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Abstract

:

The increasing demand for food, the lack of natural resources and arable land, and the recent restrictions on energy consumption require an immediate solution in terms of agricultural activities. This paper’s objective was to review hydroponics (a new soilless cultivation technology) and compare it with conventional agriculture (soil cultivation) regarding its environmental impact and water and energy consumption. The soil loss, the crop/soil contamination, and the greenhouse gas emissions were the criteria for the environmental comparison of conventional agriculture and hydroponics. As for resource consumption, the water consumption rates (L/kg), energy consumption rates (kWh), and energy required (kW) were the criteria for comparing conventional agriculture with hydroponics. Tomato and cannabis cultivation were used as case studies in this review. The review results showed that the advantages of hydroponics over conventional cultivation include zero-soil cultivation, land-use efficiency, planting environment cleanliness, fertilizer and resource saving, water consumption reduction, and conservation. The disadvantages of hydroponics versus conventional cultivation were found to include the high investment costs, technical know-how requirements, and higher amount of demanded energy.
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1. Introduction


The United Nations forecasts that the world population will reach approximately 9 billion by 2030 [1]. Other research indicates that the world population has doubled since 1960, while statistics indicate that the world’s population will reach 9.8 billion people by 2050 [2]; the same predictions have been made by the World Food and Agriculture Organization of the United Nations (FAO) [3]. In the past 150 years, the world’s population has grown by 8.7 billion [4]. In 2016, global hunger grew to affect 815 million people worldwide, confirming the fragile state of global food security [5], and by 2030 it is expected that global food demand will have increased by up to 50% [6]. From 2005 to 2015, the rate of undernourishment declined; more specifically, the rate of undernourishment in 2005 was 14.5%, while in 2015, it reached 10.6% [2]. According to the same research, 947.2 million and 785.4 million people were undernourished in 2005 and 2015, respectively [2]. The same research indicated that the rate of undernourishment remained almost constant from 2015 to 2018, at 10.6% (2015) and 10.8% (2018), while the number of undernourished people grew from 785.4 million people (2015) to 821.6 million people (2018), representing an increase of 4.6% [2]. In 1996, the World Food Summit (WFS) decided that all people should experience food security [7]. Access (via natural presence, financial resources, and as social human beings) to adequate, safe, and nutritious food for people to satisfy their needs for nutrition, ensuring a healthy and active life, is an inalienable right [7].



Since 2000, academic publications mentioning the term “conventional agriculture” have become more frequent; more than 70% of such articles were published in the last ten years, establishing the term “conventional agriculture” as a topic in the literature [8]. Conventional agriculture involves high inputs of pesticides, herbicides, fertilizers, and chemical drugs, which pollute the soil and cause severe risks to human health and the environment [9]. In contrast to conventional agriculture, hydroponics can increase production without the extensive disposal of chemicals into the environment [10]. The nutrient solutions used in hydroponics mainly contain soluble inorganic salts [11].



Conventional cultivation requires soil, in contrast to hydroponics, which is a soilless form of cultivation [12] whereby the crop is submerged in a nutrient solution [13] or different types of substrates [10]. The rising demand for accommodation and the urbanization of agricultural land due to population growth has increased the need for disposable arable land for food production [14]. This situation has arisen because the abrupt growth in the world’s population has created a rapid increase in the demand for food production to meet people’s nutritional needs [15]. Currently, the agricultural sector accounts for 11% of the world’s land area, representing 1.5 billion hectares of land [16]. In contrast to conventional agriculture, hydroponics works in controlled environments and can provide higher annual yields [17], ensuring less land use than conventional agriculture.



Nowadays, the agricultural sector consumes 70% of the world’s water withdrawn from aquifers, streams, and lakes and is ultimately responsible for 13.5% of global greenhouse gas emissions [16]. On the other hand, hydroponics saves up to 95% of irrigation water compared to conventional agriculture [18]. In the case of hydroponics implemented as part of a closed system, the water consumption and nutrient supply are reduced [19]. A study on lettuce yield that compared hydroponics with conventional agriculture showed that the water demands were 20 ± 3.8 L/kg/y and 250 ± 25 L/kg/y, respectively, for this crop [17].



