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ADVANCES IN THE DESIGN AND OPTIMIZATION 
OF SMART IRRIGATION SYSTEMS FOR SUSTAINABLE 

URBAN VERTICAL FARMING

Abstract: Urban vertical farming has emerged as a sustainable and innovative approach to 
addressing the increasing global demand for food in rapidly growing and densely populated 
cities, where traditional agriculture faces significant challenges due to space and resource 
constraints. A primary issue in these systems is the efficient management of critical resources, 
particularly water and energy, which are essential for maintaining high crop productivity and 
environmental sustainability. This study introduces, develops, and evaluates a mathematical 
model that integrates Internet of Things (IoT) technology to optimize water and energy us-
age in a hydroponic vertical farming setup. The model utilizes real-time environmental data 
collected from IoT sensors to dynamically adjust irrigation and energy consumption, ensuring 
minimal waste while sustaining optimal conditions for plant growth. Extensive simulations 
conducted using Python demonstrate substantial improvements in Water Use Efficiency (WUE) 
and significant energy savings, validating the model’s effectiveness. The study also presents 
practical case studies from regions like Singapore, Qatar, and Malaysia, showcasing how the in-
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tegration of renewable energy sources, such as solar photovoltaic panels, with advanced smart 
irrigation technologies can lead to up to 50% growth rate improvements. Despite existing 
challenges, such as high initial capital investments, technical complexities, and the need for 
continuous maintenance, the findings indicate that modular and scalable system designs offer 
a promising path forward. Future research should aim to reduce overall costs and enhance 
system adaptability for various urban environments. Ultimately, this research provides a scal-
able and efficient framework for advancing urban agriculture, with the potential to contribute 
significantly to global food security and promote the sustainability of urban ecosystems.

Keywords: vertical farming; internet of things; automation; smart irrigation systems; arti-
ficial intelligence; machine learning; water management; sustainable urban agriculture; crop 
yield optimization

Introduction
Rapid urbanization worldwide has placed increased pressure on existing agricultural sys-

tems, especially in urban areas where space, water, and resources are constrained. To address 
these challenges, vertical farming has emerged as an innovative solution, enabling efficient 
food production in compact urban settings. Vertical farming involves the use of multi-layered, 
stacked systems to grow crops in controlled indoor environments, often using hydroponics, 
aeroponics, or aquaponics. However, one of the critical challenges for the success of vertical 
farming is water management, as efficient irrigation is essential for maintaining optimal crop 
health and yield. Traditional irrigation methods, characterized by high water consumption and 
lack of precision, have led to the emergence of smart irrigation systems that utilize modern 
technologies to optimize water use and energy consumption.

Smart irrigation systems integrate technologies such as the IoT, AI, and renewable energy 
sources to monitor and control environmental conditions, ensuring precise and efficient water 
management. Recent studies have demonstrated the potential of IoT-based solutions to im-
prove water usage efficiency by providing real-time monitoring of soil moisture, humidity, and 
other critical factors in industrialized countries [1],[2]. These systems use sensors to collect 
data, which is then analyzed and used to automate the irrigation process, ensuring water is 
only delivered when and where it is needed. For example, research conducted in Singapore 
has shown that integrating solar photovoltaic (PV) cells with IoT-enabled irrigation systems 
can optimize water usage, improve energy efficiency, and support the country’s vision for sus-
tainable urban farming [1]. Another study from Qatar demonstrated the feasibility of using 
automated hydroponic systems powered by IoT to reduce water usage, showcasing the role of 
technology in addressing water scarcity issues in arid climates [4].

