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Abstract

This review paper of literature highlights the factors governing hydroponics and carbon foot print of vertical farming.
Hydroponics is the art of growing plants without a soil but with using nutrient solution under hi-tech greenhouse
controlled conditions in urban area. Because of the precise regulation of watering and feeding the plant, this method is
superior to the traditional method. Hydroponics is influenced by many factors such as, light, oxygen level, carbon di-
oxide (CO2), nutrients supply, pH, electrical conductivity (EC), water, humidity, temperature, human labor, maintenance
of the machinery, electricity, and water supply. Vertical farms generate an opportunity to grow crops in locations and
altitudes that are not optimal for the plants growth. However, carbon foot print of hydroponic vertical farming is very
high. In many cases, vertical farm production methods contribute more to greenhouse gas (GHG) emissions than
products grown in the field and shipped long distances to market. Transportation of food materials results in carbon
emissions from trucks burning fossil fuels. Initial investment to start hydroponic farming is very high. These
greenhouses are energy intensive. Growing with green versions of conventional methods was more climate change
advantageous than hydroponic systems. Therefore, hydroponic vertical farming are not going to reverse climate change.
Hence degrading land and it is becoming un-farmable, then hydroponics is a good back up plan. Therefore, vertical
farms, as they exist today, are not able to provide a sustainable solution to the global issues of decreasing availability of
arable land and increasing food demands, even though they offer great benefits when compared to conventional farming
methods. Vertical farms in urban cities will not solve food shortages or provide the calories that stave off hunger. This
makes it difficult to justify the high environmental cost of lighting a hydroponic vertical farm and therefore, not a
successful story.
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1. Introduction

Hydroponic is defined as the science of growing or the production of plants in nutrient-rich solutions or moist inert
material, instead of soil [1-150, 214-223-232-245]. Hydroponics, a soilless cultivation technique using nutrient
solutions under controlled conditions, is used for growing vegetables, high-value crops, and flowers [1- 160, 210-223,
245]. It produces significantly higher yields compared to conventional agriculture despite its higher energy
consumption [1- 180-232-245]. The success story of a hydroponic system relies on the composition of the nutrient
solution, which contains all the essential mineral elements necessary for optimal plant growth and high yield [1- 175-
223-232-245]. This method empowers growers to optimize various spaces for cultivating crops, whether it be indoors
using layered systems, in multi-story buildings, on stacked racks, or within warehouses. Hydroponics means growing
plants without soil, with the sources of nutrient elements as either a nutrient solution or nutrient-enriched water|[1-
174-223-244]. An inert mechanical root support (sand or gravel) may or may not be used [1- 90-245]. The hydroponic
system is the technique of growing vegetable crops in a nutrient-rich solution or soilless environments such as rock-
wool, coir, perlite, peat moss, coconut husk, gravel, coarse sand, mineral wool, vermiculite, or sawdust [1- 184-223-232,
245]. Hydroponics has multiple advantages compared to open field soil-based agricultural farming [1 -100-223, 245].
Hydroponic growth systems are a convenient platform for studying whole plant physiology[1- 180-223, 245]. The
hydroponic method is successfully used for fast-growing leafy vegetables and commercial crops, such as lettuce
(Lactuca sativa L.), spinach (Spinacia oleracea L.), potato (Solanum tuberosum L.), tomato (Solanum lycopersicum L.),
Kale (Brassica alboglabra L.), pepper (Capsicum annuum L.), cacumber (Cucumis sativus L.), and strawberry (Fragaria
ananassa) [1-184-223-232-238-245]. Some of the more common techniques used in greenhouse production include
drip irrigation, hydroponics and aeroponics.

The term “hydroponics” was first introduced by American scientist Dr. William Gericke in 1937 to describe all methods
of growing plants in liquid media for commercial purposes [214-224]. Dr. William F. Gericke is attributed with being
the father of modern hydroponics [214-224]. Born on a Nebraska farm August 30th, 1882 [214-224]. Educated at Ohio
State, Johns Hopkins, California [8, 214-224]. He was a professor and plant physiologist at UC Berkeley, USA [214-224].
Before 1937, scientist were using soilless cultivation as a tool for plant nutrition studies [214-225]. In 1860, two
scientists, Knop and Sachs, prepared the first standardized nutrient solution by adding various inorganic salts to water,
then using them for plant growth [214-224, 245]. Later, scientists started using an aggregate medium to provide support
and aeration to the root system[214-225]. Quartz sand and gravel were the most popular aggregate mediums used in
soilless cultivation at that time [214-225]. In the late 1960s, Scandinavian and Dutch greenhouse growers tested
rockwool plates as a soil substitute, which resulted in revolutionary expansion of rockwool-grown crops in many
countries[214-225]. Today, many alternative porous materials are used as growing media in hydroponics, including
organic medias like coconut coir, peat, pine bark and inorganic mediums such as mineral wool, growstone, perlite and
sand [214-225, 245].

Greenhouse hydroponic farming is now a well adopted technology and influenced by many factors such as climate
change, building construction, industrialization, mining, forest fires, commercial logging, rapid growth of the world
population, agricultural land and forest area is decreasing worldwide [6, 8-61-90, 245]. Population growth and
migration to urban areas are two interrelated aspects while referring to the hazardous impact of urbanization on the
environment [6, 8-61-100, 245]. According to United Nations Food and Agriculture Organization (FAO) research, 9.73
billion people will populate the earth by 2050 [6, 8-61, 222, 223, 245]. Moreover, additional challenges like lack of labor,
sudden weather changes, and water scarcity put more pressure on farmers [6, 8-61, 245]. Global challenges linked to
population growth, urbanization, and climate change have led to bringing innovative features to conventional
greenhouse cultivation techniques [6, 8-61, 245].

Additionally, hydroponics makes it possible to harvest several crops throughout the year, without chaotic discharges of
either pesticides or fertilizers to the environment [1-184, 245]. Hydroponics uses less land and water than traditional
open-field agriculture [1-184-223-243, 245]. Indeed, by using smart greenhouses equipped with several technologies
to control critical parameters for healthy plant physiology [1-90, 245]. Furthermore hydroponics optimizes the use of
water and chemicals to eliminate potentially hazardous waste and residuals [1-180, 245]. Large-scale hydroponics
facilities operate under controlled conditions of climate, lighting, and irrigation, rendered by numerous sensors, web
platforms, software (IOT applications), and mobile applications available now a days [15, 43, 55-59, 62, 66,73,92, 118,
125, 134, 176-183, 245]. Due to such technological advancements, the hydroponics’ market is expected to grow
significantly from 2021 to 2028, at a compound annual growth rate (CAGR) of 20.7% from 2021 to 2028 [1-180, 245].

Hydroponics allows for precise control over the growing environment, which is a significant advantage in producing

higher yields [224-226-230-243, 245]. In traditional farming, crops are exposed to varying weather conditions, pests,
and soil quality issues, all of which can adversely affect growth and yield[224-226-230, 245]. In contrast, hydroponic
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systems create a stable and controlled environment where variables can be adjusted to meet the specific needs of the
plants[224-226-240, 245]. For instance, hydroponic growers can maintain consistent temperature and humidity levels,
which are critical for optimal plant development. By avoiding extreme weather conditions and seasonal changes, plants
can grow continuously and more predictably [224-226, 245]. This consistency leads to multiple cropping cycles within
ayear, further boosting overall productivity[224-226-230, 245]. Companies in the hydroponics sector are continuously
working on improving and innovating new technologies for more efficient and sustainable plant growth. These
advancements include the development of smarter climate control systems, energy-efficient lighting solutions, and
automation technologies. [224-226, 245].

