroponic agriculture, when combined with Internet of Things (IoT) technologies, pro-
vides a promising pathway to sustainable and efficient food production. This paper aims to
systematically review and analyze recent advancements in IoT-based management for hy-
droponic systems, with a particular focus on assessing the technological maturity of current
solutions, identifying existing gaps, and outlining promising directions for future research
and development. Based on a review of 74 recent studies, the findings reveal a fragmented
landscape characterized by custom-built solutions, predominantly relying on open-source
microcontrollers and WiFi connectivity, but with limited adoption of standardized protocols
and interoperable platforms. The majority of applications emphasize monitoring of core
hydroponic parameters such as pH, EC, and temperature, while emerging uses of machine
learning remain at an early stage. Few systems demonstrate readiness for commercial
deployment or integration within broader smart agriculture ecosystems. By clarifying the
current state of IoT-enabled hydroponics, this review highlights both the opportunities
and the challenges in advancing from isolated prototypes toward robust, scalable systems
capable of real-world application.

Keywords: Internet of Things (IoT); smart agriculture; scalability; interoperability; machine
learning (ML); hydroponics

1. Introduction
Smart agriculture aims to address challenges related to climate change [1] and popula-

tion growth [2] improving resource efficiency and reducing environmental impacts through
IoT and AI technologies [3]. Within smart agriculture, controlled-environment farming,
particularly greenhouses and soilless systems, has gained attention for enabling year-round
production and optimal use of limited resources [4–6]. Hydroponics, a key soilless tech-
nique where nutrients are delivered via nutrient solution (NS) without soil [7–9], relies on
precise management of parameters such as pH and EC to maintain crop yield and quality.

Hydroponic systems vary in nutrient delivery methods, including NFT, DFT (e.g.,
DWC, DRFT), ebb and flow, and aeroponics [10–12]. Although each system presents
unique benefits and limitations, all require effective NS management to sustain healthy
root environments and ensure optimal plant growth.

Traditionally, NS parameters such as pH, EC, TDS, temperature, and dissolved oxygen
were manually monitored, which is labor-intensive and prone to inaccuracies. IoT tech-
nologies have transformed NS management by enabling continuous sensing, automated
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control, data analytics, and remote access [13–15]. These capabilities support advanced
applications such as vertical farming and aquaponics in commercial and urban contexts.

However, despite these technological advantages, several challenges hinder the devel-
opment of reliable, scalable, and interoperable IoT-based hydroponic systems.

Key technical challenges include long-term sensor reliability in humid, nutrient-
rich environments [16] and seamless integration of heterogeneous sensors and actuators
into unified platforms. The increasing connectivity of agricultural systems also intro-
duces security risks, raising concerns about data integrity, confidentiality, and operational
stability [13]. Additionally, the development of cost-effective IoT solutions for small- and
medium-scale growers and the optimization of energy consumption in continuous mon-
itoring systems present ongoing challenges [12]. Further challenges include the role of
edge computing in enabling real-time decision-making, the complexities of integrating
heterogeneous data streams, such as environmental parameters, nutrient solution metrics,
and crop imagery and the need for interpretable machine learning (ML) models to sup-
port informed agricultural decisions. Also, securing sensitive crop data and automated
operations against cyber threats is essential to maintain system reliability and prevent unau-
thorized access [17]. Platforms focused on farms and agriculture management systems are
advancing to enhance decision-making and optimize agricultural operations. However, a
major challenge in the digital transformation of agriculture is the limited ability of current
systems to work together. These isolated systems restrict data sharing and integration
across different domains and platforms, preventing farmers from fully take advantage
from collected data [18,19]. In addition, the lack of interoperability between devices, data
formats, networks, and entire platforms remains a critical barrier faced by farmers and
growers [20]. This ongoing issue continues to hinder the digitalization of agriculture and is
widely recognized as a significant concern in both academic and industry circles [21,22].

This survey paper aims to analyze recent advancements in IoT-based NS management
for hydroponic systems, focusing on understanding the technological maturity level of
IoT in hydroponics, identifying existing gaps, and outlining promising directions for
future research and development. By examining the latest studies and technological
implementations, we aim to provide a comprehensive overview of the state of the art
in IoT-enhanced hydroponics, offering insights into the potential for these technologies
to transform modern agriculture. This research aims to enhance knowledge for both
agricultural experts and computer science professionals. The analysis of the selected articles
was conducted with the intent to characterize both agronomic aspects, such as sensors,
actuators, and applications, and computer science dimensions, including communication
protocols, data processing techniques, and interoperability challenges.

2. Literature Review and Methodology
To provide accurate and up-to-date examples of real-time monitoring IoT platforms

for NS management in greenhouse crops, a comprehensive literature search was conducted
using the Scopus and Web of Science databases. Scopus is one of the largest abstract
and citation database with extensive coverage across computer science, engineering, and
agriculture, which are disciplines central to this study. Web of Science was included for its
rigorous indexing and strong representation of high-impact journals, providing a reliable
complement to Scopus.

While integrating multiple databases (e.g., IEEE Xplore, Google Scholar) could po-
tentially increase coverage, this review prioritizes methodological consistency and data
quality over quantity. We used the following queries:

Scopus database Query:



Horticulturae 2025, 11, 1322 3 of 21

“TITLE ((hydroponics OR nutrient*) AND (iot*)) AND DOCTYPE (ar OR cp) AND
SRCTYPE (j OR p) AND SUBJAREA (comp OR engi OR agri) AND LANGUAGE (english)
AND PUBYEAR > 2010”

This search targeted articles and conference papers in English, published in the last
15 years, focusing on IoT applications in hydroponic and nutrient solution management
systems within the fields of computer science, engineering, and agriculture.