Despite the promising results, several challenges limit the widespread adoption of smart 
irrigation systems. High initial costs, technical complexity, and maintenance requirements are 
significant barriers that need to be overcome [5]. Moreover, the accuracy and reliability of sen-
sors play a crucial role in the success of these systems, and issues such as sensor calibration 
and data transmission can affect performance [6]. Addressing these challenges is essential to 
ensure that smart irrigation systems can be scaled up and adapted to different urban envi-
ronments, making vertical farming a viable solution for sustainable food production in cities. 
The significance of this research lies in its focus on enhancing the efficiency and sustainability 
of urban agriculture, particularly through the lens of smart irrigation systems. As urban pop-
ulations continue to grow, there is a pressing need to develop agricultural practices that can 
operate within limited urban spaces while conserving vital resources like water and energy. By 
optimizing water usage and reducing the reliance on manual labor, smart irrigation systems 
contribute to the broader goals of sustainable urban development and food security.
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While current approaches to smart irrigation in vertical farming rely largely on static sched-
ules or reactive responses to immediate environmental data, they often fall short in handling 
the dynamic nature of urban agricultural environments. To address this, it is proposed a nov-
el adaptive optimization framework utilizing reinforcement learning (RL). This methodology 
allows the system to dynamically adjust irrigation and energy inputs based on past perfor-
mance and forecasted needs, aiming for a more resource-efficient and adaptable solution. 
This RL-based approach is, to our knowledge, the first of its kind applied to smart irrigation 
in vertical farming, enabling a proactive rather than reactive system that anticipates environ-
mental fluctuations and optimizes resource allocation. By leveraging IoT sensors for real-time 
data acquisition, the model seeks to minimize resource use while ensuring optimal growing 
conditions for crops. The primary research question is: How can smart irrigation systems be 
optimized for water and energy efficiency in urban vertical farming? The recent advancements 
in the design and optimization of smart irrigation systems for urban vertical farming show 
promising results. Through a comprehensive analysis of existing literature, this study identi-
fies key technological trends, successful implementations, and the challenges that need to be 
addressed for wider adoption.

Literature review and problem statement
A. Overview of existing research
This section provides a detailed review of these technologies and their integration with-

in smart irrigation systems. The goal was to evaluate current technological advancements, 
identify successful implementations, and highlight existing challenges. The primary databases 
used for the literature search included IEEE Xplore, ScienceDirect, PubMed, and Google Schol-
ar. These platforms are known for their extensive coverage of engineering, agricultural, and 
technological research. Keywords such as “smart irrigation systems,” “urban vertical farming,” 
“IoT in agriculture,” “renewable energy in irrigation,” and “precision agriculture” were used to 
retrieve relevant studies published between 2019 and 2024 (Figure 1). 

Figure 1. Proportion of keywords focus on search strategy

A study conducted in Singapore demonstrated the effectiveness of integrating IoT with 
solar-powered irrigation systems. The system utilized sensors to monitor moisture levels and 
adjust water flow automatically, leading to a 30% reduction in water usage compared to tra-
ditional methods [1]. Another example from Malaysia focused on automating small-scale hy-
droponic systems, making them more accessible to urban residents through smartphone inte-
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gration, which allows users to monitor and control irrigation settings remotely [3],[13]. Such 
systems not only conserve water but also reduce labor by automating routine tasks, thereby 
enhancing the overall efficiency of urban vertical farms. 

To strengthen the critical analysis of smart irrigation systems, there were compared several 
key studies focusing on urban vertical farming. In Singapore, a novel IoT-enabled hydroponic 
system integrated with solar photovoltaic (PV) cells achieved up to 30% water savings, op-
timizing energy use while ensuring sustainable food production in the limited urban space. 
However, the study highlighted challenges such as high initial setup costs and the need for 
frequent sensor calibration to maintain accuracy [1],[16]. In contrast, research in Qatar devel-
oped an automated indoor hydroponic system that circulated over 104,000 gallons of nutrient 
solution but consumed only 8–10 liters of water monthly. This system proved effective in the 
arid Gulf climate by maintaining optimal growing conditions through real-time monitoring 
and automation. Yet, it required significant energy for climate control, which raised concerns 
about overall sustainability [4],[12]. 

Another example from India demonstrated how AI-driven smart farming models enhanced 
irrigation efficiency and crop yield. These models utilized large datasets to predict environ-
mental changes and automate resource distribution. Despite their effectiveness, rural im-
plementation was hindered by the lack of comprehensive data infrastructure and high costs 
[18],[20]. This comparative analysis reveals both the potential and limitations of current smart 
farming technologies, emphasizing the need for scalable and cost-effective solutions. A bar 
chart (Figure 2) showing water savings and energy consumption across different studies for a 
visual comparison.

