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ABSTRACT  

This paper explores hydroponic vertical systems as a sustainable solution to modern agricultural challenges, 

particularly those posed by climate change. Hydroponics, a method of growing plants without soil using 

nutrient-rich water solutions, offers significant advantages over traditional farming. Vertical systems maximize 

space efficiency by growing plants in stacked layers, making them ideal for urban environments with limited 

space. These systems provide a controlled environment that mitigates the impacts of extreme weather, 

ensuring consistent crop production. The paper reviews various hydroponic techniques, including deep water 

culture, nutrient film technique, flood and drain, and drip irrigation. It highlights the efficiency of water use in 

hydroponics, crucial for areas facing water scarcity. Advanced technologies, such as sensors, automated 

nutrient delivery, and LED lighting, are employed to optimise growing conditions, enhance resource use 

efficiency, and improve crop yields. LED lights, in particular, offer energy efficiency, customizable spectra, and 

low heat output. Mathematical models are used to maximize plant development and resource efficiency, 

providing a framework for understanding plant-environment interactions. Despite high initial setup costs and 

the need for technical expertise, hydroponic systems present long-term economic and environmental benefits. 

This paper underscores hydroponic vertical systems' potential to revolutionize urban agriculture, ensuring food 

security and sustainability amidst climate change challenges. 

 

REZUMAT 

Această lucrare explorează sistemele verticale hidroponice ca o soluție durabilă la provocările agricole 

moderne, în special cele generate de schimbările climatice. Hidroponia, o metodă de cultivare a plantelor fără 

sol folosind soluție de apă bogată în nutrienți, oferă avantaje semnificative față de agricultura tradițională. 

Sistemele verticale maximizează eficiența spațiului prin creșterea plantelor stratificat, făcându-le ideale pentru 

mediile urbane cu spațiu limitat. Aceste sisteme oferă un mediu controlat care atenuează impactul vremii 

extreme, asigurând o producție constantă a culturilor. Lucrarea trece în revistă diferite tehnici hidroponice, 

inclusiv cultura în apă adâncă, tehnica filmului nutritiv, inundarea și scurgerea și irigarea prin picurare. 

Subliniază eficiența utilizării apei în hidroponie, crucială pentru zonele care se confruntă cu deficitul de apă. 

Tehnologiile avansate, cum ar fi senzorii, livrarea automată a nutrienților și iluminatul cu LED-uri, sunt folosite 

pentru a optimiza condițiile de creștere, a îmbunătăți eficiența utilizării resurselor și a îmbunătăți randamentul 

culturilor. LED-urile, în special, oferă eficiență energetică, spectre personalizabile și putere termică scăzută. 

Modelele matematice sunt folosite pentru a maximiza dezvoltarea plantelor și eficiența resurselor, oferind un 

cadru pentru înțelegerea interacțiunilor plante-mediu. În ciuda costurilor inițiale mari de instalare și a necesității 

de expertiză tehnică, sistemele hidroponice prezintă beneficii economice și de mediu pe termen lung. Această 

lucrare subliniază potențialul sistemelor verticale hidroponice de a revoluționa agricultura urbană, asigurând 

securitatea alimentară și sustenabilitatea în mijlocul provocărilor legate de schimbările climatice. 

 

INTRODUCTION 

 One of the most important worldwide issues of the twenty-first century is climate change, which has a 

significant influence on many industries, including agriculture. Due to agriculture's natural sensitivity to 

weather, there are serious threats to global food security as a result of weather patterns becoming more 

unpredictable. Climate change has a wide range of consequences on agriculture, including changes in 

agricultural production, livestock health, and the occurrence of diseases and pests. For the purpose of creating 
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plans to lessen negative effects and guarantee sustainable agricultural practices, it is essential to comprehend 

these implications (El-Ghobashy et al., 2023; FAO, 2016; FAO, 2023a; Stein, 2021). 

 One of the most direct effects of climate change on agriculture is the alteration in crop yields. Changes 

in temperature, precipitation patterns, and the increased frequency of extreme weather events such as 

droughts, floods, and heatwaves can severely affect crop productivity. Higher temperatures can accelerate 

crop maturation but also reduce the period of grain filling, leading to lower yields. For example, staple crops 

like wheat, maize, and rice are highly sensitive to temperature changes, with even slight increases potentially 

resulting in significant yield reductions (Lobell et al., 2011). Additionally, altered precipitation patterns can lead 

to water stress in some regions, while others may experience excessive rainfall, both of which can negatively 

impact crop growth (FAO, 2023b). 