Web of Science database Query:
“TI = ((“hydroponics” AND “iot*”) OR (“nutrient solution*” AND “iot*”))”
In Web of Science, the search was adapted to the platform’s field codes and indexing

system. The query was restricted to the title field (TI) for topical precision. To ensure
methodological comparability with the Scopus query, document type filters were applied
to include only journal articles and conference proceedings. Unlike Scopus, the publication
year range had to be manually specified in Web of Science: results were limited to items
published between 1 January 2010 and 2 October 2025, ensuring the same temporal coverage
as the Scopus search.

2.1. Screening and Processing Retrieved Records and Exclusion Criteria

On 2 October 2025, a total of 124 documents resulted as the query output from Scopus
database and only 25 documents resulted from Web of Science. To ensure all the included
articles were relevant, a structured search strategy was developed to retrieve publications
addressing the integration of advanced technologies within controlled-environment agri-
culture systems. The initial result set was exported and compiled for manual screening of
titles, abstracts, and metadata to determine its potential relevance to the study’s objectives.

After the initial screening, the full texts of the retained publications were reviewed to
confirm their eligibility. This step ensured that the selected works aligned with the scope of
the review and provided substantive contributions to the topic under investigation. All
publications meeting these criteria were logged into a shared document for structured
evaluation, where metadata and key characteristics were systematically recorded.

Following the retrieval of the initial dataset, a careful screening process was imple-
mented to ensure that only relevant and high-quality publications were included in the final
analysis. This process was guided by a set of predefined exclusion criteria (EC) designed to
filter out records that did not align with the scope, objectives, or methodological standards
of the review. Each record was manually evaluated based on its title, abstract, and, where
necessary, full text. The exclusion criteria were applied in a sequential and structured
manner to maintain consistency across all assessments. The main criteria used for exclusion
were as follows:

EC1: Duplicated records across venues or databases;
EC2: Papers not primarily focused on hydroponics/nutrient systems using

IoT technologies;
EC3: Papers that were inaccessible or lacking essential information;
EC4: Conceptual surveys or tutorial papers not presenting original implementations.
After this checking, 74 relevant studies were selected and the workflow described is

depicted in Figure 1.
The distribution of publications by type and year over the analyzed period (2010–2025)

is depicted in Figure 2. According to Figure 2, no relevant studies were identified before
2018, indicating that the application of IoT to hydroponics is a recent and emerging research
area. This suggests that IoT use in hydroponics became a consistent and relevant topic
only after 2017. The number of conference papers is consistently larger than journal articles
throughout most of the period. After a modest number of publications between 2018 and
2020, there is a sharp increase in 2021 driven entirely by conference papers (10). From 2022
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onward, journal articles begin to appear more regularly, reaching 4 in 2022 and increasing
to 5 in both 2023 and 2024. The highest overall output is observed in 2023 (16 publications,
11 conference papers and 5 articles), followed closely by 2022 and 2024 (15 publications
each). In 2025, despite being a partial year at the time of this survey, there are already
5 conference papers and 5 journal articles, indicating a growing balance between publication
types and sustained research interest in the field.

2.2. Aggregation

Each selected paper underwent a structured dual-review process to ensure the accu-
racy and consistency of feature characterization. One analyst was assigned to each paper,
responsible for reading and extracting relevant information across predefined fields in a
shared spreadsheet. Missing or ambiguous data were flagged with comments. A reviewer,
different from the analyst, then validated this extraction by checking the source and sug-
gesting corrections or additions. Any disagreements between the analyst and reviewer
were resolved through direct discussion or escalated to the research group for consen-
sus. All co-authors participated in both roles, ensuring that every paper was evaluated
through diverse perspectives and strengthening the methodological coherence to ensure
data extraction fidelity and standard interpretation across ambiguous cases.

 

Figure 1. Identification, screening, and inclusion flow for documents using IoT in hydroponics
according to PRISMA guidelines.



Horticulturae 2025, 11, 1322 5 of 21

0

2

4

6

8

10

12

2018 2019 2020 2021 2022 2023 2024 2025

Nu
m

be
r o

f p
ub

lic
at

io
ns

Year
Figure 2. Annual distribution of publications by type (form 2010 to 2 October 2025). Blue bars
represent conference papers; orange bars represent journal articles.

2.3. Categories of Features Analyzed

To comprehensively evaluate studies conducted on IoT-based solutions in hydroponic
and NS management systems, a set of features spanning across multiple technological and
contextual layers were analyzed. Each selected study was reviewed and characterized
according to its contributions across the physical, networking, service, and application
layers. At the physical layer, we identified and classified the types of sensors and actuators
employed for environmental and NS monitoring, distinguishing between common and
advanced technologies. The networking layer involved the examination of network archi-
tectures and communication protocols used for data transmission, with attention to both
standard and customized solutions.

The service layer focused on the presence of computational intelligence, including
the application of ML and deep learning (DL) methods, as well as the underlying comput-
ing paradigms (e.g., cloud or edge computing) supporting data processing and decision-
making. We also recorded the platforms used and whether these systems targeted specific
domain applications, such as controlled environment agriculture or smart greenhouses. On
the application layer, we evaluated the goal of each study, such as automation, resource
optimization, or yield prediction. Additionally, we documented the specific hydroponic
techniques implemented, the crop species cultivated, and the category of crop (e.g., leafy
greens, fruit vegetables). Contextual metadata was also captured, including the availability
of an open repository or dataset for reproducibility, the technology readiness level (TRL)
indicating the maturity of the solution, and whether the system addressed aspects of
interoperability and scalability, which are crucial for broader adoption and integration.

By systematically coding each of these dimensions, we aimed to enable a multidimen-
sional analysis that highlights technological trends, identifies gaps in current approaches,
and provides insight into the future development of smart hydroponic systems.