Figure 2. Comparing the water savings (in percentage) and 
energy consumption (in kWh) for hydroponic systems 

Renewable energy, particularly solar photovoltaic (PV) systems, is increasingly being used 
to power smart irrigation systems, making them more sustainable and cost-effective. In Qatar, 
researchers developed a solar-powered hydroponic system designed to function efficiently 
under the region’s arid climate. This system used a combination of IoT sensors and solar pan-
els to monitor and control irrigation, achieving up to 5–20 times water savings while main-
taining optimal growing conditions for crops such as mint and lettuce [4]. A study from India 
explored the use of AI to develop a predictive irrigation system that adjusts water flow based 
on weather forecasts, soil conditions, and crop needs. The integration of AI helped reduce 
water consumption by identifying precise irrigation windows, ensuring that plants received 
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adequate hydration without excess [2],[11]. Such predictive models are particularly useful in 
vertical farms, where space is limited, and maintaining a controlled environment is essential 
for maximizing crop yield. Main features and findings of each implementation are highlighted 
in the (Table 1). 

Research from Malaysia highlighted a smart irrigation prototype that incorporated sensors 
to monitor water quality parameters such as pH, electrical conductivity, and temperature. The 
system automatically adjusted nutrient levels and water flow based on real-time data, leading 
to improved crop yield and reduced water waste [5],[19]. For instance, the STRAME project 
in Italy proposed a modular approach to vertical farming, where each module could operate 
independently or as part of a larger network. This design allowed for easy expansion while 
minimizing the need for additional infrastructure investment [6],[17]. The integration of mod-
ular components with scalable renewable energy solutions, such as portable solar panels, 
further reduced costs and made the system more adaptable to different urban environments. 
In Singapore, urban farming initiatives have focused on maximizing land use through the im-
plementation of vertical hydroponic systems.

A study demonstrated the integration of solar PV cells with IoT-enabled irrigation systems, 
which optimized water usage and supported Singapore’s goal of achieving self-sufficient food 
production. This system was particularly effective in maintaining consistent water and nutri-
ent levels, leading to healthier and faster-growing crops [7],[15]. The success of this initiative 
underscores the importance of combining multiple technologies to achieve efficient and sus-
tainable urban farming solutions. Designed to address water scarcity issues, Qatar’s automated 
hydroponic system integrates real-time monitoring and automation. Using a network of IoT 
sensors and solar energy, the system adjusts irrigation schedules based on environmental con-
ditions. The system was found to save up more water compared to traditional hydroponics by 
utilizing predictive models to optimize water delivery. This project has become a benchmark 
for similar initiatives in arid regions where water conservation is critical [8],[14].

Table 1. Summary table highlighting key aspects of technological integration, 
design considerations, and challenges

Aspect Description Literature examples
Technological 
integration

Integration of IoT, AI, and renewable energy technologies to 
optimize water usage, reduce costs, and improve crop yield. 
Examples include IoT-enabled sensors for real-time moni-
toring, AI models for predictive irrigation, and solar-powered 
systems for sustainability. Case studies: Singapore's 30% 
water savings with IoT & solar (e.g., Malaysia, India, Qatar).

Singapore [1], 
Malaysia [2], 
Qatar [3], 
India [4]

Design 
considerations 
& Optimization

Efficient water management, scalability, and energy con-
sumption are key design considerations. Precision agricul-
ture techniques allow targeted irrigation, reducing waste. 
Modular systems can be scaled up or down, as demonstrat-
ed by the STRAME project in Italy and Singapore's vertical 
hydroponic systems. These designs help minimize infra-
structure costs and support sustainable urban farming.

STRAME 
Project [6], 
Singapore [1], 
Qatar [8]

Challenges & 
Limitations

Challenges include high initial costs for sensors and re-
newable systems, technical complexity, and maintenance 
requirements. Reliability issues with sensors and data 
transmission, as well as the need for robust calibration, can 
affect system performance. High costs can be prohibitive for 
smaller farms, and there are concerns over sensor accuracy 
and connectivity (e.g., India).

India [9], 
General Industry 
Trends
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B. Gaps and challenges in the current knowledge
Despite their advantages, smart irrigation systems face significant barriers to widespread 

adoption. High upfront costs for advanced sensors and renewable energy setups remain pro-
hibitive, particularly for smaller urban farms. While these technologies promise long-term 
savings, the initial investment and the need for specialized knowledge in installation and 
maintenance pose additional challenges [21],[22]. The effectiveness of these systems is heav-
ily dependent on the accuracy and reliability of IoT sensors, yet inconsistencies in sensor 
performance, data transmission issues, and frequent calibration requirements threaten system 
efficiency. Research into robust, dependable sensor technology and seamless data integration 
is still evolving, leaving a critical gap in ensuring reliable operation for urban agriculture.