 The distribution and prevalence of agricultural pests and diseases are influenced by climate change, 

potentially leading to increased crop and livestock losses. Warmer temperatures and higher humidity levels 

can create favourable conditions for pests and pathogens, resulting in more frequent and severe outbreaks 

(Patterson et al., 2015). For instance, the range of the European corn borer, a major pest for maize, is expected 

to expand northwards with rising temperatures, affecting areas previously unexposed to this pest. Similarly, 

changes in climate can alter the life cycles and population dynamics of many insect vectors, increasing the 

spread of plant and animal diseases. 

 The impacts of climate change on agriculture extend beyond biological effects, encompassing significant 

socio-economic dimensions. Reduced agricultural productivity can lead to higher food prices, increased food 

insecurity, and livelihood challenges for farmers, particularly in developing countries where agriculture is a 

primary source of income (FAO, 2023b). Smallholder farmers are especially vulnerable due to their limited 

capacity to adapt to changing conditions and invest in resilient agricultural practices. 

 Addressing the challenges posed by climate change to agriculture requires comprehensive adaptation 

and mitigation strategies. These include developing climate-resilient crop varieties, improving water 

management practices, adopting sustainable soil management techniques, and enhancing pest and disease 

control measures. Additionally, integrating advanced technologies such as precision agriculture or vertical 

farming, which uses data-driven approaches to optimise farming practices, can help mitigate the adverse 

effects of climate change (Benke & Tomkis, 2017; Mir et al., 2022). 

 Hydroponics, the method of growing plants without soil by using nutrient-rich water solutions, offers a 

promising solution to combat the adverse effects of climate change on crop production. As climate change 

alters weather patterns, increases the frequency of extreme weather events, and affects water availability, 

hydroponics provides a controlled environment for agriculture, mitigating many of these challenges (Chang et 

al., 2018, Maucieri et al., 2017, Niu & Masabni, 2018). 

 Vertical hydroponic systems represent a significant innovation in agricultural technology, aimed at 

maximizing space efficiency and resource use in plant cultivation. Unlike traditional horizontal farming, these 

systems grow plants in vertically stacked layers, which is particularly advantageous in urban environments 

with limited space (Avgoustaki & Xydis, 2020; Despomier, 2013; FAO, 2022). 

 The paper presents a review of the characteristics of hydroponic vertical systems, their advantages and 

disadvantages, as well a series of technical solution employed for implementing and operating these systems 

and turning them in means of combating climate changes effects on agriculture and supplying fresh food to 

the growing population, especially that clustered in urban areas. 

 
MATERIALS AND METHODS 

 Hydroponic systems are typically housed in greenhouses or indoor environments where conditions such 

as temperature, humidity, and light can be tightly controlled. This control protects crops from extreme weather 

events like droughts, floods, and storms, which are becoming more frequent due to climate change (Asha et 

al., 2023; Tusi & Shimazu, 2021). 

 Hydroponics allows for continuous crop production throughout the year, regardless of external weather 

conditions. This stability is crucial as climate change leads to unpredictable growing seasons and affects 

traditional agricultural timelines (Graves, 1983; Sharma et al., 2018). 

 Hydroponic systems use water more efficiently than traditional soil-based agriculture. Water is 

recirculated in a closed-loop system, significantly reducing the amount needed for crop growth. This efficiency 

is particularly important as climate change exacerbates water scarcity in many regions (Debnath & Mohiudin, 

2020, Zhang et al., 2022). 
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 In traditional farming, a significant amount of water is lost to evaporation and runoff. Hydroponics 

minimizes these losses, ensuring that more water is available for plant uptake, which is critical in areas facing 

water shortages (Carotti et al., 2023; Goldammer, 2019). 

 In hydroponic systems, nutrients are delivered directly to plant roots in a soluble form, ensuring optimal 

uptake. This direct delivery can lead to faster growth rates and higher yields compared to traditional farming, 

which can be hindered by poor soil quality and nutrient availability affected by climate conditions. The controlled 

environment of hydroponic systems reduces the incidence of soil-borne diseases and pests. This reduction 

minimizes crop losses and the need for chemical pesticides, which can be harmful to the environment (Gruda, 2020; 

Hosseinzadeh et al., 2017; Son et al., 2020). 

 Hydroponics can be implemented in urban areas, utilizing spaces like rooftops, abandoned buildings, 

and vertical farms. This adaptability helps alleviate the pressure on rural agricultural land, which may be 

increasingly affected by climate change (Dumitrescu et al., 2022; GVR, 2021). 