2.4. Limitations

Despite the structured and systematic nature of our review process, several limitations
should be acknowledged. First, the main limitation of this review lies in its reliance
on title-based searches. Restricting the query exclusively to the title field may have led
to the exclusion of relevant studies in which key concepts were discussed only in the
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abstract, keywords, or main text. While this approach risks overlooking some valuable
contributions due to variations in phrasing or terminology, it was deliberately chosen
to ensure high topical precision. By focusing on works that explicitly mention both IoT
and hydroponics in the title, the review prioritizes studies where the integration of these
concepts is central rather than peripheral, thus aligning more closely with the objectives
of this research. Additionally, the scope of our analysis was confined to publications
indexed in two academic databases, thereby excluding literature from other repositories
or non-indexed sources that may contain pertinent contributions. Our focus on English-
language publications also introduces a potential bias, as important studies published
in other languages were not considered. Furthermore, the review only covered works
published from 2010 onward. This range was chosen to provide a comprehensive overview
of developments over the past 15 years. However, it is important to note that the intersection
of IoT and hydroponics, as indicated by publications explicitly mentioning both terms in
their titles, only began to appear consistently after 2017 (Figure 2). Lastly, even though
we employed a dual-review verification process to ensure accuracy and minimize bias,
the classification and interpretation of features within each study involved an element
of subjectivity, which could affect consistency across the dataset. While we sought to
mitigate these risks through consensus and group discussions, some variation in judgment
is inevitable in qualitative reviews of this nature.

3. A Review of IoT-Driven Hydroponics
The survey conducted includes an analysis of sensor and actuator usage across the

74 scientific publications with the aim to reveal insights on the common IoT setups in hydro-
ponic research, highlighting current trends and identifying gaps in emerging technologies
in the field. In the following sections, we categorize the main findings of this survey by
analyzing sensor and parameter typologies, microcontroller boards, connection protocols,
application layers, hydroponics techniques, and ML techniques. Finally, we conclude this
section by discussing the open practices used, the interoperability level, and the technical
readiness level reached. Additionally, the list of analyzed papers is made available in an
open repository [23]. It is worth noting that the analysis does not describe each individual
article in detail, but rather aims to identify the main findings in order to assess existing
gaps and opportunities for future research.

3.1. Sensor Typologies, Parameters Monitored, and Actuators Employed for Automation

We show the most common sensors used in hydroponics in Figure 3a. pH sensors
are the most employed, featuring in over 82.4% of the studies. The substantial use of
EC or TDS sensors (approximately 59.5%) underscores the emphasis on monitoring these
two parameters of NS for ensuring quality in terms of salinity and nutrient availability.
Indeed, many among the surveyed papers used these two sensors for automating NS
salinity monitoring in open systems [24,25] or with recirculation provided [26,27]. Air
temperature and relative humidity (RH) sensors are also widely utilized, appearing in
approximately 78.4% and 70.3% of the studies, respectively, highlighting their relevance for
plant growth, production, and ecosystem monitoring.

Water level, water temperature, and light radiation sensors are moderately used in
IoT-based hydroponic systems, appearing in approximately 36.5% and 35.1% of the studies,
respectively. These sensors play an important role in environmental control and nutrient
solution management in automated systems. Soil moisture sensors, on the other hand,
are found in about 21.6% of the papers. Although their presence may seem unusual in a
soilless context, this is not entirely unexpected, as some systems adopt substrate-based or
hybrid approaches where monitoring residual moisture remains relevant.
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Figure 3. (a) Count and percent of sensors usage across the survey paper. (b) Count and percent of
actuator usage across the survey paper.

Despite cameras are used less frequently, appearing in approximately 14.9% of the
analyzed papers, their application in visual monitoring, likely for assessing crop health
and facilitating image-based analysis, signals the increasing integration of advanced tech-
nologies such as ML and DL in the field.

In addition to the widely used sensors mentioned above, there is a notable group
of sensors that appears in approximately 9.5% of the surveyed publications, reflecting
more specialized or emerging applications in IoT-based hydroponics research. Ion-selective
electrode (ISE) sensors are present in a total of seven studies, likely used for targeted
ion monitoring, which allow for specific nutrient control. For example, ref. [14] utilizes
a commercially available Vernier (Vernier Science and Education. Available online at:
https://www.vernier.com/ (accessed on 21 March 2025)) device to measure Ca2+ and
NH4

+ levels, indicating that some research relies on off-the-shelf solutions rather than
custom-built systems. ISEs combined with IoT were also compared with models and a
standard ion analyzer for modeling K+, NO3

−, and Ca2+, showing the potential for a real-
time advanced monitoring in hydroponics systems [28]. One study conducted real-time
advanced monitoring of essential nutrients such as (K+, NH4

+, NO3
−) using IoT-interfaced

solid-contact ion-selective electrodes (SCISEs), demonstrating how continuous nutrient
monitoring can significantly improve plant growth management [29]. The same IoT-
interfaced SCISEs were employed in a real greenhouse study to assess lettuce nutrient (K+,
NH4

+, Ca2+) absorption efficiency under different conditions [30]. Moreover, IoT-based ISEs
have been used to monitor and manage NS macronutrient (N-P-K) composition through ML
algorithms for NS parameter optimization and overall crop quality improvement [31,32].

Flow meters, CO2 sensors, and dissolved oxygen (DO) sensors are less frequently used,
appearing in approximately 10.8%, 9.5%, and 8.1% of the studies, respectively. Flow meters
and DO sensors highlight the need to regulate water circulation and maintain adequate
oxygen availability in the root zone, which is essential in closed-loop systems [33,34] and
aquaponics systems [35,36]. CO2 sensors, although relatively recent in adoption, appear
mainly in the most recent publications (particularly in 2025). Their emergence reflects the
growing interest in VF [37,38] and fully indoor controlled environments, where atmospheric
CO2 becomes a critical factor for productivity.