Moreover, current models often isolate water conservation and energy efficiency, neglecting 
their interdependencies. For instance, lowering water usage could increase energy demands 
if advanced climate control mechanisms are required. This underscores the need for holistic 
optimization frameworks that balance water and energy use while adapting to real-time envi-
ronmental conditions. Additionally, scaling these systems to larger commercial farms is diffi-
cult due to economic constraints and spatial limitations in urban environments. Thus, cost-ef-
fective, modular, and user-friendly designs are essential to make smart irrigation accessible 
and practical for diverse urban farming applications. Integrating renewable energy sources 
like solar panels can improve sustainability but introduces complexities in energy manage-
ment and reliability that must be carefully addressed.

The aim and objectives of the study
The aim of this research is to develop and validate a mathematical model that optimiz-

es water and energy use in hydroponic vertical farming systems by leveraging real-time IoT 
sensor data. The model dynamically adjusts irrigation and energy consumption to minimize 
waste while maintaining optimal conditions for plant growth, enhancing the sustainability 
and efficiency of urban agriculture in densely populated areas. Specifically, the research fo-
cuses on building an optimization framework that integrates equations for water balance and 
energy consumption. By incorporating real-time data on temperature and humidity, the mod-
el makes data-driven adjustments, boosting system efficiency. Simulations using Python will 
test the model’s effectiveness in improving Water Use Efficiency (WUE) and reducing energy 
consumption compared to traditional methods. These simulations will also assess the model’s 
scalability, economic viability, and adaptability in diverse urban settings. In addition, it has 
been compared two predictive models (ARIMA vs. LSTM) for the proactive water management.

The study addresses challenges like sensor accuracy, data reliability, and the integration of 
renewable energy sources, proposing strategies to enhance system performance. The goal is 
to establish a data-driven, scalable, and environmentally friendly framework for urban vertical 
farming, making it a practical solution for sustainable food production in modern cities.

Methods and Materials
C. Hydroponic system description
The experimental setup for this research consists of a hydroponic vertical farming system 

integrated with a comprehensive array of Internet of Things (IoT) sensors and automation 
components. This system (Figure 3) is specifically designed to simulate real-world urban ver-
tical farming conditions, providing a controlled environment that optimizes water and energy 
use while continuously monitoring critical environmental parameters. The choice of a hydro-
ponic system integrated with IoT technology was made based on comprehensive analyses of 
its efficiency in urban farming contexts. Hydroponic systems have shown remarkable water 
efficiency, using up to 90% less water than traditional soil-based farming due to their closed-
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loop design. This system recycles water and nutrients, making it ideal for regions where water 
scarcity is a pressing issue, such as in urban areas of Singapore and Qatar [1],[4]. Additionally, 
vertical stacking maximizes space utilization, allowing for a higher crop yield per square me-
ter and addressing land constraints prevalent in urban settings [8].

Integrating IoT into these hydroponic systems further enhances their efficiency. IoT sen-
sors provide real-time monitoring of temperature, humidity facilitating data-driven decisions. 
For instance, the system in Qatar demonstrated effective remote management capabilities, 
reducing labour requirements while maintaining optimal conditions for plant growth [4]. Au-
tomation also mitigates human error, making the system suitable for urban environments 
where labour can be expensive or limited. In evaluating alternatives such as aeroponics and 
aquaponics, aeroponics was found to require even less water but at a higher energy cost and 
with more complex maintenance demands  [8]. Meanwhile, aquaponics introduced additional 
variables, such as fish health management, complicating system operations in dense urban 
settings  [5],[10]. Hence, our selected approach balances efficiency, sustainability, and ease 
of use. The hydroponic structure comprises pipes arranged in a multi-layer configuration to 
maximize space efficiency. Each pipe is equipped with a nutrient-rich water delivery system 
that circulates water around the plant roots. The system is engineered to ensure even water 
distribution across all layers, with excess water collected and recirculated to minimize waste.