 By decoupling crop production from arable land, hydroponics mitigates the impact of land degradation 

caused by climate change. This method ensures food production can continue even as fertile land becomes scarce. 

 Hydroponic farms can integrate renewable energy sources such as solar or wind power to run their 

systems, reducing reliance on fossil fuels and minimizing their carbon footprint. This integration is aligned with 

climate change mitigation strategies. These systems also allow precise control over the amount and type of 

fertilizers used, reducing the risk of over-fertilization and nutrient runoff, which can contribute to environmental 

pollution and greenhouse gas emissions (Aiswarya & Vidhya, 2023; Cristea et al. 2024). 

 They often use advanced technologies such as sensors, automated nutrient delivery, and data analytics 

to monitor and optimise growing conditions. These technologies enhance resource use efficiency and crop 

management, making agriculture more resilient to climate variability. Hydroponics can support the growth of a 

wide variety of crops, including those that might struggle in changing soil and climate conditions. This diversity 

can help stabilize food supply chains impacted by climate change (Asher & Edwards, 1983; Charumathi et al., 

2017; Cho et al., 2017; Hati & Singh, 2021). 

  Hydroponic systems rely on a variety of technologies to optimise plant growth, improve efficiency and 

ensure sustainability (Nguyen et al., 2016). 

 Irrigation and nutrient delivery systems  

 Depending on the manner of irrigating and delivering nutrient to the crops, hydroponics is divided in 

various types, as follows: 

1. Deep water culture 

 Deep Water Culture (Figure 1) or direct water culture is a type of hydroponic farming method in which 

the roots of the plants are continually suspended in nutrient-rich, oxygenated water solution (Sambo et al., 

2019). 

 
Fig. 1 – Deep water culture plant growing  

(adapted from Syed et al., 2021) 

 

 Deep water culture works in the following manner: 

- A reservoir is filled with water – nutrient solution, plants are placed in net pots as such or filled with an 

inert substrate (clay pebbles, hydro cocos) and immersed in the water – nutrient mixture; 
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- An air pump and air stone are used to oxygenate the water mixture, ensuring that plant roots receive 

adequate oxygen. This prevents roots from rotting and promotes healthy plant growth; 

- The water nutrient solution is constantly monitored and adjusted as to maintain the correct pH and 

nutrient levels; 

- The plants are continuously submerged in the nutrient solution thus allowing them to take up water 

and nutrients in an efficient manner.  

 

2. Nutrient Film Technique (NFT) 

 Nutrient Film Technique – NFT (Figure 2) is a popular hydroponic method that involves a continuous 

flow of nutrient-rich water over the roots of plants. This technique is widely used due to its efficiency, simplicity, 

and effectiveness in providing nutrients to plants (Guzman-Valvidia et al., 2019). 

 

 
Fig. 2 – Nutrient film technique plant growing diagram 

  

 Nutrient film technique works in the following manner: 

- Plants are places in an inclined channel type growth tray made of inert materials; 

- A pump continuously delivers the nutrient-rich water solution from the reservoir to the growth channels; 

- The solution flows down the slope inside the growth channel, forming a thin film of nutrient-rich water 

that is absorbed by the roots of plants; 

- The roots of plants are constantly exposed to air as well to the nutrient solution, thus receiving the 

required oxygen for a healthy development; 

- After flowing through the growth channels, the excess nutrient solution (that is not absorbed by the 

plants) drains back into the reservoir and is recirculated. 

 

3. Flood and drain 

 Flood and Drain (Figure 3) is a system that involves the periodic flooding and draining of the nutrient 

solutions. Basically, there are two phases of its operation. The flood is when the water and nutrients flow the 

growing areas, flowing over the plants’ roots, followed by the second phase – draining (Putra & Yuliado, 2015; 

Clyde-Smith & Campos, 2023). 
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Fig. 3 – Flood and drain technique plant growing  

(https://www.trees.com/gardening-and-landscaping/ebb-and-flow-hydroponics) 

  

 Flood and drain system works in the following manner: 

- Plants are placed in wire pots / mineral substrate in a growth tray with one or multiple openings at 

the bottom part, situated above a water tank; 

- The water tank is filled with water – nutrient solution and through the means of a pump is distributed 

to the grow tray at intervals regulated by a timer; 

- After a preset time of flooding the growth tray, the opening (s) of the growth tray allows the excess 

water to drain in the reservoir below, thus leaving the plants with the ability to intake oxygen through 

the roots; 

- After a preset time, the flooding process resumes, followed again by draining of the growth trays in 

the determined cycle. 