Among the different types of actuators used, depicted in Figure 3b, water pumps were
the most used actuators, making up more than 68.9% of the total actuators mentioned.
Water pumps play a crucial role in circulating nutrient solutions throughout hydroponic
systems, ensuring not only the delivery of water and nutrients but also enabling precise
adjustments to pH and EC. Their widespread use highlights the efficiency and ease of

https://www.vernier.com/


Horticulturae 2025, 11, 1322 8 of 21

automating water flow management in hydroponics, which is vital for maintaining optimal
plant health.

Within the 51 papers mentioning the usage of water pumps, two types of devices
were employed: (i) inflow pumps (the majority) with the aim of supplying NS into the
system, and (ii) outflow pumps which are used in some specific hydroponic systems such
as ebb and flow (E&F) and DWC to remove excess water or nutrient solution to prevent
oversaturation or to recycle the water [39,40]. In many of these automated systems, pumps
were accompanied by electrovalves and stepper motors, which enabled different levels
of control. Fans and LEDs are the second most frequent type of actuator, mentioned,
respectively, in 29.7% and 28.4% of the studies. Fans are essential for regulating the airflow
and temperature in controlled environments, preventing excessive humidity. LEDs provide
specific wavelengths of light that plants need for photosynthesis [41]. The usage of LEDs
suggests a focus on optimizing light conditions, especially in indoor or VF systems where
natural sunlight is limited [42]. Dosing pumps, though used less frequently, 16.2% of
the total, are critical for aquaponics systems, used for feeding fish or adding eventual
supplements to the system, reflecting the system’s dual focus on both plant and aquatic life
management [8,43]. Air pumps are essential for providing oxygen to the water in systems
like DWC or aquaponics, but used also in much common systems like NFT [44]. They help
oxygenate the NS tanks, promoting root health and preventing stagnation, which can lead
to anaerobic conditions harmful to plant growth.

3.2. Microcontroller Boards

Another component of the physical layer is represented by microcontroller boards.
The 74 papers were analyzed to understand the physical layer of the IoT managing
system. This analysis demonstrates that most of the research is focused on proof-of-
concept implementations rather than fully developed, commercialized solutions. The
predominance of microcontroller boards such as Arduino (present on 31 publications), ESP
(30 publications), and Raspberry Pi (20 publications) suggests not only that researchers are
engaged in exploratory or experimental studies, but also that these platforms are favored
due to their low cost and open-source designs. This focus on prototyping-grade platforms
is further underscored by the limited presence of commercially available nodes. Indeed,
among the 74 studies, only 2 employed commercial devices such as the RedTone Smart
Farming system (REDtone Smart Farming. Available online at: https://www.redtone.com/
smart-farming/ (accessed on 21 March 2025)) [45] and Libelium Smart Agriculture Xtreme
(Libelium Smart Agriculture. Available online at: https://www.libelium.com/ (accessed on
21 March 2025)) [20], highlighting the scarcity of commercially viable solutions in the
literature. Figure 4a depicts the microcontroller boards found in the present survey.

This scarcity reflects a broader challenge within the field: the difficulty of sourcing com-
mercially available devices and nodes designed specifically for smart hydroponic systems.
Although platforms such as RedTone, Libelium, and Dragino (Dragino. Available online
at: https://www.dragino.com/ (accessed on 21 March 2025)) offer Arduino-compatible
nodes that could be adapted for hydroponic monitoring, they are not widely utilized, likely
due to limited availability or high cost. This lack of readily accessible commercial solu-
tions suggests that while proof-of-concept studies are essential for advancing research, the
transition to scalable, market-ready IoT systems for hydroponics remains underdeveloped.
Consequently, further efforts are needed to bridge the gap between research prototypes
and commercially deployable solutions in smart hydroponics.

https://www.redtone.com/smart-farming/
https://www.redtone.com/smart-farming/
https://www.libelium.com/
https://www.dragino.com/
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Figure 4. (a) Count and percent of microcontroller boards usage across the surveyed papers.
(b) Count and percent of platform usage across the surveyed papers.

3.3. Connection and Protocols

The surveyed papers revealed that WiFi is the most common connection type with
60 studies using it, underscoring its widespread adoption possibly due to its ease of setup
and robust data transfer capabilities. Bluetooth Low Energy and Zigbee are utilized in
five and three works, respectively, suggesting that these technologies might be preferred for
more niche applications or specific scenarios where energy efficiency and network topology
require low-power solutions. GSM and GPRS connections were found in nine publications,
indicating their importance in scenarios requiring remote connectivity, especially in areas
lacking WiFi infrastructure.

Moreover, only 16 papers out of 74 surveyed specified the protocols used, which might
suggest either a lack of standardization in reporting or a focus on the connection types
rather than the protocols themselves in the surveyed literature. TCP/IP show limited
usage with only one mention, perhaps indicating their application in specific contexts
where simple request/response models or fundamental internet protocols are sufficient.
HTTP and MQTT appear to be not commonly used, with only seven and eight papers
reporting protocols, respectively, although MQTT is suitable for lightweight messaging
and is effective in IoT environments where minimal bandwidth usage and efficient data
transmission are crucial. Also, MQTT is associated with papers with the most robust
scientific designs and setups. In [46], a stress-test comparison between HTTP and MQTT
highlights clear differences in efficiency and reliability. Overall, MQTT proved to be more
resource-efficient than HTTP, requiring less than one-third of the CPU usage under equal
client loads as well as when handling the same number of messages. In addition, MQTT
demonstrated a much faster transfer time, making it particularly well-suited for hydroponic
IoT scenarios that rely on real-time monitoring and rapid sensor–actuator communication.
However, this efficiency comes with a trade-off: while HTTP was able to reliably receive a
high number of messages without losses, MQTT experienced payload losses under high-
throughput conditions, suggesting its use is more appropriate in hydroponic systems with
fault-tolerant architectures or where occasional data loss is acceptable in favor of faster,
lightweight communication.