For conventional agriculture in greenhouses, most energy is spent on meeting the heating needs [20], as well as cooling and lighting [21]. However, studies have proven that hydroponics has a higher energy consumption than conventional greenhouse cultivation. A helpful example is a study of a hydroponic greenhouse (in the Mediterranean climate zone) that was shown to consumes 2559 kWh/year to cover its electricity needs for cooling and heating [22]. The main characteristics of this greenhouse were: a surface area of 24 m2, height of 3 m, south-east orientation, and polyurethane panel covering [22].



The main advantages of hydroponics are summarized as follows: reduced chemical application (fertilizers, pesticides, and improvers); soilless cultivation; and more efficient land use, i.e., better performance in terms of land surface area, less consumption, and improved water management. These advantages contribute to a lower environmental impact and make hydroponics an attractive crop cultivation method in a controlled environment. However, the high operational costs [23], extensive know-how requirements [24], and high initial investment costs [25] are disadvantages that cause many producer–growers to avoid hydroponics. This literature review clarifies the situation by comparing conventional agriculture with hydroponics in terms of environmental impact and water and energy consumption.




2. Methodology and Objectives


The agricultural sector must provide a solution to the current challenges regarding food security and ensure food of a high quality and sufficient quantity. In this review, conventional agriculture (soil cultivation) was compared to hydroponics (soilless cultivation). Hydroponics is an emerging technology applied, among others, in agricultural production; it is well-known in the agricultural sector and could become established as the first choice among growers. Conventional agriculture, i.e., soil cultivation, demands the availability of arable land, agricultural areas for planting, the supply of chemicals, and water consumption for irrigation. Conventional greenhouse cultivation demands the consumption of electrical energy. These demands result in the production of greenhouse emissions and climate change. These were the criteria employed for the comparison between conventional and hydroponic cultivation.



In this review, tomato and cannabis were used as example plants, and we provide data on conventional and hydroponic tomato and cannabis cultivation. Tomato is a well-known crop that has been extensively used for research purposes. The bibliographic reports on this crop are numerous and provided enough data for the reliable acquisition of information without large deviations. Additionally, hydroponics is extensively applied to tomato cultivation. Cannabis is a crop that, in recent years, has monopolized the research community’s interest, mainly in the field of pharmacology. However, in many cases, the officially recorded data are minimal. This review aimed to collect as much official data as possible on conventional and hydroponic cannabis cultivation. It is essential to mention that cannabis is of particular interest due to its growing conditions, crop yield, and energy footprint.



From a search of the literature using the keywords ‘conventional agriculture’ and ‘hydroponics’ in combination, we identified a relatively limited number of sources addressing these two crops and examining criteria such as land, water, energy consumption and environmental impact. In addition, the analysis of two different plants, to which both cultivation methods (conventional and hydroponic) could be applied, was considered helpful for comparison purposes. The two cultivation methods were compared based on similar criteria. The impact of conventional agriculture on the environment and its consumption of water resources and energy for the heating and cooling of greenhouses were the criteria for comparing the two types of cultivation. These criteria were chosen because they could provide a useful comparison between the two types of cultivation.



2.1. Methodology


Data were collected from the recent and earlier literature, which ensured a more accurate and comprehensive approach to analysis. The search for bibliographic sources was carried out using keywords, either individually or in combination. The search keywords were: hydroponics, conventional agriculture, environment, soil, water, land, energy, greenhouse, heating, cooling, energy consumption, crop yield, tomato, and cannabis.



The search results were evaluated based on their relevance to the subject and the provision of useful information. In addition to the most recent publications, we also selected earlier bibliographic sources that were considered helpful in terms of the data and information they could provide. The information collection was based on topics related to hydroponics, conventional agriculture, and greenhouses. From the evaluated resources, 14% of the works used and referenced in this work were issued in the years 2000–2010, 22% in the years 2011–2015, and 60% from 2016 until now.



Data were grouped based on environmental impact (soil, land use, natural resources, and greenhouse gas emissions); water consumption; and energy consumed for heating and cooling. Additionally, we obtained essential data regarding the definition of hydroponics and its advantages and disadvantages as presented in this paper.



A case study of hydroponic and conventional tomato and cannabis cultivation was considered as an example. The example was used to compare hydroponics and conventional agriculture in terms of crop yield, planting density, greenhouse gas emissions, water usage, and energy consumption.