 

4. Drip irrigation 

 Drip irrigation (Figure 4) is a type of micro-irrigation system that has the potential to save water and 

nutrients by allowing water to drip slowly to the roots of plants, either from above the substrate surface or 

buried below the surface (Perez et al., 2024). 

 

 
Fig. 4 – Flood and drain technique plant growing  

(adapted from https://hydroplanner.com/blog/hydroponics-drip-system-EN) 

  

 Drip irrigation hydroponic systems work in the following manner: 

- Plants are placed in individual containers or in a larger growth tray, supported by a growing medium 

(substrate) such as clay pebbles, coco coir, perlite, or rock wool. 

- A tank is filled with the nutrient-rich water solution. 

- A water pump is used to transport the nutrient solution from the reservoir to the plants. 
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- A network of hoses and drip emitters deliver the nutrient solution directly to the base of each plant. 

- An automation system is used to control the pump, ensuring the nutrient solution is delivered at regular 

intervals. 

- The excess water-nutrient solution is collected back in the reservoir. 

 

 Lighting systems  

 Lighting systems for hydroponics are a critical component of indoor gardening and plant cultivation, 

enabling growers to simulate natural sunlight and provide the necessary light spectrum for photosynthesis. In 

hydroponics, where plants are grown without soil, optimizing light conditions is essential to promote healthy 

growth, flowering, and fruiting. These artificial lighting systems replicate the sun’s intensity and spectrum, 

allowing plants to grow indoors all year-round, regardless of outdoor weather conditions. Different types of 

growth lights (Figure 5), such as fluorescent, high-intensity discharge (HID), and light-emitting diode (LED) 

lights, are used to meet the specific needs of various plant species and growth stages. Fluorescent lights are 

often favoured for seedlings and leafy greens due to their lower intensity and cooler operation, while HID lights, 

including metal halide (MH) and high-pressure sodium (HPS), offer higher intensity suitable for larger, flowering 

plants (Arcel et al., 2021; Avgoustaki & Xydis, 2021; Bures et al., 2018; Jager, 2024; Smith, 1982).  

 

     
    a)      b) 

     
c) 

Fig. 5 – Growth lights used for hydroponic systems  

a) – fluorescent lights (https://www.hydrocentre.com), b) – HID lights (https://www.nosoilsolutions.com/),  

c) – LED lights (https://www.sananbiofarm.com/;  https://marshydro.eu/) 

  

 LED lights have become increasingly popular in recent years due to their energy efficiency, long lifespan, 

and customizable light spectrum, which can be tailored to the precise needs of the plants. Properly managing 

the duration, intensity, and spectrum of light ensures that hydroponic plants receive optimal conditions to 

maximize growth and yields, making lighting systems a pivotal factor in the success of hydroponic gardening 

(Jin et al., 2023; Matysiak et al., 2021; Najera et al., 2022; Sellaro et al., 2010). 

 The advantages of using LED lights in hydroponic systems are listed as follows (Lobiuc et al., 2017; 

Pennisi et al., 2019; Phum et al., 2024; Tharun & Padmasine, 2023): 

• Energy efficiency - LED lights are highly energy-efficient compared to traditional lighting systems 

such as fluorescent and high-intensity discharge (HID) lights. They consume less electricity while 

providing the same or even higher levels of light output, resulting in lower energy bills and reduced 

environmental impact. 

• Long lifespan - LED lights have a significantly longer lifespan than other types of grow lights. They 

can last up to 50,000 hours or more, which means fewer replacements and lower maintenance costs 

over time. 

• Customizable light spectrum - LED lights can be engineered to emit specific wavelengths of light 

that are most beneficial for plant growth. This allows growers to tailor the light spectrum to the needs 
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of their plants at different growth stages, optimizing photosynthesis and improving overall plant health 

and yields. 

• Low heat output - LED lights produce much less heat compared to HID and fluorescent lights. This 

reduces the risk of heat stress and burn damage to plants, allowing the lights to be placed closer to 

the plants. Additionally, lower heat output minimizes the need for additional cooling systems, saving 

on energy costs. 

• Compact and flexible design - LED grow lights are available in a variety of shapes and sizes, making 

them adaptable to different growing spaces. Their compact and flexible design makes it easier to install 

them in tight or uniquely shaped areas, maximizing the use of available space. 