3.4. Platforms and Application Layer

Among the platforms surveyed for IoT system management in hydroponics, ThingS-
peak (Thingspeak: https://thingspeak.mathworks.com/ (accessed on 21 March 2025))

https://thingspeak.mathworks.com/
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emerges as the most frequently utilized, appearing in 11 publications (Figure 4b). This
indicates a preference for its specialized capabilities in handling real-time data streaming
and analysis, which are crucial for monitoring variables such as nutrient levels and envi-
ronmental conditions in hydroponic systems. Following ThingSpeak, generic cloud mobile
apps and the Blink IoT platform are also commonly used, both with eight mentions each.
However, the diversity of platforms, including Thingsboard, thinger.io, Google Firebase,
and others, with only one mention each suggests there is no standardization in the plat-
forms used for IoT in hydroponics. This diversity reflects a fragmented domain where
users often choose platforms based on specific needs, availability or familiarity, rather
than a unified approach across the field. All these platforms being free also highlights the
accessibility and low barrier for entry in adopting IoT solutions in hydroponic agriculture.
The fragmentation and lack of standardized approach is a well-known problem. Indeed,
ref. [47] identified more than 300 IoT platforms available in the market promoting their
own IoT infrastructure, protocols data formats, and so on.

3.5. Hydroponic Techniques and Crops

Figure 5a presents an overview of the most common hydroponic techniques alongside
the types of crops typically cultivated using these methods. While not all surveyed papers
provided explicit details, NFT emerged as the most popular, with 24 instances noted. The
preference for NFT is primarily due to its efficient and straightforward operational design,
which optimizes the delivery of nutrients directly to plant roots while ensuring optimal
root oxygenation [48]. Additionally, the system’s use of a continuous or intermittent
flow of nutrient-rich water keeps the roots constantly exposed to necessary nutrients,
effectively reducing the risk of water stress [49]. This setup negates the need for precise
water management in irrigation practices. NFT’s space efficiency and its compatibility
with VF structures make it particularly suitable for urban areas and locations with limited
space [8,14,16,50]. Furthermore, NFT has been extensively utilized in research focused on
various agricultural challenges, including salinity, NS management, greenhouse cultivation
of diverse crops, and studies on nutrient uptake, as explored by [10].

Figure 5. (a) Count and percentage of hydroponics techniques employed among the surveyed papers.
(b) Count and percentage of crops used in trials among the surveyed papers.

Among the articles surveyed, most NFT systems were developed primarily to explore
the potential of IoT for real-time monitoring and automation of one of several aspects.
These tests were generally conducted in laboratory or home settings. In certain scenarios,
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smart NFT systems were specifically deployed in urban contexts with limited space and
resources [8,22]. However, the use of small areas was often due to the experimental nature
of the research, most of the time aiming to demonstrate IoT potential and not a real use
case scenario.

Conversely, ref. [45,51] applied IoT technologies in commercial greenhouse envi-
ronments, focusing on enhancing the precision and efficiency of hydroponic agriculture.
Ref. [24] focused on developing an automated system to monitor TDS in hydroponic
solutions, ensuring optimal quality of NS for plant health. Furthermore, an additional
investigation applied IoT for both monitoring and controlling nutrient solutions and uti-
lized ML to predict growth rates in leafy vegetables [51]. These applications of IoT in
hydroponics show how advanced technologies can lead to more precise control and bet-
ter prediction of plant growth outcomes, contributing to more sustainable and efficient
agricultural practices.

Some studies provided tangible evidence of using IoT for sustainable practices, such
as close hydroponic systems providing NS recirculation to optimize crop production [52]
and for integrating and monitoring solar energy [53,54].

VF was found in six studies, indicating that this technique and its terminology are
gaining traction within the scientific community, likely due to its demonstrated effective-
ness, growing recognition in the literature, and consistency in methodological application.
Other methods like DFT, Dutch Bucket, and aquaponics were found in four (DFT) and
three (Dutch Bucket and aquaponics) studies, respectively. These techniques are chosen
for specific plant needs or scalability considerations. Techniques such as DRFT, ebb and
flow, and DWC have lower counts, possibly indicating higher complexities or specific
requirements. Additionally, only five of these papers included trials on NS recirculation,
specifically three on DFT, one on VF, and one on NFT.

Figure 5b shows the types of crops studied among the papers of the survey. Leafy
vegetables are the most common vegetables used in hydroponics in general, and the results
of this survey corroborate this trend. Indeed, 32 of these studies used leafy vegetables,
reflecting their suitability for hydroponic systems, which can efficiently support their
growth requirements. Among the leafy vegetables, lettuce (Lactuca sativa) is the most
cultivated, with fourteen studies using them in their trials, followed by six studies each
based on general leafy vegetables and brassicaceae such as Chinese cabbage Brassica rapa
subsp. pekinensis, Pak choi Brassica rapa subsp. chinensis, kale (Brassica oleracea var acephala),
arugula (Eruca sativa), and mustard (Brassica juncea), followed by spinach (Spinacia oleracea)
with three.

It is well known that leafy vegetables are the most suited for hydroponics systems
because of their high-water use efficiency (WUE), which is the amount of water transformed
into product. Moreover, four of the trials were conducted on aromatic leafy species some
of them highlighting how the use of IoT ease the growth of some difficult and valuable
species such as holy basil (Ocimum tenuiflorum) [55].

Fruit vegetables are present as well, though less prevalent, with a count of
eight papers in total. Their lower representation could be due to the greater nutritional and
demands and operations typical of fruit-bearing crops compared to leafy vegetables. In the
category of fruit vegetables, cucumbers (Cucumis sativus), peppers (Capsicum annuum) and
tomatoes (Solanum lycopersicum) are the most frequent, each recorded three and two times,
respectively, followed by eggplants (Solanum melongena) with one study each, showcasing
a variety of fruits that can also be adapted to hydroponic cultivation despite their higher
resource requirements.