Figure 3.  Vertical farming system integrated with a comprehensive 
array of Internet of Things (IoT) sensors

A series of IoT sensors is strategically placed throughout the setup to monitor various en-
vironmental factors essential for plant health and resource management. Digital tempera-
ture sensors measure both air and water temperatures, ensuring they remain within optimal 
ranges. Humidity sensors, or hygrometers, continuously track ambient humidity levels, which 
are crucial for understanding and managing water loss through evaporation. The system’s 
control and automation are managed by Arduino microcontroller, which serves as the central 
processing units. The microcontroller is programmed to process sensor data, send to cloud 
storage and make real-time monitoring. Water pumps deliver nutrient solutions to the pipes, 
with their operation regulated to optimize water use based on plant needs. LED grow lights 
provide artificial lighting, and their intensity adjusted to minimize energy consumption while 
ensuring adequate light for photosynthesis. This system will be automated to reduce the need 
for manual intervention and improve overall system efficiency.
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D. Water and energy consumption equations
The optimization of water and energy use in our hydroponic vertical farming system is 

based on a mathematical modeling approach. This model integrates equations for water bal-
ance, energy consumption, and environmental constraints to create an efficient and responsive 
management system for irrigation and lighting. The water balance equation is a fundamental 
part of the model, designed to ensure that the plants receive the appropriate amount of water 
while minimizing waste. The equation is expressed as:

(1)

where Wnet represents the net water available for plant absorption, Win is the total water 
supplied, and Wloss accounts for water lost due to evaporation and leakage. Evaporation loss-
es are influenced by environmental factors such as temperature and humidity, while leakage 
losses occur due to inefficiencies in the system’s design or structure. By accurately modeling 
these water loss components, it can be better managed and reduced overall water usage. En-
ergy consumption in the hydroponic system is primarily attributed to the operation of water 
pumps and LED grow lights, both of which are crucial for maintaining optimal growing condi-
tions. The total energy consumption, Etotal is calculated as:

(2)

where Pi is the power consumption of component i in watts, and ti is the operating time in 
hours per day. The energy values are converted to kilowatt-hours (kWh) to provide a standard-
ized measure of consumption. The model enables precise control of energy usage, ensuring 
that the system operates efficiently without unnecessary power expenditure. The goal of our 
optimization model is to minimize both water loss and energy consumption while ensuring 
that environmental conditions remain within acceptable ranges for plant growth. The objec-
tive function is defined as:

(3)

where λ is a weighting factor that balances the trade-off between conserving water and 
reducing energy use. By adjusting this factor, it can be prioritized resource efficiency based on 
the specific needs of the farming setup. The optimization problem is subject to constraints that 
ensure environmental conditions remain suitable for plant growth. For instance, the tempera-
ture must be maintained within a specified range, expressed as:

(4)

while humidity levels must also be regulated with:

(5)

The existing model uses static formulas to calculate water and energy needs based on en-
vironmental factors like temperature and humidity. To enhance robustness, it was developed 
a dynamic mathematical model that incorporates variable parameters. This model includes 
Water Balance Equation and Dynamic Energy Equation. Water Balance Equation is adjusted to 
account for changes in evaporation and plant transpiration rates, which vary based on tem-
perature and humidity. Dynamic Energy Equation is about modeling lighting and pump energy 
usage as functions of both crop stage and environmental factors, enabling real-time adapt-
ability. The equations are modified to include time-dependent variables, allowing the sys-
tem to respond adaptively as conditions change. This adaptive feature is integrated through 
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differential equations representing the system’s state, making the model more responsive to 
real-world environmental variations in urban settings. For instance, the evapotranspiration 
rate (E), which represents water loss through both evaporation and transpiration, is calculated 
dynamically as:

(6)

where T(t) is temperature, H(t) is humidity, and k1, k2 are coefficients derived from envi-
ronmental data. By adjusting k1 and k2 in real-time, the model ensures that water levels are 
maintained optimally according to current environmental conditions.

The integration of IoT technology is crucial to the functionality of the model. A network of 
IoT sensors continuously monitors environmental parameters such as temperature, humid-
ity, and water flow. This real-time data is transmitted to a central processing unit, typically 
a microcontroller of Arduino, which runs the optimization algorithms. The system can then 
make dynamic adjustments to irrigation schedules and lighting intensity based on current 
conditions. For example, if the temperature rises above the optimal range, the system may in-
crease water flow to cool the plants or adjust the lighting to reduce heat output. By leveraging 
IoT technology, the hydroponic system becomes highly responsive and efficient, minimizing 
resource waste and ensuring that crops are grown under ideal conditions. Overall, this math-
ematical modeling framework, combined with IoT-based real-time control, provides a robust 
solution for resource optimization in urban vertical farming. It not only conserves water and 
energy but also enhances crop yield through precise environmental management.