Providing quality nutritive food to more than 1.5 billion people in India by the Year 2025 would be a major challenge
for the country [20, 22-27, 72, 140, 141, 146, 149-151, 245]. Increasing population, decreasing land and water holding,
urbanization, industrialization, global warming are some of the major impediments for the country. Vertical farming is
in infancy in India and not a successful story [20, 22-27, 72, 140, 141, 146, 149-151, 245]. Although vertical farming
units for production of crops like strawberry, lettuce and other leafy vegetables, foliage and flowers are functioning in
major metros of India [20, 22-27,72, 140, 141, 146,149-151, 245]. However, the organized vertical farms for production
of food crops are not available in India [20, 22-27, 72, 140, 141, 146, 149-151, 245]. Therefore, only a few successful
vertical farms have been built in India mainly due to the initial high price tag on construction and the cost of
maintenance [20, 22-27, 72, 140, 141, 146, 149-151, 245]. Further, vertical farming is very expensive, energy intensive
and food is also very expensive too. Only rich and corporate people can afford this food in metros in India. Public in
India are also confused hydroponic food as organic or non-organic [20, 22-27, 72, 140, 141, 146, 149-151, 245].

Internet of Things (I0T) technologies has been used through Al and machine learning-based energy- and water-saving
measures, automated farm operations, and mechanization to resolve crop monitoring challenges in a controlled urban
hydroponics [15, 43, 55-59, 62, 63, 66 ,73, 92, 118, 125, 134, 176-183, 245]. Hydroponics, a cultivation technique
without soil, facilitates the growth of organic vegetation while concurrently minimizing water use and eliminating the
necessity for pesticides. In order to achieve effective cultivation of hydroponic plants, it is essential to maintain a
controlled environment that encompasses essential factors such as temperature, carbon dioxide (CO2) levels, oxygen
availability, and appropriate lighting conditions [1- 176-183, 245]. Additionally, it is crucial to ensure the provision of
vital nutrients to maximize output and productivity[1- 176-183, 245]. Due to the demanding nature of a hydroponic
farmer’s schedule, it is necessary to minimize the amount of time dedicated to nutrient management, as well as pH and
EC adjustments[1- 176-183, 245].

Hydroponics makes people more comfortable growing their vegetables and pesticide-free food quickly athome [1- 176-
183, 245]. Sangeetha and Periyathambi (2024) [176] are of the opinion that the main issue with hydroponics is the
constant monitoring of the pH and EC levels of the nutrient solution, as well as the surrounding temperature and
humidity range [176]. Hydroponics culture highly depends on human attention to supply the suitable parameters for
the quality growth of plants [176]. In this process, it was observed that plants nutrients consumption changed based on
the plant stages such as germination, vegetative, reproduction, and harvesting [176]. In one of the study reported by
Sangeetha and Periyathambi (2024) [176] concluded that Growth Stage Identification Algorithm is a sophisticated
mechanism that determines the developmental phases of plants in a hydroponic environment, ensuring exact nutrient
administration adapted to each growth stage [176]. This program uses multiple data sources to make informed
conclusions about the plants age [176].

Progress in climate control, nutrient farming techniques, sensing technologies, and related areas is anticipated to impact
market expansion positively throughout the forecast period [176-240-245]. Providers of hydroponics farming solutions
present consumers with diverse tools for monitoring and overseeing their crops, including an array of sensors, web
platforms, software, and mobile applications. One notable example is SmartBee Technology, Inc., which offers farmers
real-time control through offerings such as irrigation controls, water, nutrient sensors, environmental sensors, and
dedicated software[176-240-245].

Hydroponic systems allow growing plants in nutrients and water without using soil as a base[1-176-240-245].
Hydroponic systems are a combination of several technologies including a specific set of system models[1-176-240].
These systems enable growers to obtain higher yields with each harvest and eliminate the need for pesticides and
herbicides as compared to traditional cultivation methods. Exotic vegetables, cabbage, peas, and salad vegetables grow
well using hydroponics[1-176-245]. Crops such as tomatoes, exotic vegetables, cabbage, peas, and salad vegetables
required proper care and continuous maintenance[1-176-245].

Hydroponic systems are classified into different types, vary in the pattern of their water/nutrition supply, among which
Deep Water Culture, Dutch Bucket method, Wick System, Ebb and Flow (or Flood and Drain), Nutrient Film Technique
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(NFT), Vertical farming, Aeroponics, Aquaponics, Fogoponics, Kratky, and Drip irrigation system are the most popular
hydroponics systems[1-176-184-223-245]. Following are the factors controlling the hydroponic system of plant
cultivation.

2. Hydroponic: Factors influencing Growth of Plant

Hydroponic or liquid culture is one of the hi-tech urban agriculture methods for growing plants, which provides
conditions for plant growth without soil [1-176-184-223-245]. The diet in hydroponic production is very optimal and
based on the needs of the plant, which allows these products to have a better and healthier quality than their
counterparts in soil cultivation[1-176-184, 245]. Because of the precise regulation of watering and feeding the plant,
this method is superior to the traditional method[1-176-184, 245]. Greenhouses with a glass roof or plastic cover are
among the most widely used materials[1-184, 245]. Glass greenhouses are very expensive, but they have high resistance
compared to other types of greenhouses[1-184, 245]. In addition, the high ability to pass light and heat in cold seasons
or cold regions increases production efficiency [1-184, 245]. Greenhouses with plastic covers are usually cheaper and
more economic, but they are not durable[1-176-184, 245].

Hydroponic systems are designed to provide plants with the right amount of water, nutrients, and oxygen for optimal
growth [224-245]. They are used in both commercial and private settings to cultivate various plants, including
vegetables, fruits, herbs, and flowers [224-226, 245]. The origins of hydroponics can be traced back to ancient
civilizations, although it has progressed greatly with developments in technology and agricultural methods[224-226,
245]. Modern hydroponic systems were developed in the mid-20th century [234-237, 245]. Today, hydroponics is
applied in numerous ways, ranging from small-scale home gardens to huge commercial operations[224-226, 245]. This
evolution has been driven by the desire to increase agricultural efficiency, improve resource utilization, and reduce the
environmental impact of farming operations [224-226, 245].

Another area of focus is the development of alternative products for hydroponic cultivation. These include new types of
substrates, nutrient solutions, and growth mediums that provide optimal conditions for plant growth[237]. Scientists are
exploring the use of algae in hydroponics[237, 245]. Algae can provide additional nutrients and can also be used as a
sustainable source of biofuel [237]. Hydroponic cultivation is also being integrated into educational programs to teach
students about sustainable agriculture and the importance of food security [230-237, 245].

Following are some of the factors controlling the hydroponic system of cultivation of plants.

2.1. Light

One of the important sources of energy for plant growth is sunlight [1-176, 185, 245]. Plants convert sunlight into
biochemical energy through photosynthesis, which is biologically transmitted in the food chain [185]. However,
excessive heat will increase the internal temperature of the greenhouse, which is not good for optimizing plant
growth[185]. Furthermore, plants photosynthesis usually occurs in wavelengths between 400 and 700 nanometers
[185]. Weather conditions and seasonal changes can affect the amount of sunlight entering the greenhouse [185].
Therefore, the use of artificial light LED is very crucial to control the amount of light required by plants for
photosynthesis [185, 245]. Lighting control has become a critical issue for high energy efficiency and plant productivity
in greenhouse cultivation, particularly with the enhanced use of supplementary lighting [1-176, 185]. Plant growth in
controlled greenhouse conditions is influenced by three parameters of light, including light spectrum, light intensity,
and duration of light exposure [185]. Lower light intensity can reduce the level of chlorophyll and prevent the growth
of leaves [185]. On the other hand, too much light intensity causes heat stress in the plant and overall yield loss [185].
Various light sources are used as supplementary light in the controlled greenhouse system [185]. One of the light control
methods in the greenhouse is measuring the photosynthetic photon flux density (PPFD) from solar light, which is called
the dynamic control of light-complementary growth [185]. In recent studies, the parallel particle swarm optimization
algorithm has been used to solve the problem of light intensity optimization in greenhouses[1-880, 185]. The purpose
of this is to discover the most suitable locale and number of LED lamps based on the plant’s need for light and to reduce
energy consumption[185]. The use of LED systems consumes 82.6% and 54.2% less energy compared to fluorescent
and incandescent lamps, respectively [1-185, 245].