Bulb and ornamental plants both have a count of one study each. Their minimal
presence might be attributed to their less frequent use in hydroponic setups, which
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are primarily optimized for more commonly grown hydroponic plants like leafy greens
and herbs.

3.6. Machine Learning Techniques

The survey results highlight that IoT technologies were commonly employed to moni-
tor crop growth parameters, while AI techniques were applied to assess crop health, growth
status, and nutrient concentrations. Several studies specifically utilized ML techniques to
optimize crop management processes.

In greenhouse environments, where pathogens can spread rapidly, disease and nutri-
ent deficiency detection becomes a critical component of crop management. For this task,
DL techniques demonstrated higher performance compared to ML approaches [47,48]. DL
methods were primarily used to classify disease symptoms and identify nutrient deficien-
cies on crop leaves through image analysis.

For example, Deepika et al. [56] evaluated four transfer learning models to determine
the general health status of plant leaves, while Mosaad et al. [57] implemented a convo-
lutional neural network (CNN) and a YOLO (You Only Look Once) model to predict and
detect the health status of mint leaves. This last study integrated DL techniques with
IoT technologies to provide recommendations for vertical hydroponic growing systems.
In addition, Khare et al. [58] developed a solar-powered, automated hydroponic system
capable of precisely regulating growth parameters. Their system utilized DL techniques for
optimal nutrient level prediction and plant disease classification.

Accurately predicting crop growth stages and yield is critical for optimizing re-
source use and maximizing production in greenhouses and hydroponic systems. ML
combined with IoT technology been successfully used for this task in hydroponic contexts.
Promwee et al. [52] demonstrated the efficiency of smart hydroponic systems that leverage
IoT for precise monitoring and control. Their study reported improvements in plant height,
width, weight, and chlorophyll content. Furthermore, they utilized ML models on the
Amazon Web Services (AWS) cloud to predict plant growth and crop quality while ensuring
optimal resource management through an automated control system.

Similarly, Budiman et al. [51] and Mapari et al. [59] implemented IoT systems to gather
accurate, real-time data, which was then used in ML models to control nutrient supply
and predict crop growth rates. These techniques enhanced decision-making and helped
maintain ideal growing conditions for crops. Mamatha and Kavitha employed IoT to
monitor essential environmental parameters and applied a Random Forest (RF) algorithm
to predict and estimate crop yield. The results were made accessible to farmers through
a user-friendly web application, providing them with actionable insights to optimize
production and improve profitability.

Srinidhi et al. [60] developed a mobile application that integrates hydroponic sys-
tems with ML algorithms, specifically K-Nearest Neighbors (KNN) and Lasso Regression.
Their models predict the nutritional value of each plant, while a multiple-leaf detection
feature allows users to input additional data and receive customized insights, supporting
more informed cultivation decisions. Efficient NS management is another critical task
of hydroponic systems, as maintaining the balance of nutrients according to plant needs
requires constant monitoring and adjustments. The combination of IoT and ML offer
real-time monitoring and automated control of nutrient delivery systems solutions to grow-
ers. Smart NS management not only ensures the sustainability of these systems but also
minimizes manual intervention, making them highly scalable and efficient. Studies on
smart NS management were identified in the present survey. For instance, Mehare and
Gaikwad [61] developed an intelligent management system using supervised classification
and regression-based approaches to optimize resource allocation based on specific crop
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requirements. Similarly, Dhal et al. [14] designed a smart nutrient solution management
system for aquaponics, utilizing machine learning techniques to maintain nutrient balance.
By analyzing key parameters such as pH and EC, they applied feature selection methods
to identify the most relevant factors influencing nutrient levels. Their system provided
data-driven suggestions to maintain nutrient solutions at optimal concentrations, ensuring
healthier crops and more efficient resource use.

The study in [55] introduced the CRL-SHS reinforcement learning and metaheuristic
algorithm, which enables dynamic adaptation of hydroponic parameters and achieved
substantial performance gains over several state-of-the-art ML/DL models. With 99.11%
accuracy and consistently high precision, recall, and F1 scores across multiple datasets,
this work demonstrates the effectiveness of adaptive and intelligent control strategies in
hydroponic automation. Meanwhile, ref. [62] broadened the focus from system control to
crop growth and disease detection by implementing a Dynamic Graph Neural Network
(DGNN-GDD) integrated with computational fluid dynamics (CFD) analysis and statistical
validation. Achieving a 93% weighted F1 score, this study illustrates a significant shift in
hydroponics research toward the fusion of predictive AI, physical process modeling, and
biological understanding, marking a new stage of sophistication in smart agriculture.

3.7. Open Science Practices, Interoperability, and Technical Readiness Level

All 74 papers were surveyed to determine whether they provided open repositories
and to assess the level of interoperability in IoT solutions.

The findings reveal that only 4 out of 74 papers included open repositories, highlight-
ing a significant gap in publicly available datasets or software components. Specifically,
ref. [39] shared an open repository containing data on nutrient monitoring in NS through an
IoT-connected spectroscopic system; however, no source code was made available. Similarly,
ref. [52] included a data statement indicating that datasets would be provided upon request.
These datasets are more likely related to cabbage improvement rather than code or software
for IoT applications. Moreover, ref. [32] tested ML models on public dataset for NS parame-
ter prediction (https://doi.org/10.15482/USDA.ADC/1503971, (accessed on 30 October
2025)) and disease detection (https://www.kaggle.com/datasets/emmarex/plantdisease,
(accessed on 30 October 2025)) and ref. [55] used public dataset to train a reinforcement learn-
ing model on a lettuce growth days dataset (https://www.kaggle.com/jjayfabor/datasets,
(accessed on 30 October 2025)), a hydroponic plant nutrition dataset (https://www.
kaggle.com/datasets/chalimmufidah/hydroponic-plants-nutrition-data/, (accessed on
30 October 2025)), a hydroponic and soil compound dataset (https://www.kaggle.com/
datasets/abtabm/plant-growthhydroponics-and-soil-compound-dataset, (accessed on
30 October 2025)), a nutrient solution and Pak choi dataset (https://figshare.com/articles/
dataset/Nutrient_solution_and_pakchoi/5740269, (accessed on 30 October 2025)), and on
a vertical farming dataset (https://www.kaggle.com/datasets/midouazerty/work-for-
parmavir, (accessed on 30 October 2025)).