E. Reinforcement learning-based adaptive optimization for irrigation
This study introduces a reinforcement learning (RL) framework for adaptive optimization 

within the irrigation system. The RL algorithm, specifically Q-learning, enables the system 
to make intelligent irrigation adjustments based on both historical performance data and 
real-time environmental feedback. In this framework, the RL agent interacts with the envi-
ronment through a defined set of states, actions, and rewards, progressively learning to op-
timize resource use for crop health and efficiency. The state in this system is represented by 
real-time environmental data collected from sensors, capturing variables like temperature, 
humidity, water or soil moisture levels, light intensity, and time of day. This information gives 
the RL agent a comprehensive view of the current growing conditions. The actions available to 
the agent include adjusting water flow rates, modifying lighting intensity, or maintaining the 
current settings. Each action is aimed at balancing the system’s goals: maximizing water use 
efficiency, reducing energy consumption, and promoting optimal growing conditions. 

The agent’s decisions are guided by a reward system, where efficient water use and stable 
crop health generate positive rewards, while resource waste or signs of plant stress result 
in penalties. This reward structure encourages the agent to prioritize resource conservation 
while ensuring crop health. The Q-learning algorithm empowers the RL agent to refine its de-
cisions over time through iterative exploration and exploitation. Initially, the agent explores 
a range of actions to gather data about their outcomes. Gradually, as it learns which actions 
yield the highest long-term rewards, it shifts towards exploiting these learned strategies to 
achieve optimal irrigation. The agent updates its decision-making with a Q-value function, 
which estimates the future rewards for each action in each environmental state. After each 
action, the Q-value is refined using the formula:

(7)
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Where α is the learning rate, γ is the discount factor, and R is the received reward. This 
continuous updating process enables the system to make data-informed decisions based on 
the current environment and accumulated experience. As the system learns, it builds an in-
creasingly accurate Q-table that helps it select the most efficient irrigation action for each en-
vironmental state. For instance, on hot, dry days, the RL model may increase water flow while 
adjusting lighting intensity to minimize heat. Conversely, on cooler days or during high hu-
midity, it might decrease irrigation to avoid over-watering and conserve energy. The system’s 
dynamic adjustments are made in real time, allowing it to respond swiftly to environmental 
fluctuations and maintain resource efficiency without compromising plant health. Over time, 
this RL-based approach becomes increasingly robust as the system learns from new data, re-
fining its Q-values to improve its decision-making accuracy. Unlike static models, which lack 
adaptability, this RL model continuously adapts to new conditions, such as seasonal variations, 
by updating its Q-values based on new experiences. This makes the model highly suitable for 
urban vertical farming, where environmental conditions can shift unpredictably.

F. Comparison of predictive models
To optimize water usage in the smart irrigation system, it was implemented and compared 

two time-series forecasting models: ARIMA (Autoregressive integrated moving average) and 
LSTM (Long short-term memory networks). These models predict future water demand based 
on historical and environmental data, allowing the system to adjust irrigation levels preemp-
tively, minimizing resource waste. The dataset used includes historical records of water usage, 
temperature, humidity, and light intensity collected from the IoT sensors over a month. This 
dataset serves as the input for training and validating the predictive models. The ARIMA model 
was implemented first, leveraging its strength in handling linear data patterns and short-term 
forecasts. The model was trained using historical water usage and environmental conditions 
to predict daily water requirements. The ARIMA model achieved an average Mean Absolute 
Error (MAE) of 12.5 liters on the test dataset. Water Use Efficiency (WUE) improved by approx-
imately 15% when ARIMA was used to guide irrigation schedules compared to static, rule-
based irrigation. These results highlight ARIMA’s effectiveness in short-term water demand 
forecasting, showing moderate improvements in efficiency and reduced water waste. However, 
ARIMA struggled with non-linear changes, especially during abrupt temperature increases.

Given the limitations of ARIMA in handling non-linear dependencies, an LSTM model was 
implemented, capable of capturing more complex relationships across features. The LSTM 
model was trained on historical water usage and environmental parameters (temperature, hu-
midity, and light) to predict daily water needs. The LSTM model achieved a lower MAE of 8.1 
liters on the test set, showing a 35% improvement in accuracy over the ARIMA model. Water 
Use Efficiency (WUE) increased by 27% with LSTM-based irrigation schedules, surpassing ARI-
MA’s improvement by 12%. These results indicate that the LSTM model’s advanced forecasting 
capabilities enable more accurate water demand predictions, even during sudden environ-
mental changes. The model’s ability to capture non-linear patterns proved advantageous in 
managing irrigation schedules adaptively, leading to higher water and energy efficiency.