The significance of light in photosynthesis cannot be overstated, as it is the primary source of energy for plants to
synthesize organic compounds [1-185, 245]. Through this process, plants convert light energy into chemical energy,
which is then utilized to support their metabolic processes and promote growth [1-185, 245]. Artificial lighting systems
such as LED lights can be utilized in smart hydroponics to regulate light's intensity, spectrum, and duration meticulously
[1-179, 185]. The optimization of light settings is a crucial factor in plant growth, as it enables growers to provide the
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appropriate amount and quality of light that is required for each growth stage [1-179-185, 245]. The light requirements
of plants vary depending on the species, with some requiring specific amounts of red and blue light [1-179, 185]. Light
regulation in smart hydroponics is crucial for providing plants with adequate energy for photosynthesis, which leads to
healthy growth, strong development, and enhanced yield [1-179, 185, 245].

2.2. Essential Nutrients

Plant growth primarily depends on the availability of 17 essential nutrients and can be broadly classified into
macronutrients and micronutrients [1-185-223, 245]. The importance of both for the nourishment and growth of plants
cannot be overstated [1-185-189-193]. This includes macro-nutrients like carbon, hydrogen, oxygen, nitrogen,
phosphorus, potassium, sulphur, calcium, and magnesium and micro-nutrients like iron, manganese, zinc, boron,
molybdenum, chlorine, copper, and nickel [1-179-185, 245]. Plants acquire carbon, hydrogen, and oxygen through
natural means, specifically from the air and water they consume, with the remainder obtained from the soil[1-185]. The
roots obtain nutrients from nutrient solutions or aggregate media in hydroponic systems[1-179-185-193]. Research
has shown that hydroponic systems are comparatively less tolerant than soil-based systems, and any issues related to
nutrients can rapidly manifest plant symptoms[1-179, 185, 245]. One way to measure these levels is by using a nutrient
tester or meter specifically designed for hydroponics [186-189-193]. These meters work by measuring the electrical
conductivity of the nutrient solution, which is directly related to the concentration of nutrients[186-189-193, 245]. For
hydroponics the pH of the nutrients should be within 5.8 to 6.5[185-189-193-223, 245].

The criticality of the nutrient solution composition, regular monitoring of the nutrient solution and plant nutrient status
is a significant aspect to consider [1-179-186-189-193, 245]. The major salt deficiencies that a hydroponic system may
encounter include nitrogen, calcium, iron, magnesium, and boron deficiencies[1-179-186-193, 245]. The detrimental
effects of soluble salts have been attributed to various factors, including but not limited to over-fertilization, suboptimal
water quality, gradual accumulation of salts in the aggregate media, and inadequate drainage[1-179-186]. Insufficient
leaching during the process of fertigation in hydroponics can lead to the accumulation of soluble salts in the medium
due to water evaporation [1-179-186-189, 245]. Nutrient antagonism and interaction is a crucial parameter that
warrants serious consideration in the context of hydroponic systems[1-179-186]. Research suggests that plants tend to
absorb nutrients proportionally to their presence in the nutrient solution[1-179-186-193, 245]. The phenomenon of
nutrient uptake in excess leading to a higher uptake of one nutrient at the cost of yet another has been observed and is
classified as nutrient antagonism [1-179-186-189]. The nutrient levels in the nutrient solution may not necessarily
guarantee optimal plant growth and development[1-179-186-189-193, 245]. Despite sufficient nutrient supply, plant
nutrient deficiency may still occur. For instances of nitrogen deficiency, the color of leaves may change to a lighter shade
of green or, in severe cases, a yellow hue[1-179-186]. Observations can be made from stunted development and
discoloration, specifically a slight purple tint, on the stems and undersides of leaves [1-179-186-193]. Whereas if the
feeding solution includes excessive nitrogen, roots become stunted, causing blossoming to be delayed [1-179-186-189].
Boron deficits are rare and often accompany calcium shortages, mainly in the case of plant's deficit with water[1-179-
186-189]. Boron generally improves root uptake of potassium and phosphorus and keeps plant cell walls intact and
functioning [1-179-186-189]. Hydroponic production requires a full hydroponic nutrient solution, which includes Mg
as one of the key ingredients [1-179-189, 245]. Mg insufficiency can be made worse by nutritional inconsistencies. Low
Fe levels influence pigment and micronutrient contents of Chile pepper (Capsicum annuum L.) were studied through a
hydroponic system [1-179-186]. It was found that the total extractable pigments of red fruits and their surface color
remained unaffected by iron treatment[1-179-186]. However, leaf Fe and Fe ++ were directly proportional to iron
supplement, on the other hand, indirectly proportional to copper, phosphorus, and zinc concentrations in the leaf [1-
179-186-193, 245].

2.3. Carbon di-oxide (CO2)

Carbon dioxide (CO2) concentration plays an important and critical role in plant photosynthesis [1-179-186-193, 222,
223, 245]. Usually, CO2 concentration fluctuates in the greenhouse environment during the day and night based on
photosynthesis and plant respiration[1-179-186-193]. In fact, during the day, the concentration of CO:z in the
greenhouse environment is at a high level due to plant respiration and the release of COz at night [1-179-186-193, 222,
223, 245]. The low concentration of COz limits the amount of photosynthesis of the plant, even if there is enough light
at the disposal of the plant[1-179-186-193]. In addition, air conditioning in the greenhouse environment plays a vital
role in the concentration of COz, temperature, and humidity [1-179-186-193]. CO2 concentration is one of the important
factors for plant growth and photosynthesis[1-179-186-193, 245]. The method of CO2 enrichment is found to increase
the productivity of plants gown in greenhouses [1-179-186-193, 245]. By increasing the amount of COz from 340 to
1000 ppm (parts per million), most plants perform pure photosynthesis[185-186-193-223, 245]. The concentration of
CO: in the outside air is usually 400 ppm, which is higher than the level of CO2 inside the greenhouse [185-186-193-
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223]. Hence, CO2 enrichment is essential. The optimal time to inject CO:z is when the intensity of sunlight and the
temperature inside the greenhouse are low, such as early morning [185-186-193, 245].

Carbon dioxide is the precursor to the carbohydrates that are fixed through photosynthesis [1-185-189]. When
CO2 concentrations in the growing environment decrease, the growth and productivity of hydroponic crops
diminish[220-245]. The less carbon that is available from CO3, the less that can be converted to carbohydrates, which
ultimately are used for plant growth or stored [1-185-186-193, 245]. This highlights one of the reason that
CO2 management can be critical for food crops. Unlike ornamental plants, which are sold by units, food crops are
frequently sold by weight. The outdoor, ambient atmosphere contains about 400 ppm CO2z [1-185-186-193]. When
greenhouses are being ventilated and outdoor air is frequently being introduced into the greenhouse, the
CO2 concentration in the greenhouse can be similar to outside [1-185-186-193, 245]. However, CO2 concentrations can
decrease to concentrations below 400 ppm when the greenhouse is not being ventilated [1-185-186-193]. This occurs
mostly in the winter when cooling is not required to maintain the desired air temperatures in the greenhouse [1-185-
186-193]. When light levels are strong, CO2 concentrations can decline quickly if plants are actively growing in the
greenhouse, since uptake is increased [1-185-186-193, 245].