This limited availability of open data aligns with the general lack of free datasets
in both the academic literature and online repositories. Despite the scarcity of open
datasets in surveyed papers, some relevant datasets were found in online reposito-
ries. For example, ref. [63] published a dataset on NS management and growth anal-
ysis in soilless tomato crops, covering dry matter content, nutrient solution consump-
tion, and plant tissue composition. Additional datasets were identified on Kaggle,
primarily image datasets for training ML and DL models for nutrient deficiency de-
tection (https://www.kaggle.com/datasets/baronn/lettuce-npk-dataset, (accessed on
30 October 2025)). Other Kaggle datasets contained general environmental param-
eters (https://www.kaggle.com/datasets/pranav941/hydroponics-feed, (accessed on
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30 October 2025)), soil and substrate information (https://www.kaggle.com/datasets/
abtabm/plant-growthhydroponics-and-soil-compound-dataset, (accessed on 30
October 2025)), and aquaponics-related data (https://www.kaggle.com/datasets/udcdse/
aquaponics-dataset, (accessed on 30 October 2025)).

Interoperability, while slightly better, remains a significant challenge, with only
17 papers (23%) addressing it. This means that the vast majority (57 papers) do not
consider interoperability, potentially leading to fragmented IoT ecosystems where devices
and platforms struggle to communicate effectively. The lack of standardized protocols
and the prevalence of vendor-specific architectures may contribute to this issue, limiting
the scalability and integration of IoT systems across different domains. Improving inter-
operability is crucial for ensuring seamless data exchange and fostering innovation in
IoT solutions.

The evaluation of scalability and technology readiness level (TRL) across the
74 surveyed papers highlights significant gaps in both aspects. Most papers exhibit low
scalability (38 papers, about 51.4%) and low TRL (49 papers, about 66.2%), indicating that
many IoT solutions remain in early development stages or are designed for small-scale
applications without clear pathways for large-scale deployment. A medium scalability
level is observed in 27 papers (about 36.5%), while 21 papers (about 28.4%) have a medium
TRL, suggesting that some solutions show potential for expansion but are not yet fully
mature. Notably, only one paper achieves high scalability and none reaches a high TRL,
emphasizing the lack of fully developed and widely deployable IoT solutions. These results
suggest that research efforts primarily focus on conceptual frameworks or small-scale
implementations rather than mature, market-ready technologies. Enhancing scalability
and TRL is mandatory for transitioning IoT-based agricultural solutions from experimental
phases to real-world applications. Additionally, we examine the platform’s scalability
by comparing state-of-the-art solutions available in the literature. These developments
highlight the increasing interest in digital platforms for incorporating advanced sensing
technologies and AI to enhance the precision and efficiency of hydroponic systems. The
integration of AI enables predictive analytics and machine learning capabilities, which can
further optimize growing conditions and resource management.

However, few of these platforms can seamlessly integrate with other systems via
standard communication protocols and, in general, their technical readiness level is low.
The interoperability capability is crucial for creating smart agricultural, and specifically
hydroponics, systems that can interact with various devices and platforms. Furthermore,
we observed a significant lack of open-source code, data, and models, as no works reference
a public repository, emphasizing the need for greater transparency and community access.
Open-source initiatives could accelerate innovation and adoption by allowing researchers
and practitioners to build upon existing work.

By addressing key challenges such as scalability, interoperability, and transparency,
the platform has the potential to significantly impact the future of sustainable agriculture
in diverse contexts, from small-scale urban farms to large commercial operations.

3.8. Analysis of the Objectives

Each publication analyzed in this survey presents a unique goal aligned with its spe-
cific research context and technological implementation. However, to facilitate comparison
and synthesis across the literature, we categorized these objectives into broader functional
groups based on domain applications, which are depicted in Figure 6.

Monitoring refers to studies in which IoT systems were used solely for data acquisition
and real-time observation of hydroponic setups, without direct intervention capabilities. In
contrast, monitoring and controlling encompasses works that included actuation compo-
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nents such as irrigation systems, notification mechanisms, fans, or cooling systems allowing
for remote or automated system responses based on sensor input.

 

Figure 6. Number of publications per each domain application.

The category of advanced monitoring includes studies that incorporated ion-selective
electrodes or other specialized sensors. These tools, increasingly popular in hydropon-
ics due to their compatibility with IoT technologies, allow for more precise nutrient
solution analysis.

Additional objectives covered more complex tasks involving ML and DL techniques.
These studies focused on the prediction of crop parameters, such as growth stage, yield, or
nutrient content, or on disease detection, aiming to support proactive crop management
and enhance system intelligence.

The analysis of application domains across the reviewed literature reveals empha-
sis on core functionalities such as monitoring and control within IoT-based hydroponic
systems. The most prevalent category focused on both monitoring and controlling provid-
ing the integration of sensor feedback with automated actuation mechanisms. Following
closely, monitoring alone suggests that many systems still prioritize data acquisition over
full automation.

More specialized objectives were addressed less frequently. For instance, advanced
monitoring, particularly with nutrient solution ion analysis, appeared in only five studies,
indicating a growing but still limited interest in more complex sensing capabilities. Pre-
dictive capabilities such as growth stage prediction, yield estimation, and nutrient content
prediction were explored in just a few publications, reflecting the emerging role of machine
learning in this domain.