• Improved growth and yields - Due to their ability to provide a tailored light spectrum, LED lights can 

enhance plant growth, improve flowering and fruiting, and increase yields. The precise control over 

light wavelengths ensures that plants receive the optimal light conditions for each stage of growth. 

• Durability and safety - LED lights are more durable and robust compared to other lighting options. 

They are less prone to breakage and can withstand environmental fluctuations better. Additionally, 

they do not contain harmful substances like mercury, making them safer for both the grower and the 

environment. 

• Instant On/Off - LED lights reach full brightness instantly, unlike some HID lights that require a warm-

up period. This instant on/off capability is beneficial for controlling light cycles precisely, which is 

important for maintaining consistent growth conditions. 

• Lower light degradation - LEDs maintain their light output over a longer period, experiencing less 

degradation compared to other types of grow lights. This means that the intensity and quality of light 

remain more consistent, contributing to stable and reliable plant growth. 

• Long-term cost-effectiveness - Although the initial investment for LED lights may be higher than for 

other types of grow lights, their energy efficiency, long lifespan, and lower maintenance costs make 

them a more cost-effective option in the long term. 

 

 The disadvantaged of using LED lights in hydroponic systems are considered as follows (Naz et al., 

2021; Phum et al., 2024; Tharun & Padmasine, 2023): 

• Initial Cost - LED lights generally have a higher upfront cost compared to other types of grow lights 

like fluorescent and HID lights. This initial investment can be a significant barrier for small-scale 

growers or those new to hydroponics. 

• Light Intensity - Although LED technology has improved, some LED grow lights may not provide the 

same level of light intensity as high-intensity discharge (HID) lights. This can be a disadvantage for 

plants that require very high light levels, such as some fruiting and flowering plants. 

• Spectrum Limitations - Not all LED lights offer a full-spectrum light that mimics natural sunlight. Some 

cheaper models may provide a narrow spectrum that isn't suitable for all stages of plant growth. 

Ensuring that the LED lights cover the necessary wavelengths for photosynthesis and development is 

crucial, which can be challenging with lower-quality products. 

• Heat Distribution - While LED lights produce less heat than HID lights, the heat they do generate is 

often concentrated in a smaller area. Without proper heat sinks or cooling systems, this can potentially 

cause localized heating issues, affecting plant health if the lights are placed too close. 

• Complexity in Selection - The market for LED grow lights is vast, with many different models and 

specifications. Choosing the right LED light can be complex and confusing, especially for beginners. 

The need to understand specifications such as light spectrum, intensity, and coverage area can be 

overwhelming. 

• Lifespan Variability - Although LEDs have a long lifespan, their actual longevity can vary significantly 

based on the quality of the components and manufacturing. Poor-quality LEDs may degrade faster, 

leading to reduced light output over time. 

• Electrical Requirements - High-power LED systems can require specific electrical setups, such as 

additional wiring or circuit adjustments, to handle their power needs safely and efficiently. This can add 

to the installation complexity and cost. 

• Limited Penetration - LED lights often have less light penetration compared to HID lights. This means 

that the light may not reach the lower parts of larger plants effectively, potentially impacting the growth 

of lower leaves and branches. 
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• Potential for Over-Saturation - LED lights can sometimes provide too much light in specific 

wavelengths, leading to issues like light bleaching or nutrient imbalances. Plants may develop 

symptoms of overexposure if the light intensity and spectrum are not carefully managed. 

• Dependence on Technology - LED systems rely on electronic components and sophisticated 

technology, which can sometimes lead to issues with reliability and the need for technical support. 

Problems with drivers, diodes, or other electronic parts can necessitate repairs or replacements, which 

can be costly and time-consuming. 

 

RESULTS 

 Developing and using mathematical models in hydroponic systems has become essential for maximising 

plant development, resource efficiency, and environmental control. To attain optimal efficiency and yield, 

hydroponic farming needs careful management over a number of parameters. A foundation for comprehending 

and forecasting the intricate relationships between plant physiology and environmental variables is provided 

by mathematical models. These models include kinetic models that depict rates of nutrient intake as well as 

dynamic and eco-physiological models that mimic the time-dependent behaviour of plant growth and 

interactions with the environment. 

 Dynamic models can be used to determine the optimal root zone temperature (RZT) for different growth 

stages, ensuring that plants receive the right amount of nutrients and water throughout their lifecycle. Eco-

physiological models help in understanding how plants respond to changes in nutrient availability, temperature, 

and other environmental factors, which is essential for optimizing nutrient formulations and irrigation schedules. 