To measure the levels of CO2z in hydroponics, the more intermediate to advanced grower can use a CO2 monitoring
system[1-185-186-193]. These units measure the amount of COz in ppm (parts per million) which is the unit of
measurement for carbon dioxide [1-185-186-193, 245]. Coz controllers and monitors can be purchased at local
hydroponics or indoor gardening supply store[1-185-186]. They can also order them online from www.
ehydroponics.com [1-185-186]. The average or recommended levels of COz in hydroponics systems should be
between 1,000 and 2,000 ppm [1-185-186-193]. There are CO2 monitoring systems available which will automatically
boost CO:z levels if they fall below a certain ppm level [1-185-186, 245]. These units can also be put on a timer so that
they only dispense COz during the day/lighting cycle, at the time when photosynthesis occurs[1-185-186].

Results of the study conducted by Singh et al., (2020) [223] suggest that supplemented CO2 has significant potential to
increase growth and development of leafy greens grown in NFT systems [223]. Increased growth rate could result in
early harvest and more crop cycles each year and thereby help in feeding the increasing world population[223]. The
growth response of different species varied, but this study showed increased growth of all three species[223].
Supplementing COz in greenhouse environments during growth of hydroponically grown leafy greens may also result
in lighter green (due to low chlorophyll content) produce which may impact the marketability of the produce[223].
Physiological disorders such as tipburn in ‘Auvona’ may also reduce produce quality when grown under supplemented
CO2 conditions [223, 245]. For mineral concentrations, the study conducted by Singh et al., (2020) [223], suggests that
CO2 supplementation may have both a positive and negative effect as lower leaf N concentration might affect available
protein, while greater Fe concentration in food when grown with a nutrient solution containing 2.30 ppm of Fe is a
desired quality [223].

2.4. pH and Electrical conductivity (EC)

The success story of hydroponic agriculture depends on two important parameters such as electrical conductivity (EC)
and pH [1-185-193, 213-223, 245]. The electrical conductivity (EC) values of specific crop are from 1.5 to 2.5 ds/m for
hydroponics depending on environment [1-185-193]. Higher electrical conductivity(EC) increases osmotic pressure
and hinders nutrient uptake while lower electrical conductivity (EC) severely affects the plant growth and yield [1-185-
193-223, 245]. Another important fact is that reduction in water uptake is strongly correlated to electrical conductivity
(EC) [1-185-193]. The pH value determines the nutrient availability for the plants [1-185-193]. Therefore, it needs daily
adjustment due to the lower buffering capacity of soilless systems [1-185-193]. Regulation of pH can also be carried out
by using nitric, sulphuric or phosphoric acid, either individually or in combination by using pH meter [1-185-193, 245].
Furthermore, oxygen is essential for cell growth and activity, the roots require oxygen to absorb water and nutrients
[1-185-193]. Therefore, aeration, is an important factor that influences root and plant growth in hydroponic system [1-
185-193]. Maintenance of proper balance of water and oxygen in plant roots is very important in vertical farming and
requires standardization [1-185-193, 245]. Prevention and management of bio-stress in vertical farming is as important
as in any other farming system [1-185-193]. The major biotic stresses include spider mites, thrips, aphids, whiteflies,
fungal gnats (Bradysia spp.), powdery mildew, downy mildew, grey mould, root rot, etc. The high humidity and excessive
fertilizers aggravate the stress [1-185-193, 245].

Optimal nutrient solution management can lead to a high water and nutrient efficient system [1-185-193, 245]. A better
management of nutrient solution in hydroponic systems requires optimum pH, EC, or ions concentration [1-185-193,
245]. The pH of a nutrient solution is one of the most important factors affecting nutrient availability, uptake, and
solubility[1-185-193, 245]. The optimum pH range for plants is between 5.5 and 6.5 in which the plants have readily
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available nutrients [1-185-193]. For example, high pH increases the precipitation of calcium and magnesium and
reduces the solubility of iron and phosphate in the nutrient solution, which forms the ions as the unavailable nutrients
for roots [1-185-193]. This also inhibits the absorption of micronutrients such as iron, copper, zinc, and manganese [1-
185-193, 245]. On the other hand, low pH decreases the absorption of macronutrients, including nitrogen, phosphorus,
potassium, calcium, and magnesium [1-185-193]. Although pH stabilization is important in the nutrient solution, the pH
fluctuation frequently occurs in hydroponics due to low buffering capacity of the substrates in hydroponics compared
to soil [1-185-193]. Moreover, roots release anion and cation, such as HCO3 - and H+, to absorb nutrients, which leads
to unbalanced anion and cation exchange and pH fluctuation in the substrate [1-179-193]. Therefore, an optimum pH
range should be maintained for proper plant growth [1-179-193]. Adopting the optimal nutrient solution management
strategy to reduce water and nutrient consumption and the cost of production to increase crop growth is essential [1-
179- 193, 245].

The Electrical conductivity(EC) -based strategy is the simplest method. However, it cannot follow the nutrient variations
in the solution over time [1-179-193]. Hence, ion-based strategies have been studied to improve the quality of the
nutrient solution, thus increasing the yield[1-179-193]. Monitoring the concentration of nutrients could be the most
effective contribution to reducing water and fertilizer consumption and achieving the ambition of having an eco-friendly
hydroponic system[1-179-193, 245]. The nutrient-based strategy can reduce water and nutrient consumption by up to
60% more than the electrical conductivity (EC)-based technique[1-179-193].

Since the electrical conductivity (EC) value represents the nutrient concentration of the solution. Hence the monitoring
of the nutrient solution is based on the measurement of EC few times daily [1-179-193, 245]. Nutrient concentration
alteration occurs over time due to plant nutrient uptake, crop growth, and evaporation[1-179-193]. When the EC value
drops from a specific threshold or exceeds the optimum range of 1.5-2.5 dS m-1, the nutrient solution with a corrected
concentration should be recalculated [1-179-193]. Plant nutrient uptake decreases the EC depending on the crop
growth stage, while evaporation may increase the electrical conductivity and salt concentration in the coco coir bags or
any other substrates [1-185-193]. However, plants uptake more water than mineral nutrients in general. This is
because an increase in the nutrient concentration and, subsequently, increase the electrical conductivity or salt
concentration in the nutrient solution over time [1-185-193]. Electrical conductivity (EC) monitoring is the most
commonly used approach as the nutrient solution management strategy because its measurement is fast, simple, low-
cost, and can be used directly in situ [1-185-193, 245]. However, the electrical conductivity value indicates only the total
amount of dissolved ions in the nutrient solution without indicating the individual ions’ concentrations (macronutrients
or micronutrients) in the solution [1-185-193, 245].

2.5. Temperature

Temperature plays a significant role in plant growth and metabolic processes[1-179-193]. In smart hydroponics, the
temperature can be precisely regulated to create an ideal plant environment [1-179-193]. Each plant species has an
optimal temperature range for growth and development, including germination, root growth, and flowering [1-179-
193]. Maintaining the appropriate temperature range can enhance enzymatic activity, nutrient uptake, and overall plant
performance[1-179-193]. Smart hydroponics systems often use sensors and automated controls to monitor and adjust
temperature levels, ensuring that plants are kept within their preferred temperature range [1-179-193, 245].