The comparison between ARIMA and LSTM models demonstrates the potential of machine 
learning in enhancing smart irrigation. While the ARIMA model is straightforward to imple-
ment and performs well for short-term forecasts, its limitations with non-linear patterns make 
it less ideal for scenarios with rapidly changing environmental factors. The LSTM model, with 
its ability to model complex, sequential dependencies, provides more accurate predictions and 
greater water use efficiency, making it more suitable for urban vertical farming where condi-
tions can vary significantly. 
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Table 2. The comparison between ARIMA and LSTM models

Model MAE (liters) Improvement 
in WUE

Suitable Forecasting 
Horizon Key Strengths Key Limitations

ARIMA 12.5 15% Short-term 
(1–2 days)

Simplicity, quick 
to train

Struggles with 
non-linearity

LSTM 8.1 27% Medium-term 
(up to 1 week)

Captures complex 
dependencies

Higher computa-
tional cost

Integrating predictive models like ARIMA and LSTM into smart irrigation systems allows for 
proactive water management by forecasting irrigation needs accurately. By reducing water and 
energy waste, these models contribute to the sustainability and efficiency of vertical farming, 
aligning with goals of resource conservation and improved crop productivity.

Results
The systematic review conducted on smart irrigation systems for urban vertical farming re-

vealed several key findings. The integration of IoT, AI, and renewable energy technologies sig-
nificantly enhances the efficiency and effectiveness of smart irrigation systems. Most studies 
demonstrated that these technologies enable precise water management, automated control, 
and predictive maintenance, which are crucial for sustainable urban farming. For instance, 
IoT-enabled systems were found to reduce water usage by 5-20 times compared to traditional 
methods, as evidenced in case studies from Singapore and Qatar. The analysis indicated that 
while smart irrigation systems can lead to significant long-term savings through water and 
energy efficiency, the initial setup costs remain a significant barrier to widespread adoption.

The outcomes of our study demonstrated the effectiveness of the proposed optimization 
model in enhancing resource efficiency within the hydroponic vertical farming system. The 
key metrics analyzed included Water Use Efficiency (WUE) and total energy consumption, both 
of which provided a clear indication of the system’s performance under various scenarios. The 
simulation results revealed significant improvements in resource utilization when compared to 
traditional, non-optimized irrigation and energy management practices. The optimized model 
achieved a marked improvement in Water Use Efficiency. In the baseline scenario, where no 
optimization was applied, the WUE was recorded at 2.0 grams per liter. However, under the 
optimized conditions, WUE increased to 2.8 grams per liter, representing a 40% improvement 
(Figure 7). 

Figure 6.  Vertical farming system integrated with a comprehensive array 
of Internet of Things (IoT) sensors
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This significant gain was attributed to the model’s ability to dynamically adjust water in-
put based on real-time environmental data, thereby minimizing water loss through evapora-
tion and leakage. In high-temperature simulations, where water requirements were higher to 
maintain optimal plant health, the system still managed to maintain a relatively high WUE by 
efficiently distributing water and reducing waste. The total energy consumption of the sys-
tem was another critical metric analyzed. The baseline scenario, with constant lighting and 
irrigation schedules, resulted in an energy consumption of 3.5 kWh per day. In contrast, the 
optimized model reduced energy usage to 2.7 kWh per day, equating to a 23% reduction. This 
decrease was primarily due to the model’s ability to modulate the intensity and duration of 
LED grow lights based on current plant needs and environmental conditions. 

To improve water usage efficiency in the smart irrigation system,  two predictive models – 
ARIMA and LSTM were evaluated by using historical data on water usage and environmental 
conditions. Both models aimed to forecast daily water demand to optimize irrigation sched-
ules. The ARIMA model, effective for short-term, linear forecasting, achieved a Mean Absolute 
Error (MAE) of 12.5 liters and improved Water Use Efficiency (WUE) by 15% compared to a 
static approach. While it performed adequately in stable conditions, it was less accurate dur-
ing sudden environmental changes. The LSTM model, designed for non-linear and sequential 
data, yielded a lower MAE of 8.1 liters and enhanced WUE by 27%, outperforming ARIMA in 
adaptability and prediction accuracy. The LSTM model’s ability to adjust dynamically to chang-
ing conditions made it more suitable for the variable environment of urban vertical farming.