The use of Artificial Neural Networks (ANNs) and machine learning techniques has further enhanced the 

modelling of hydroponic systems by enabling the prediction of plant growth and yield based on historical data 

and current environmental conditions. These models are particularly effective in handling non-linear 

relationships and can adapt to new data, making them suitable for the dynamic environments of hydroponic 

farming. 

 

 Below are presented a series of mathematical models that contribute to the various approaches of 

estimating and controlling plant growth using hydroponic systems. 

 

1. Dynamic response of plant growth (Aji et al., 2020) 

      𝑊𝑅(𝑡) =  
∆𝑊

∆𝑡
 , [%]      (1) 

 This model determines the response of plant growth (WRt) measuring the sensitivity of changes in plant 

weight (ΔW, [g]) in relation to the change in time (Δt, [d]).  

 The Dynamic Response of Plant Growth model, represented by Equation (1), quantifies the sensitivity 

of plant growth in response to changes in environmental conditions over time. This model is pivotal for 

predicting how plants will respond to varying nutrient levels and environmental factors, enabling precise 

adjustments to optimise growth rates. By measuring the change in plant weight over time, this model helps in 

identifying the most effective growth conditions and allows for dynamic adjustments to maintain optimal growth. 

 

2. Ion concentration in the culture crop solution model (Carmassi et al., 2004) 

 

     𝑈 =  𝑉 × 𝐶𝑛−1 + 𝑉𝑅  ×  𝐶𝑅 − 𝑉 ×  𝐶𝑛 , [mmol]    (2) 

 

 This model derives from the balance equation for nutrient by the plants (U) over the period between n 

and n-1 [days]. V is the volume of the system [l], C is the total ionic concentration of the nutrient solution [mM] 

and VR [l] and CR [mM] represent the volume and ionic concentration of the nutrient solution added to the 

system in a given interval.  

 The model depicted in Equation (2) focuses on the nutrient balance within the hydroponic solution. This 

model ensures that plants receive the appropriate levels of nutrients by monitoring and adjusting the ionic 

concentration of the solution. The accurate management of nutrient levels is crucial for preventing deficiencies 

and toxicities, which can significantly impact plant health and yield. This model helps in maintaining a stable 

nutrient environment, which is essential for the continuous and healthy growth of plants in hydroponic systems. 
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3. Mathematical model for monitoring carbon dioxide concentration (Laktionov et al., 2018) 

      𝜑𝐶𝑂2
𝑠𝑜𝑢𝑟 − 𝜑𝐶𝑂2

𝑣𝑒𝑛𝑡 − 𝜑𝐶𝑂2

𝑝ℎ𝑜𝑡
= 0 , [ppm]    (3) 

where 𝜑𝐶𝑂2
𝑠𝑜𝑢𝑟 is the amount of carbon dioxide the enters the system; 𝜑𝐶𝑂2

𝑣𝑒𝑛𝑡 is the amount of carbon dioxide lost 

from the system through ventilation and 𝜑𝐶𝑂2

𝑝ℎ𝑜𝑡
 is the amount of carbon dioxide consumed by the plants through 

photosynthesis.  

 This model is based on the distribution of carbon dioxide occurring in two simultaneous processes: the 

movement on CO2 in an opposite direction compared to the concentration gradient and the movement caused 

by air currents. Carbon dioxide is a critical component of photosynthesis, and its optimal concentration can 

significantly influence plant growth. This model accounts for the carbon dioxide entering the system, losses 

due to ventilation, and consumption by plants. By ensuring a balanced carbon dioxide level, this model 

supports the enhancement of photosynthetic efficiency and overall plant productivity. 

 

4. Computational fluid dynamics techniques model (Rezvani et al., 2021) 

     
𝜕(𝜌𝜙)

𝜕𝑡
+ ∇  × (𝜕𝑢̅𝜙) =  ∇  × (𝛤∇𝜙) +  𝑆𝜙      (4) 

where ρ is the density (kg m-3), t is time, ∇ is divergence operator, and 𝜙 represents the concentration of the 

dimensionless transported quantity (momentum, mass, anergy), 𝑢̅ (m s-1) is the component of the velocity 

vector, Γ represents the diffusion coefficient (m2s-1) and Sϕ is the source term indicating the changes in the 

amount of manner in the transfer.  

 This model is essential for understanding the distribution and flow of the nutrient solution, which directly 

affects nutrient availability to plant roots. By modelling the movement and concentration of the solution, this 

approach helps in designing efficient delivery systems that ensure uniform nutrient distribution and prevent 

issues such as stagnation or uneven nutrient uptake. 