2.6. Water and Humidity

The hydroponic cultivation method can optimize water consumption[185]. In this method, irrigation and water
circulation in the greenhouse are conducted with an electric pump[185]. The nutrients in the water are provided to
the roots of the plants. This process helps the optimal growth of plants by controlling water and nutrients[185].
Humidity inside the greenhouse can affect the respiration and infectious diseases of plants[185]. If the surrounding air
is dry, the stomata in the plant are closed and reduce the rate of respiration. As a result, the exchange of CO2 between
the leaves and the air is limited and the photosynthesis rate of the plant decreases[1-185, 245]. Therefore, controlling
the humidity inside the greenhouse is necessary[10, 44, 185, 245]. The hydroponic cultivation system was least affected
by water salinity, and the highest water consumption was related to uncovered soil, which reached over 58% [1-185].
The results indicated that the hydroponic cultivation system is the most suitable system for cultivation, especially for
irrigation with saline water [10, 44, 185, 245]. The advancement of replacing conventional water sources with
desalinated seawater linearly increased the amount of energy consumption and GHG emissions in both cultivations[10,
44,185, 245]. The results of one of the study showed that considering the limited water resources, desalinated seawater
along with the hydroponic cultivation system can be a valuable method for sustainable agriculture with high production,
although it is highly dependent on energy[10, 44, 185]. The amount of water vapor is measured as relative humidity or
vapor pressure deficit [185]. Water vapor or humidity can impact the growth and development of plants as well as
pathogens[185]. When humidity is high, plants diminish their transpiration [1-185]. The greenhouse farming experts

66



Open Access Research Journal of Science and Technology, 2024, 12(01), 060-084

are of the opinion that one of the biggest problems associated with low transpiration is tip burn on lettuce[1-185, 245].
Since calcium is taken up passively when plants take up water, less water uptake also causes less calcium uptake [1-
185]. This is why air movement, which reduces humidity around shoot tips, is used to reduce tip burn of lettuce[1-185].
In addition to water use and nutrient uptake, humid environments can favor the development of pathogens[1-185]. On
the basis of literature survey it is confirmed that powdery mildew and botrytis are two pathogens that can thrive in
humid environments [1-185]. One of the best methods to reduce humidity in greenhouse is to vent at night when
heating. This practice will help to expel humidity from inside the greenhouse[1-185, 245].

The term humidity pertains to the quantity of water vapor in the atmosphere[1-179-185]. The careful management of
humidity in hydroponics can lead to the creation of an optimal growing environment[1-185]. The impact of high
humidity levels on transpiration rates in plants has been studied, with findings suggesting potential benefits for certain
plant species during the vegetative growth stage[1-185, 245]. Research has shown that high humidity levels can lead to
the development of fungal diseases[1-179-185]. Low humidity has been found to cause rapid moisture loss in plants,
potentially resulting in water stress. Incorporating humidifiers, dehumidifiers, or ventilation systems in smart
hydroponics systems enables the maintenance of accurate humidity levels[1-179-185, 245]. The manipulation of
humidity levels by growers can facilitate an optimal environment for plants, fostering robust growth and mitigating the
likelihood of pathogenic infections [1-179-185]. In hydroponics, the ability to control and optimize physical factors gives
growers greater precision and flexibility in creating an ideal growing environment for plants [1-179-185, 245]. By fine-
tuning light, temperature, and humidity, growers can mimic optimal conditions for specific plant species, growth stages,
and environmental preferences[1-179-185, 245]. Hydroponic systems are highly space-efficient and required less land
[1-179-289]. Vertical growing techniques maximize production in limited areas. Suitable for urban farming, rooftops,
or areas with limited agricultural space[1-179-185, 245].

2.7. Electricity

The electricity in the greenhouse is used to extract water from the well to irrigate crops[185]. The irrigation system in
greenhouse cultivation is a drip that spreads water throughout the greenhouse system by using electric pumps[185].
Additionally, electricity is also used to drive air conditioning systems to regulate the temperature and humidity of the
greenhouse environment[185]. By controlling the environmental conditions of the greenhouse with the use of
electricity, it is possible to boost the yield and quality of the crops[1-185]. Hence, reducing electricity consumption to
achieve optimal environmental conditions is an important issue in green house cultivation[1-185]. Electricity was used
to illuminate LED artificial lights in greenhouses for the photosynthesis of plants [1-185, 245]. In hydroponic culture,
lighting systems are usually inefficient and have high electricity consumption, as a result of using light-emitting diodes
(LED) in hydroponic culture[1-185, 245]. They can significantly reduce electricity consumption. Further, using a
transparent cover for the greenhouse such as glass can provide the light needed for plants’ photosynthesis and is very
useful in reducing electricity consumption [185, 245].

2.8. Human labor

Human labor energy includes the amount of work completed by the manpower, from planting to harvesting, as well as
packaging crops[185]. The equipment used in greenhouses is very effective in the amount of manpower used for
planting and harvesting[185]. Human labor in product packaging was a major part of energy input. This energy input
was used for packing, sorting, and transporting the products to the market[185]. Labor cost is generally the first
overhead expenditure in the greenhouse production and after that, the second overhead expenditure is energy[185].

2.9. Pesticides

One of the features of the greenhouse cultivation system is its closed structure and covering materials that prevent
insects from invading crops[1-185]. Thus, it reduces the consumption of pesticides and saves energy[1-185]. Aquaponic
culture, which is a combination of hydroponic cultivation and aquaculture, reduces the infectious diseases of insects
and pests, and by removing most of the pesticides, they reduce the level of toxicity[1-185]. This study showed that
aquaponic culture, which includes hydroponic cultivation, as a global method in the future, has more advantages,
including organic plant cultivation and optimal fish breeding[1-185]. This also provides the possibility of plant
cultivation in any harsh environmental conditions, which saves money and energy consumption[185].

2.10. Oxygen

Oxygen is critical in the development and growth of edible crops grown in hydroponic systems such as nutrient film
technique (NFT) and deep water raft culture[207-212, 245]. Oxygen at the root zone helps to convert nutrients into
forms that are more easily absorbed by plants, facilitating efficient nutrient uptake, promoting healthier, and more
robust growth [207-212, 245]. Adequate oxygenation ensures that plants absorb nutrients efficiently, fosters beneficial
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aerobic bacteria, and prevents root diseases[207-212]. Dissolved Oxygen is the life force for plants and failure to provide
enough oxygenation will lead to crop stress, root disease and in some cases total crop loss [207-212]. Dissolved oxygen
(DO) in water is a critical parameter in greenhouse and hydroponic operations [207-212, 245]. Dissolved oxygen (DO)
is required for plant respiration, which influences nutrient uptake [207-212]. Dissolved oxygen (DO) is also important
for root health, as low oxygen levels favor harmful anaerobic organisms that cause root rot (e.g. Pythium and Fusarium)
[207-212, 245]. Sufficient dissolved oxygen (DO) levels promote an aerobic environment favoring beneficial
microorganisms [207-212, 245].

Unlike traditional soil cultivation, hydroponics requires a more hands-on approach to ensure that plants receive the
right amount of oxygen[207-212]. This is crucial because in hydroponic systems, the roots are submerged in water, and
without proper oxygenation, they can suffocate, leading to poor nutrient absorption, stunted growth, and even the
demise of plants [207-212, 245]. Therefore, understanding the art and science of oxygenating hydroponic system is very
important [207-212]. The use of an air pump and air stone is among the most popular oxygenation techniques in
hydroponics [207-212, 245]. An air pump pushes air through an air stone submerged in the nutrient solution, creating
a stream of fine air bubbles [207-212]. This process not only delivers oxygen directly to the roots but also promotes
nutrient circulation within the reservoir [207-212]. The effectiveness of this method can be adjusted by varying the
pumps power and the size or number of air stones, making it suitable for systems of all sizes [207-212].

Current methods for increasing dissolved oxygen (DO) include hydrogen peroxide, air pump/stones to bubble through
atmospheric gases (21% oxygen), and mixers/stirrers to promote air/water surface contact[207-212]. While these
methods are inexpensive, they also have drawbacks [207-212]. Air stones are the most highly adopted, but dissolved
oxygen (DO) is limited by its air composition intake (if greenhouse air is the supply, it also pulls in detrimental CO:
levels) [207-212]. Other techniques include air diffusers and electrolysis (largely out of favor in recent years, due to
high cost of power for low quantity of oxygen) [207-212]. It is increasingly common to see pure oxygen in use in
greenhouses [207-212].