2.2. Objective


The objective of this paper was to identify several useful recent and older literature sources to provide the reader with helpful information regarding hydroponic and conventional cultivation. To achieve this objective, we present a great amount of data from the literature related to each component of the research topic. Data for arable land, crop and soil contamination, climate change, the consumption of natural resources, and greenhouse gases are provided for the environmental component. Data on the rates of water consumption are provided for the water component. Data on the rate (kWh) and quantity of energy (kW) consumption (for heating and cooling) are provided for the energy component. In addition, this paper’s objective was to reach conclusions related to the advantages and disadvantages of hydroponics in comparison to conventional agriculture. Additionally, based on the comparison of two crops (tomato and cannabis), we aimed to demonstrate the usefulness of hydroponics in the cultivation of plants, fruits, and vegetables. The benefits of hydroponics in terms of the environment, water, arable land use, land-use efficiency, productivity, and chemical use were this study’s primary concern.





3. Data Collected from the Existing Literature


3.1. The Impacts of Conventional Agriculture on the Environment


Conventional agriculture suffers from crucial disadvantages associated with the extensive use of resources, pesticides, fertilizers, and land, all of which must be intensified to meet increasing food production targets [26]. Currently, 38% of non-frozen land globally is at the disposal of crop production, which will rise continuously until 2050, reaching about 593 million hectares of land to meet the food needs of a constantly growing population [26]. The disadvantages of such land use include the destruction of ecosystems and the disturbance of the environmental balance.



Regarding the environmental balance, intensive cultivation at high yields is considered responsible for a loss of soil [27]. In addition, the transformation of the natural landscape and a significant reduction in arable land have been observed [28,29]. As a result, arable land for growing crops to serve individual needs can be located in areas that are not suitable for the cultivation of fruits and vegetables, such as those close to industrial areas [30], which leads to low-quality food production. An additional risk connected with soil cultivation is the presence of weeds, which are responsible for retarded productivity [31].



The consequences of cultivating intensive high-yield crops include a loss in biodiversity and global warming [32]. The food sector could contribute to a decrease in the global temperature of 2 °C by the restriction of greenhouse emissions, mainly through land management [33]. Reducing atmospheric greenhouse gases has become one of the most pressing environmental challenges of the 21st century. Agriculture alone accounts for 50% and 60% of global anthropogenic emissions of N2O and CH4, respectively [34], and soil is one of the primary emission sources. In order to effectively move towards reducing the sector’s environmental impact, the adequate management of energy consumption is essential and is considered the leading indicator for sustainable development [35,36].



In the last few years, agricultural systems have undergone several changes related to not only equipment and the use of modified seeds but also the extensive use of pesticides and enhancers, the composition of which is inextricably linked to minerals and thus natural resources [37,38]. As a result, pesticides and fertilizers and the release of chemical waste and pollutants are responsible for soil degradation, erosion, and contamination [39] and water contamination [40]. Regarding natural resources and water, soil cultivation demands high-quality water and high-quantity natural resources [41].



All the data detailed above are summarized below in Table 1.




3.2. The Impacts of Conventional Agriculture on Water Resources


The supply of fresh and clean water plays a key role, as many countries with large populations have access to neither clean drinking water nor clean water for sanitation purposes, as reported by the United Nations [42]. The increasing population and its movement to urban centres have decreased the natural freshwater reservoirs and created a large amount of wastewater [43]. The United Nations world water development report provides data for wastewater treatment [44]. These data indicate that high-income countries treat around 70% of their wastewater, upper-middle-income countries almost 38%, lower-middle-income countries almost 28%, and low-income countries almost 8% [44]. The United Nations reported that by 2025, many countries and regions will face water scarcity, affecting almost 1.8 billion people [45].



According to the United Nations, 40% of the world’s population will live in regions where the water supply will be deficient by 2025 [46]. This is a cause for great concern and reinforces the need for water recycling programs mainly in the agricultural sector, which is considered the largest consumer of fresh water (Table 2) [47]. Agriculture is the largest water consumer, with over 70% of this water being used for irrigation [48]. The large amounts of water required for irrigation [49] are considered one of the disadvantages of soil cultivation. According to FAO data [50], 30–40% of the world’s food comes from irrigated areas that comprise only 17% of the total cultivated land. Agriculture is the primary consumer of water, with the industrial sector placed second, followed by domestic and recreational use [51]. At the same time, studies have reported that 80% of water resources are consumed by agriculture [52].