 

5. Water uptake model (WUS) (Lopez Mora et al., 2024) 

 

   𝐸𝑇𝑜 = [0.408∆(𝑅𝑛 − 𝐺) + 37𝑢2𝛾(𝑒𝑠 − 𝑒𝑎) × (𝑇 + 273)−1][∆ + 𝛾(1 + 𝑢2𝐶𝑑)]−1, [mmh-1] (5) 

 

where: Δ [KPA x Co-1] represents the slope of the relationship between the saturation vapor pressure and 

temperature; Rn and G [MJm-2h-1] represent the net variation at crop surface, respectively substrate heat flux 

at substrate surface; γ [KPACo-1] represents the psychometric constant; u2 [ms-1] is the average hourly wind 

speed; es-ea [KPa] is the air’s vapour pressure deficit; T [oC] is the hourly temperature of the air; Cd [sm-1] 

represents the day and night factor (0.24 for day hours and 0.96 for night hours). 

 This model is used to calculate crop Evapotranspiration (ETo) in hourly periods [mmh-1] and incorporates 

various environmental factors such as temperature, wind speed, and vapor pressure deficit to calculate the 

hourly water uptake by plants. By optimizing water use, this model supports sustainable practices in hydroponic 

farming, which is particularly important in regions facing water scarcity. 

 These mathematical models collectively contribute to the precision and efficiency of hydroponic 

systems. By enabling detailed monitoring and control of various factors affecting plant growth, they support 

the development of more resilient and productive agricultural practices. The integration of these models with 

advanced technologies such as sensors and automation further enhance their applicability, making hydroponic 

systems a viable solution for sustainable agriculture in the face of climate change.  

 The implementation of hydroponic systems in agriculture presents a myriad of advantages and challenges. 

As the agricultural industry seeks sustainable and efficient methods to address the growing concerns of climate 

change and food security, hydroponic systems offer a promising solution (Lubna et al., 2022; Magwaza et al., 

2020; Sarkar & Majumer, 2015).  

Table 1 outlines the numerous benefits of hydroponic systems, such as controlled environment agriculture, 

efficient water use, and enhanced crop yields. Conversely, Table 2 highlights the potential drawbacks associated 

with these systems, including high initial setup costs and the need for technical expertise. Together, these tables 

offer a balanced view of the hydroponic approach, supported by recent literature, and aid in evaluating its viability 

for future agricultural practices. 
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Table 1 

Advantages of hydroponic systems 

Advantage References 

Controlled Environment Agriculture Al-Kodmany, 2018; Kozai, 2018; Kumar & Singh, 2024 

Efficient Water Use 
Park & Williams, (2024); Savvas, 2003; Kozai, 2018; Verdoliva et al., 

2021; Zimmermann & Fisher, 2020; Clyde-Smith & Campos, 2023 

Enhanced Crop Growth and Yield Butt, 2010; Etesami et al., 2023; Kozai, 2018;  

Adaptability to Urban and Unconventional Spaces Al-Kodmany, 2018; Despommier, 2010; Richa et al., 2020  

Energy and Resource Efficiency Graamans et al., 2018; Kozai, 2018; van Straten et al., 2011 

Innovative Crop Management van Straten et al., 2011 

Reduced Need for Chemical Pesticides Jones, 2014; Resh, 2012; Velazquez-Gonzalez et al., 2022 

Consistent and Predictable Crop Production Butturini & Marcelis, 2019; Kozai, 2018 

Reduced Land Use Al-Kodmany, 2018; Despommier, 2010; Van Delden et al., 2021 

Potential for Higher Nutritional Quality Barbosa et al., 2015; Pantanella et al., 2012 

 

 

Table 2 

Disadvantages of hydroponic systems 

Disadvantage References 

High Initial Setup Costs Kozai, 2018; Resh, 2012; van Tuiji et al., 2018 

Technical Expertise Required Delaide et al., 2016; Jones, 2014; Resh, 2012 

Dependency on Electricity Graamans et al., 2018; Kozai, 2018; Promratrak L., 2017 

Potential for Waterborne Diseases Jones, 2014; Savvas, 2003; van Tuiji et al., 2018 

High Energy Consumption 
Graamans et al., 2018; Promratrak L., 2017; van Straten et al., 2011; 