An air gap method is simplicity at its best, creating a space between the plant roots and the nutrient solution[207-212,
245]. This gap allows roots to access oxygen directly from the air [207-212]. The air gap technique is commonly
employed in systems such as the Kratky method or certain types of deep water culture (DWC), where the root tips are
submerged, and the upper portion remains exposed to air [207-212]. This method is particularly advantageous for its
simplicity and low maintenance, requiring no electricity or moving parts[207-212]. However, its effectiveness can be
limited by the systems design and the environmental conditions [207-212]. It is important to note that most hydroponic
systems/designs utilize an air gap to some degree [207-212].

Falling water, or the act of allowing water to splash, naturally incorporates oxygen into the nutrient solution[207-212].

This can be achieved through techniques such as using a waterfall, a fountain, or simply positioning the return lines
above the water level to create a splashing effect [207-212]. The agitation and surface disturbance increase gas
exchange, which enriches the water with oxygen[207-212]. This method is especially beneficial in systems with re-
circulating nutrient solutions, such as the NFT (Nutrient Film Technique), and some tower systems[207-212].

Misting systems, aka aeroponic setups, deliver oxygen and nutrients by spraying a fine mist directly onto the roots[207-
212]. This method ensures that the roots are exposed to air and nutrient solution simultaneously, maximizing oxygen
absorption[207-212]. Misting can lead to rapid growth and high oxygen efficiency but requires precise control over the
misting cycle and droplet size to prevent root suffocation or drying out [207-212].

The Venturi effect utilizes a change in fluid pressure to draw air into the water as it flows through a constructed section
of pipe [207-212]. By installing a Venturi injector in the system’s water line, air is naturally sucked into the water stream,
enriching it with oxygen without the need for additional equipment like air pumps [207-212]. While more common
in aquaponic systems, this method is highly efficient and can be integrated into many hydroponic systems with minimal
adjustments [207-212].

Dissolved Oxygen Meter (DO Meter) is used for the measurement of oxygen, with recommended levels at about 8 mg/L,
which represents environmental water oxygen levels at atmospheric saturation [207-212]. Further dissolved oxygen
(DO) saturation decreases with increasing temperature and presence of salts in the nutrient solution [207-212].
Effective dissolved oxygen (DO) levels usually range from 6-8 ppm. Chillers are sometimes used to increase dissolved
oxygen (DO) levels [207-212]. Generally, a dissolved oxygen level between 5 to 8 mg/L (parts per million or ppm) is
considered ideal for most hydroponic setups[207-212]. However, higher levels, up to 20 ppm, can further enhance plant
growth and resilience against root diseases[207-212]. It is essential to monitor oxygen levels regularly using a dissolved
oxygen meter to ensure optimal conditions for plants [207-212]. Regularly cleaning hydroponic system, maintaining
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the right water temperature (oxygen dissolves better in cooler water), and ensuring proper circulation are critical steps
[207-212]. A temperature range of 18°C to 22°C (64°F to 72°F) is typically recommended for most hydroponic systems
to maintain high dissolved oxygen levels [207-212].

While introducing oxygen into hydroponic system might seem straightforward, but there are many challenges [207-
212]. For example, high temperatures can decrease oxygen solubility in water, and overcrowded plants can lead to
uneven oxygen distribution [207-212]. These challenges are addressed by employing cooling mechanisms during hot
periods, spacing plants appropriately, regularly checking and adjusting oxygenation methods as necessary [207-212].
Beyond the traditional methods, innovative techniques such as electrochemical oxygenation are being explored [207-
212]. These advanced methods promise even higher levels of dissolved oxygen, offering exciting possibilities for
enhancing plant growth and system efficiency [207-212].

3. Hydroponic Vertical Farming: Carbon Footprint

Agriculture is one of the major contributors to climate change, emitting ~11% of total anthropogenic greenhouse gas
(GHG) emissions and between 26%, and 37% of greenhouse gas (GHG) emissions when considering the full value chain
[162, 184, 194, 195, 196, 245]. Greenhouse gas (GHG) emissions have natural and anthropogenic origin [162, 184, 194,
195, 196]. Climate change is a multidimensional and simultaneous variation in duration, frequency and intensity of
parameters like temperature, precipitation, altering the seasons and life on the Earth. Climate change in the form of
temperature increase, frequent periods of drought, unpredictable weather patterns, and poor management of water
resources has created a serious threat [162, 184, 194, 195,196, 245]. Greenhouse gas (GHG) emissions are one of the
forces driving climate change [162, 184, 194, 195,196, 245]. Life on Earth, as it relies on the natural atmospheric
greenhouse effect [162, 184, 194, 195, 196]. Greenhouse gas (GHG) emissions have natural and anthropogenic origin
[162, 184, 194, 195, 196]. This is the result of a process in which a planets atmosphere traps the sun radiation and
warms the planets surface [162, 184, 194, 195, 196]. Greenhouse gas effect occurs in the troposphere (the lower
atmosphere layer), where life and weather occur. Greenhouse effect is produced by greenhouse gasses (GHG) [162, 184,
194-196]. Greenhouse gas (GHG) emissions are those gaseous constituents of the atmosphere that absorb and emit
radiation in the thermal infrared range [162, 184, 194-196]. Traces of greenhouse gas (GHG) emissions, both natural
and anthropogenic, are present in the troposphere [162, 184, 194-196]. Life on Earth is possible due to greenhouse
effect [162, 184, 194-196]. Without it, temperature on Earth’s surface would be around -19°C, instead of the current
average of 14°C [162, 184, 194-196]. Greenhouse gasses (GHG) effect is produced by greenhouse gasses (GHG) like
water vapor, carbon dioxide (COz), methane (CH4), nitrous oxides (Nx0O) and ozone (03) [162, 184, 194-196]. However,
increasing greenhouse gas (GHG) emissions provokes extreme climate changes such as floods, droughts and heat, which
induce reactive oxygen species (ROS) and oxidative stress in plants [162, 184, 194-196]. The main sources of ROS in
stress conditions are, augmented photorespiration, NADPH oxidase (NOX) activity, 3-oxidation of fatty acids, disorders
in the electron transport chains of mitochondria and chloroplasts [162, 184, 194-196].

Urban hi-tech hydroponic agriculture is generally equipped with greenhouses and environmental control systems to
create the best environment for food growth and increase food production[1-162, 184, 194-197, 245]. Across the world,
vertical farming has seen tremendous growth [197]. As an example, Japan is the leading country when it comes to the
development of vertical farming [197]. The number of vertical farms producing mainly lettuce has increased
exponentially over the last few years [197-242, 245]. In 2009, there were 35 vertical farming factories in the country
and in 2017 this number exceeded 150 and now more than 300 in 2024 [197]. No other country has as many vertical
farms as Japan; subsequently, the cost of leafy greens has been reduced extensively by mass production in Japan [197,
242]. Hydroponic experts are of the opinion that many benefits as well as drawbacks for vertical-hydroponic farming
[197]. A drawback could be that the initial costs for starting a vertical farm, with hydroponic water systems, artificial
lighting, are higher than that for conventional farms[197]. It was found that vertical farms required more energy than
greenhouses mainly due to lighting[197, 245]. However, despite the many benefits, a number of disadvantages have
also been outlined with hydroponic systems[197]. Hydroponic experts are of the opinion that the production costs, in
terms of energy used for vertical farming ends up too high when natural sunlight is removed from the equation[197].