For example, during periods of high natural light or lower temperature, the system auto-
matically reduced artificial lighting, conserving energy without compromising plant growth. 
The performance of the model was assessed across multiple scenarios, including high-temper-
ature conditions, fluctuating humidity levels, and simulated water leakage. Table 3 provides a 
summary of the key performance metrics across different scenarios, illustrating the improve-
ments in WUE and energy consumption. 

Table 3. Summary table highlighting key aspects of technological integration, 
design considerations, and challenges

Scenario Water Use Efficiency 
(WUE) (g/L)

Energy Consumption 
(kWh/day) Improvement/Reduction

Baseline 2.0 3.5 –
Optimized 2.8 2.7 +40% WUE, -23% Energy
High-Temperature 2.5 3.0 +25% WUE, -14% Energy
Variable Humidity 2.7 2.8 +35% WUE, -20% Energy
Leakage 2.3 3.2 +15% WUE, -8% Energy

Discussion
Integrating advanced technologies like IoT, AI, and renewable energy into smart irrigation 

systems offers a promising future for urban vertical farming. These innovations enable precise 
environmental control, optimizing water and nutrient delivery to boost crop yields and reduce 
waste. Notably, real-time monitoring and data-driven irrigation can drastically reduce water 
consumption – critical in water-scarce urban settings. Yet, the high initial investment for IoT 
and solar-powered systems remains a barrier, particularly for smaller farms, underscoring the 
need for scalable, cost-effective designs. AI-based predictive models show potential by an-
ticipating crop needs using environmental and historical data, but they demand robust infra-
structure, which may not be feasible everywhere. Challenges like data security and continuous 
connectivity must also be addressed to ensure system reliability and user trust.
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Our study demonstrates the power of mathematical modelling and IoT technology, achiev-
ing a 40% improvement in Water Use Efficiency (WUE) and a 23% reduction in energy use. 
These results align with existing studies, underscoring the value of data-driven resource op-
timization. This approach not only enhances the feasibility of hydroponic vertical farming in 
dense urban areas but also reduces environmental impact, especially when paired with renew-
able energy sources. Despite these successes, the work has limitations. Sensor data is crucial 
for real-time adjustments, yet inaccuracies or calibration issues can impact the effectiveness 
of the irrigation model. Regular calibration and possibly redundancy (using multiple sensors) 
are recommended to ensure data reliability. IoT systems depend on uninterrupted data flow 
for optimal performance. Network disruptions or transmission delays may result in subopti-
mal irrigation schedules. Addressing this requires a backup system or edge computing, where 
some processing is done locally to reduce reliance on continuous data transmission. Simula-
tions relied on synthetic data, which may not fully reflect real-world conditions, and sensor 
accuracy issues could compromise model performance. The study also didn’t address economic 
feasibility at scale, calling for further research on cost-effectiveness and real-world trials. Fu-
ture efforts should focus on integrating renewable energy, enhancing sensor reliability, and 
validating the model in practical urban farming environments.

Conclusion
This study makes several key contributions to the field of sustainable urban agriculture 

by presenting a comprehensive approach to optimizing water and energy use in hydroponic 
vertical farming systems. By developing and validating a mathematical model that leverages 
real-time data from IoT sensors, we demonstrated significant improvements in Water Use Ef-
ficiency and energy savings. This novel reinforcement learning-based approach distinguishes 
our model from existing irrigation techniques by offering a proactive, adaptable system tai-
lored to the unique demands of urban vertical farming. By learning and adjusting in real-time, 
our methodology paves the way for more sustainable and resilient urban agricultural practic-
es, addressing resource challenges that conventional systems cannot effectively manage. 

The practical significance of this research lies in its potential to transform urban farming 
practices, making them more sustainable and efficient. As cities continue to grow and face 
increasing pressure on natural resources, adopting data-driven and resource-efficient agricul-
tural systems will be crucial for enhancing food security and reducing environmental impact. 
This study provides a foundation for future advancements in smart agriculture, highlighting 
the importance of integrating technology and optimization techniques to maximize resource 
efficiency. Moving forward, addressing the identified limitations and exploring the integration 
of renewable energy sources will be essential for further improving the sustainability and 
economic viability of hydroponic vertical farming systems.
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