Velazquez-Gonzalez et al., 2022; Xydis et al., 2017 

Limited Crop Variety Barbosa et al., 2015; Butt, 2010; Promratrak L., 2017 

Continuous Monitoring Needed Jones, 2014; Resh, 2012; van Tuiji et al., 2018 

System Failures Can Be Catastrophic Butt, 2010; Delaide et al., 2016; Jones, 2014 

Limited Organic Certification Butturini & Marcelis, 2019; Delaide et al., 2016; Resh, 2012;  

Nutrient Solution Management Jones, 2014; Promratrak L., 2017; Savvas, 2003; Van Delden et al., 2021 

Limited Scalability for Certain Crops Butt, 2010; Promratrak L., 2017 

High Initial Learning Curve Delaide et al., 2016; Jones, 2014; Resh, 2012 

Need for High-Quality Water Savvas, 2003; van Tuiji et al., 2018 

High Operational Costs Graamans et al., 2018; Kozai, 2018 

  

 In summary, hydroponic systems present a transformative approach to modern agriculture, offering 

substantial benefits such as efficient water use, enhanced crop yields, adaptability to urban environments, and 

reduced need for chemical pesticides, as highlighted in Table 1. However, these advantages come with notable 

challenges, as detailed in Table 2, including high initial setup costs, the requirement for technical expertise, 

and dependency on electricity. By weighing these pros and cons, stakeholders can make informed decisions 

about implementing hydroponic systems. This balanced perspective underscores the potential of hydroponics 

to contribute to sustainable and resilient agricultural practices, particularly in the face of global challenges like 

climate change and urbanization. 

 
 
 

CONCLUSIONS 

 By analysing hydroponic vertical systems, the following conclusions can be drawn: 

- the implementation of hydroponic vertical systems offers a significant solution to the challenges 

posed by climate change on traditional agriculture. These systems provide a controlled environment that 

shields crops from extreme weather events, ensuring stable crop production irrespective of external climatic 

conditions; 

- hydroponic systems utilize water more efficiently compared to conventional soil-based agriculture. 

by recirculating water in a closed-loop system, these systems significantly reduce water usage, making them 

particularly beneficial in regions facing water scarcity. This efficient water use is crucial as climate change 

exacerbates water shortages globally; 
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- the direct delivery of nutrients to plant roots in hydroponic systems ensures optimal nutrient uptake, 

leading to faster growth rates and higher yields. The controlled environment minimizes the occurrence of soil-

borne diseases and pests, reducing the need for chemical pesticides and promoting healthier crop production; 

- vertical hydroponic systems maximize space utilization by growing plants in vertically stacked layers. 

This innovation is especially advantageous in urban environments where space is limited, contributing to urban 

agriculture and reducing pressure on rural agricultural lands; 

- these systems can integrate renewable energy sources such as solar or wind power, reducing 

reliance on fossil fuels and minimizing their carbon footprint. This integration aligns with global climate change 

mitigation strategies and promotes sustainable agricultural practices; 

- hydroponic systems employ advanced technologies such as sensors, automated nutrient delivery, 

and data analytics to monitor and optimise growing conditions. These technologies enhance resource use 

efficiency, making agriculture more resilient to climate variability and improving overall productivity; 

- the development and use of mathematical models in hydroponic systems are essential for 

maximizing plant development and resource efficiency. These models help in understanding and predicting 

the complex interactions between plant physiology and environmental variables, leading to better management 

practices and higher yields; 

- the use of LED lights in hydroponic systems offers several advantages, including energy efficiency, 

customizable light spectra, and low heat output. LED lights can be tailored to meet the specific needs of 

different plant species and growth stages, ensuring optimal growth conditions and improving crop yields; 

- despite the high initial setup costs, hydroponic systems are cost-effective in the long term due to 

their efficiency and reduced operational costs. The precise control over growing conditions results in consistent 

and predictable crop production, contributing to food security; 

- by minimizing water and nutrient runoff, hydroponic systems reduce environmental pollution. 

Additionally, the reduced need for chemical pesticides and fertilizers lessens the impact on surrounding 

ecosystems, promoting more sustainable agricultural practices; 

- the adoption of hydroponic systems faces several challenges, including the need for technical 

expertise, continuous monitoring, and high initial setup costs. Addressing these challenges requires investment 

in education and training, as well as support from governmental and non-governmental organizations to 

promote the adoption of hydroponic farming; 

- hydroponic vertical systems hold great potential for the future of agriculture, particularly in urban 

areas. as technology advances and becomes more accessible, these systems are likely to play a critical role 

in ensuring food security and sustainability in the face of climate change. 
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