However, carbon foot print of hydroponic vertical farming is very high [197]. Life cycle assessment (LCA) is an
internationally recognized method for structured and comprehensive assessment of the use of resources and the
subsequent emissions associated with a product or service [1-197]. However, more resilient to climate change, the
high energy use of vertical farming still produce GHGs that contribute to warming the climate [197, 198]. The
extremely high costs of implementation aside, vertical farming have high carbon footprints [197, 198, 245]. In many
cases, vertical farming production methods contribute more to greenhouse gas (GHG) emissions than products
grown in the field and shipped long distances to market [197, 198]. Transportation of food materials results in carbon
emissions from trucks burning fossil fuels. Initial investment to start hydroponic farming is very high [197-199]. These
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greenhouses are energy intensive[199]. Large hydroponic farms with more than 10,000 square feet of crops spend an
estimated 25% of total spending on energy to simply power climate control systems[199]. If the energy demand to
supply vertical farms is greater than the reductions in greenhouse gas emissions they bring, large-scale adoption of the
technology would do more harm than good [199]. Growing with green versions of conventional methods was more
climate change advantageous than hydroponic systems [199]. Therefore, hydroponics are not going to reverse climate
change[199]. Hence degrading land and it is becoming un-farmable, then hydroponics is a good back up plan [199].

One of the study by Blom et al., [194] (2022) performed a quantitative carbon footprint assessment of lettuce cultivation
within a typical open-field farm, soil-based greenhouse, hydroponic greenhouse, and an operational vertical farm (VF)
in the Netherlands to evaluate the current carbon footprint of vertical farming systems [194]. The assessment included
the emissions related to both the life cycle of the farm and the crop, from cradle-to-grave[194]. The baseline empirical
data showed that the carbon footprint of the VF (8.177 kg CO2- eq kg'1) was 16.7 times greater than OF (0.490 kg CO2-
eq kg1), 6.8 times greater than GH(s) (1.211 kg CO2z-eq kg1) and 5.6 times greater than GH (h) (1.451 kg COz-eq kg1)
per kg FW[194]. Three alternative scenarios were considered to improve the comparability of the baseline data as well
as present potential carbon savings in all case studies by using renewable energy[194]. These scenarios included: the
lost carbon sequestration potential as a result of land-use change (1), identical packaging for all farming systems (2),
and the transition to renewable energy (3) [194]. When these scenarios were considered collectively, the carbon
footprint of the VF (1.797 kg COz2-eq kg1) reduced to only 3.3 times greater than OF (0.544 kg COz-eq kg11), 2.3 times
greater than GH(s) (0.788 kg COz-eq kg'1) and 2.4 times greater than GH(h) (0.751 kg CO2-eq kg1) [194]. Even with the
use of PV panels, the largest contributor to the vertical farm carbon footprint was electricity, representing 66% of the
overall alternative carbon footprint. Artificial light accounted for 65% of this electricity[194]. This illustrates that
vertical farms, as they exist today, are not able to provide a sustainable solution to the global issues of decreasing
availability of arable land and increasing food demands, even though they offer great benefits when compared to
conventional farming methods[194]. This study by Blom et al., (2022) confirmed that the carbon footprint of the vertical
farm was 5.6-16.7 times greater than that of the conventional farming methods in the baseline scenario and 2.3 to 3.3
times in the alternative scenario[194] The electricity demands of the vertical farm represented 85% of the carbon
footprint in the baseline scenario and 66% in the alternative scenario, suggesting that a significant reduction in
electricity use is required to compete with conventional farming methods from a carbon footprint perspective[194].
The advantages of Closed-box vertical farms (CBVFs), however, result in higher electricity demands for artificial lighting
and air conditioning. This electricity demand exceeds the energy consumption of greenhouse systems to such an extent
that, in terms of carbon footprint, it could outweigh the aforementioned benefits altogether[194]. Closed-box vertical
farms (CBVFs) are indoor growth systems that use artificial light and air treatment systems exclusively alongside multi-
layer hydroponic systems; creating uniform growing conditions independent of the outdoor climate[194].

According to the study conducted by Casey et al., 2022 [200], hydroponic closed-environment agriculture systems use
a large amount of electricity for lighting, cooling, ventilation and pumping, equating to 15 kWh per kg of lettuce
cultivated [200]. However, hydroponic closed-environment agriculture (CEA) systems are energy intensive, and the
environmental footprint of food produced in such systems requires careful evaluation to transformation[200]. Life Cycle
Assessment (LCA) is a holistic approach that can be used to assess the environmental efficiency of food value chains
[200]. Hydroponic CEA systems have been environmentally assessed in Sweden, Arizona, USA and France [200]. One of
the study found that hydroponic CEA systems to be more efficient than open-field and heated greenhouse systems[200].
All these studies found that energy use is the main environmental hotspot that could be mitigated through use of
renewable energy[200]. Closed-environment agriculture could be one of the least sustainable forms of food production
if poorly implemented, and has many environmental hotspots[200]. But with careful design, scaling and business
models, deployment of hydroponic closed-environment agriculture could play a role in positive food system
transformation, reducing environmental footprints, sparing land to deliver other ecosystem services, and potentially
helping to reconnect consumers with (urban) producers[200].

Vertical farms are artificial, indoor environments where layers of electrically lighted crops that are stacked on top of
each other [2, 33, 34, 58, 68, 103, 136-143, 145, 201]. They have been built in old warehouses, factories, shipping
containers, and abandoned mines [2, 33, 34, 58, 68, 103, 136-143, 145, 201]. The benefits of vertical farming are real,
but found very cost effective [2, 33, 34, 58, 68, 103, 136-143, 145, 201]. Artificial light LED technology now enables
entire crops to be cultivated completely indoors with no natural light [201, 245]. This means that multiple crops can be
raised in the same space at the same time by stacking them on top of one another in addition to growing year-round,
regardless of outdoor weather [201]. Vertical farming may reduce land use, but it leaves a huge carbon footprint [201].
Every layer of plants in a vertical farm needs energy for light, which has to be generated using (mostly) fossil fuels rather
than the free sunlight available outdoors [201]. Further, each pound of field-grown lettuce trucked for 1,000 miles
produces a quarter pound of carbon dioxide [201]. Fossil fuels burned to grow a pound of lettuce in a vertical farm
produce 8 pounds of CO2[201]. Even with renewable energy sources, the cost is still high [201]. Solar conversion to
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electricity is not very efficient, so it takes more than nine acres of solar panels to light one acre of crops in a vertical
farm[201]. Because of the high cost to build, light, and manage vertical farms, they only make sense for high-value crops
that do not need much light[201]. Leafy greens, herbs, and microgreens have proven to be cost-effective, but the rest of
salad ingredients (cucumbers, tomatoes, peppers) need so much light to flower and fruit that it is not feasible to grow
without the sun [201]. Vertical farms in inner cities will not solve food shortages or provide the calories that stave off
hunger[201]. This makes it difficult to justify the high environmental cost of lighting a vertical farm[201].

Vertical farming can only suit a selection of crops, mainly herbs, that will not grow taller than the average height of the
shelves, which is around 40 cm[201]. The plants in the vertical farms must also be fast-growing, meaning they will be
harvested within roughly one month after planting and require low intensity of light and high density of plants[201].
Furthermore, they must also be valuable plants, fresh and high in nutrition, where more than 85 % of the actual crop
can be sold[201]. Good examples of crops, besides salad, that could be cultivated indoors with artificial lighting are fruit-
vegetables like tomatoes, peppers, berries and high-end flowers[201]. Crops that are not well suited for this kind of
cultivation are staple crops including, e.g. rice, corn and potatoes[201].

Heating a greenhouse is still cheaper and produces less CO2 than lighting an equivalent vertical farm [201]. Vertical
farms generate an opportunity to grow crops in locations and altitudes that are not optimal for the plants growth [201].
Vertical farms make sense in areas where land and water are scarce, where lands are deserts, hilly mountainous regions,
islands, limited transportation facility to reach the place, countries with harsh environments with coldest weather
conditions, especially if renewable energy is available [201]. They can also create jobs and give new purpose to old
vacant buildings [201]. So, despite their drawbacks, vertical farms are still worthy of consideration in certain scenarios
[201].