Lastly, disease detection, although a critical aspect of crop health management, was
the focus of only three papers, highlighting a significant gap and a potential direction for
future research. Overall, while most current efforts emphasize real-time environmental
management, the relatively low number of studies focused on prediction and health
diagnostics suggests that the field is still maturing and transitioning toward more intelligent
and autonomous systems.
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4. Discussion
The current landscape emerged from the 74 surveyed papers is predominantly charac-

terized by exploratory, proof-of-concept research rather than mature, market-ready tech-
nologies. This is evident in the widespread use of open-source microcontroller platforms
which appear in the majority of surveyed studies. While these platforms provide accessible
and flexible tools for experimental implementations, the scarcity of commercial IoT nodes
tailored for hydroponics underscores how underdeveloped the market is for practical,
ready-to-deploy solutions in this field. This reliance on non-commercial hardware limits
the ability to scale solutions beyond controlled experimental environments and highlights
a gap between research prototypes and deployable systems. A comprehensive analysis
of the microcontroller boards used across the literature [19] confirms this technological
immaturity: most studies rely on versatile but non-industrial platforms, which vary widely
in features, sensors, and integration strategies. While this diversity enables experimenta-
tion, it prevents aggregation or standardization at the hardware level. Importantly, the
challenge in this domain is not the choice of board itself, but rather the lack of scalability
and large-scale data integration, which are essential for real-world deployment. As shown
in Figure 2, IoT adoption in hydroponics has only recently gained momentum and the field
remains in a prototyping and research-grade phase. Commercial, ready-to-use devices are
still rare and often lack technical readiness or robust data collection capabilities. However,
as prototyping efforts mature, it is expected that standardized, scalable, commercial-grade
IoT solutions will naturally emerge, enabling broader deployment and integration with
existing agricultural infrastructure.

Connectivity remains largely dominated by WiFi, favored for its robustness and ease
of use, though niche applications employ low-power technologies like Bluetooth and
Zigbee. Protocol adoption is uneven, with MQTT used infrequently despite its advantages,
possibly reflecting limited standardization and varying design priorities across studies.
This fragmented approach to communication technologies complicates efforts to build
interoperable systems that can seamlessly exchange data and function cohesively across
heterogeneous devices and platforms.

Indeed, interoperability emerges as a critical bottleneck in advancing IoT for hydro-
ponics, pointing to a widespread issue of fragmented ecosystems driven by vendor-specific
architectures and a lack of standardized protocols. Without interoperable frameworks,
scaling IoT solutions for hydroponics remains challenging, as devices and systems struggle
to communicate effectively, limiting integration potential and hindering broader adoption.
This fragmentation is further reflected in the diverse but uncoordinated use of IoT plat-
forms, where no single platform dominates and users select tools based on availability or
familiarity rather than compatibility or standardization. The prevalent use of free, open
platforms lowers barriers to entry but inadvertently perpetuates ecosystem fragmentation,
undermining efforts toward unified, scalable solutions.

From a technical maturity perspective, the TRL and scalability of current IoT hy-
droponic solutions remain largely low. Most studies focus on small-scale or laboratory
implementations, with limited consideration for practical deployment at the commercial
scale. This is compounded by a significant lack of open repositories or publicly shared
datasets and codebases hindering reproducibility, validation, and collaborative improve-
ment across the field. Without accessible, standardized datasets and software components,
the pathway from experimental proof-of-concept to reliable, scalable commercial systems
becomes arduous.

Functionally, IoT applications have largely concentrated on monitoring and basic
control of hydroponic environments, such as sensor data acquisition and actuation of
irrigation or climate control devices. Advanced monitoring techniques, including ISE for NS
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monitoring and predictive analytics using ML and DL remain underrepresented. Although
AI methods show promise, they are applied in only a small subset of studies, showing an
early stage of integration between IoT and intelligent data analytics in hydroponics. This
gap indicates a need for greater focus on developing intelligent, autonomous systems that
can not only monitor but also predict and optimize crop conditions, thereby improving
resource use efficiency and crop yields sustainably.

The dominance of NFT hydroponics and leafy vegetables such as lettuce in the sur-
veyed research further points to a research focus on relatively simpler and well-understood
crop systems. While this is a logical starting point, scaling IoT solutions for a wider vari-
ety of crops and hydroponic techniques, including those with greater complexity, will be
necessary to realize the full potential of IoT-enabled smart agriculture.

5. Conclusions
In conclusion, the IoT landscape for hydroponic systems is promising but immature.

The heavy reliance on open-source microcontrollers and free platforms facilitates exper-
imentation but also limits scalability and commercialization. Critical barriers, especially
interoperability, lack of standardized protocols, low TRL, limited scalability, and scarce
open resources must be addressed to transition from research prototypes to deployable
technologies. Overall, this review reveals that IoT-based hydroponic systems are still in
an early stage of technological development, marked by diverse but fragmented research
efforts. Most studies remain at proof-of-concept level, relying on open-source hardware and
non-standardized communication protocols, which limits scalability and interoperability.
Connectivity solutions are dominated by WiFi, while more efficient or standardized alter-
natives remain underexplored. Data management and system integration are hindered by
the absence of shared datasets and open platforms, reducing reproducibility and slowing
collective progress. Functionally, current implementations focus primarily on monitoring
and basic control, with limited integration of AI-driven analytics or predictive capabilities.
These patterns collectively highlight a research field rich in innovation but lacking con-
solidation, standardization, and real-world deployment readiness. Future efforts should
emphasize developing interoperable, scalable systems with higher TRL, supported by
open datasets and shared software to accelerate innovation. Furthermore, integrating
advanced AI-driven predictive analytics and expanding the scope beyond leafy vegetables
will be pivotal in advancing smart hydroponics from niche research to practical, sustainable
agricultural solutions.
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