However, existing research suggests that hydroponic farming may have a large carbon footprint for three main reasons
[197, 202, 204, 205]. First, infrastructure production in facility agriculture requires a large consumption of resources
and energy, potentially producing a large carbon footprint [197, 202, 245]. Second, the operation facility of agriculture
consumes considerable energy and produces a high carbon footprint[197, 202]. Third, in the disposal of infrastructure
after it is discarded, resources and energy may be consumed, potentially generating a carbon footprint [197, 202]. On
the basis of literature survey, many studies have revealed that energy and resource consumption during the operation
of facility agriculture, especially electricity, is the most important reason for the high carbon footprint of urban facility
agriculture [197, 202, 204, 205]. To become a sustainable solution, vertical farms need to decrease their energy use
drastically to significantly reduce their carbon footprint and compete with conventional farming techniques from an
environmental perspective [194, 197, 202, 204, 205].

Hydroponic experts are of the opinion thatin near future vertical farming will replace conventional farming, with staple
crops that are efficiently grown outdoors [197]. Vertical farming is not a replacement, but a compliment to food
production, with high-value crops grown in facilities using LED lights and green electricity [197]. One of the primary
disadvantages with vertical farming is the initial costs [197]. The efficiency of vertical farms have been compared to that
of conventional greenhouses and greenhouses have been determined to be more energy efficient as they use direct solar
energy for light and heating [197]. Electricity for lighting has been found to be the greatest energy consumer in vertical
farms[197].

LEDs are low in radiant heat and can therefore, be placed near the growing plant[197, 245]. This makes LEDs a more
suitable lamp for vertical farms with narrow height shelves[197]. LEDs also allow for optimization of light for
greenhouses as it is easily scaled up and down[197]. Electricity costs in a vertical farm could be reduced by using
advanced LED systems[197]. The lighting could be further improved by installing reflectors to increase the ratio of the
light and improvements of light quality[197]. In the first case, the energy consumption is reduced by 40 %, and in the
second it is reduced by 86%[197]. One of the main obstacles in the development of vertical farms is the costs of building
a lighting system, and the energy consumption[197]. The lighting of a vertical farm, lit by artificial light, accounts for
70-80 % of the total electricity costs which makes it one of the most important aspects[197]

The results of the study conducted by Newell et al.,, (2021) [203] indicated that incorporating hydroponic systems into
barley production has the potential to reduce GHG emissions, given seed-to-fodder output and energy consumption are
maintained at certain levels and the systems are powered by renewable energy[203]. Results also showed that
hydroponic farming can provide greater carbon sequestration opportunities than simply shifting to no-tillage farming
[203]. The research indicates that hydroponic fodder farming could contribute to climate mitigation objectives if
complemented with effective energy and land use policies [203]. Education and research play a crucial role in advancing
the field of hydroponics. Universities and research institutions are conducting studies to further understand the benefits
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and limitations of hydroponic systems [237, 245]. Hydroponic cultivation is also being integrated into educational
programs to teach students about sustainable agriculture and the importance of food security [237, 245].

4. Hydroponics: Global Marketing

Hydroponics is a soil-less farming technique that involves growing plants in nutrient-rich water solutions, often in
controlled environments such as greenhouses or vertical farms [233-245]. By providing optimal conditions for plant
growth and nutrient uptake, hydroponic systems offer several advantages over traditional soil-based agriculture,
including higher yields, water conservation, and space efficiency[233-237, 245]. The market's expansion is further
driven by technological advancements, government initiatives promoting greenhouse farming, and the growing
popularity of locally grown, pesticide-free produce[233-237].

In the year 2024, the hydroponics industry is experiencing significant advancements and growth [234-237, 245]. New
technologies, research, market information, and events are shaping the future of hydroponic cultivation[234-237, 245].
With the increasing demand for sustainable and locally grown produce, hydroponics is playing a vital role in the
agricultural sector[234, 245]. The hydroponics market continues to grow rapidly, driven by increasing consumer
demand for fresh and locally grown produce[237, 245]. Investors are recognizing the potential of hydroponics and are
making significant investments in the sector [237, 245]. Market information, such as pricing trends, consumer
preferences, and market forecasts, is essential for businesses operating in the hydroponics industry[234-237, 245].
Companies are using market data to make informed decisions and develop effective marketing strategies [234-237].

Global hydroponics market size reached USD 2.56 billion in 2021 and is expected to register a revenue CAGR of 19.2%
during the forecast period, according to latest analysis by Emergen Research, Vancouver, BC, Canada [233]. Independent
of external climatic conditions and rise in desertification are expected to support market revenue growth between 2022
and 2030 [233]. In addition, rapid change in climate due to global warming had adversely impacted weather patterns
giving rise to erratic rainfall, drought, and desertification, thereby declining agricultural productivity [233]. This has led
to an increase in global demand for food. Therefore, rising demand for alternative farming practices such as
hydroponics, which is expected to propel revenue growth of the market [233]. The hydroponics market is witnessing
rapid growth, propelled by the increasing demand for sustainable and high-yield farming practices, rising urbanization,
and the need for efficient food production systems[233].

According to Grand View Research Report, the global hydroponics market size was valued at USD 5.00 billion in
2023 and is expected to grow at a compound annual growth rate (CAGR) of 12.4% from 2024 to
2030(www.grandviewresearch.com) [240]. The rapid growth in this sector is linked to the expanding utilization of
hydroponic systems in the indoor cultivation of vegetables [240]. Additionally, the increasing acceptance of alternative
farming approaches for growing cannabis is experiencing a swift surge[240]. This trend is propelled by the legalization
of marijuana in various countries, including Canada, USA, the Czech Republic, South Africa, and others [240]. A growing
awareness among consumers about the adverse effects of pesticides and artificial ripening agents on health is
anticipated to fuel the demand for hydroponics[240]. This is because hydroponic cultivation eliminates the necessity
for such products, resulting in the production of nutritionally superior vegetables[240]. Moreover, the low installation
costs and operational simplicity of these systems are poised to further stimulate their adoption throughout the forecast
period[240].

The market growth stage in the hydroponics market is high, and the pace of the market growth is accelerating [240].
The hydroponics market is marked by a robust culture of innovation, driven by the pursuit of cultivating superior-
quality agricultural products in a cost-effective manner [240]. The adoption of vertical farming and closely stacked plant
configurations enables the simultaneous growth of diverse crop types, optimizing space and resources with minimal
operational intricacies. This innovative approach not only enhances crop yields but also contributes to sustainability
goals by maximizing output in a controlled environment [240]. The industry's commitment to continuous improvement
and resource efficiency positions hydroponics as a dynamic and forward-thinking segment within the broader
agricultural landscape[240, 245].

5. Conclusion

Hydroponics, a soilless cultivation technique using nutrient solutions under controlled conditions, is used for growing
vegetables, high-value crops, and flowers. However, existing research suggests that hydroponic vertical farming may
have a large carbon footprint. When comparing vertical farms to conventional farming, at greenhouses and open fields,
the result showed a larger yield per square meter from vertical farms. However, comparisons of energy use and
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environmental impacts are more difficult. One of the primary disadvantages with hydroponic vertical farming is the
initial costs. One of the greatest arguments for urban farming is the reduced need for transportation. Another advantage
of hydroponics is the ability to grow more food in a localized area without the need to transport as many materials. With
the cultivation taking place in close connection to the consumption, the distance for transportation is greatly reduced.
The energy use is higher for vertical farms than conventionally grown vegetables and herbs. Vertical farming is an
opportunity to grow crops in urban environments and thereby, support the local community with jobs and strengthen
food supply. The environmental impacts may not be in favor for vertical arming when comparing to results found in
literature for conventional farming. Electricity for lighting has been found to be the greatest energy consumer in vertical
farms. Many studies have revealed that energy and resource consumption during the operation facility of hydroponic
agriculture, especially electricity, is the most important reason for the high carbon footprint of urban facility agriculture.
Electricity costs in a vertical farm could be reduced by using advanced LED systems.
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