According to Fitton et al. [53], 11% of the world’s rural land and 10% of global pastures are affected by water scarcity because of the climate change. The growing demand for water in the agricultural and industrial sectors is contributing to a worldwide water scarcity crisis [54]. In the future, water availability for agriculture will be threatened by growing domestic and industrial demand, and water use for irrigation in 45 countries, accounting for 83% of the world’s population, will have increased 22% from 1995 by 2025 [51].




3.3. The Impacts of Conventional Greenhouse Cultivation on Energy Consumption for Heating and Cooling


Rural development usually faces limitations related to resources, the environment, and energy conservation [55]. Environmental impact reduction, considered a crucial indicator for sustainable development, requires the adequate management of energy consumption [35]. In agriculture, cultivation in a controlled environment, such as a greenhouse, contributes to sustainable development and the production of food in areas with adverse climatic conditions [56]. In areas with high temperatures, greenhouse cultivation is affected by high solar and thermal loads, causing problems in the internal greenhouse environment that negatively affect the growth of crops [57]. On the other hand, low temperatures are responsible for the destruction of crops [58].



The internal greenhouse environment should provide optimal growing conditions. For this reason, the application of heating and cooling equipment, ventilation and misting systems, shading and lighting mechanisms, and CO2 enrichment systems is necessary [7,59]. The heat trapped inside the greenhouse increases the temperature, which plays a key role; energy must be consumed to meet the greenhouse’s needs, which are directly related to the temperature and indirectly to the covering materials, resulting in an increase in the consumption and operating costs [60]. In Saudi Arabia, 151.3 Wh/m2 per day and 133.8 Wh/m2 per day of energy are required in the first and third production cycle periods, respectively, to cover the cooling needs (Table 3) [61]. A study of a typical hydroponic greenhouse for tomato cultivation in North Greece proved that the annual cooling load was 95 kWh/m2 per year [62]. In warmer areas, cooling greenhouses could amount to 50% of the total operating costs [63]. In Mediterranean regions, 100,000 kWh/y/ha is spent on cooling needs [64].



In northern climatic areas, the energy required for heating greenhouses increases significantly and could account for 65–85% of the total energy required for greenhouses operation [65]. A Michigan State University study [66] found that 88% of the energy consumed by a greenhouse is spent on heating. In another study conducted among growers in Sweden, it emerged that the cost of labor and the need for heating were the two highest costs, respectively [67]. Reaching the optimal temperature inside a greenhouse in a cold climate increases the energy consumption significantly, especially at night [68], representing 70–85% of the total operating cost [63]. A study on greenhouses in Serbia showed that 50% of the energy consumed was spent on heating [69]. The heating of Sweden’s greenhouses is responsible for 15% of the total energy spent on the country’s agricultural activities [70]. In some areas in Mexico where the temperature drops below 10 °C (which is the desirable limit for tomato cultivation), heating a greenhouse’s air requires auxiliary equipment [71]. A study of a greenhouse in such a region of Mexico (the minimum temperature varying from 2.49 to 11.24 °C) showed that when the temperature was lower than 12 °C, an average of 3 h of heating per day was required, while in the period from June to September there was no need for heating [71]. The main characteristics of this greenhouse were: a surface area of 1050 m2, a translucent polyethylene material on the walls and floor, and a polycarbonate material on the roof [71]. Under these conditions, the study showed that 32,228.76 kWh (for the 1050 m2 greenhouse) was required annually to cover the heating needs [71]. Another study took place in an experimental greenhouse for cucumber cultivation in Tehran, having a total area of 40 m2 and covered with a polycarbonate material [72]. The temperature inside the greenhouse was 25 °C during the day and 18 °C during the night for the cold season [72]. This research showed that the highest amount of thermal energy required for the heating of this greenhouse was 47.58 kWh/m2 in January and July [72]. A conventional greenhouse in Sweden required 320 kWh/m2 to cover its heating needs [73].



Heating and cooling require a high energy consumption of 65–85% [74,75], which has a great impact on not only the overall heating and cooling performance of the greenhouse but also the final configuration of the product’s price that reaches the consumer [76]. The annual requirements for energy consumption correspond to 95.3% of the total energy, with 4.7% corresponding to the consumption of electricity [77]. Comparing greenhouses that use microclimate control systems with those that have minimal control climatic systems, it was found that in the former, the energy consumption is 8 to 12 times higher [78]. Thus, energy efficiency and the prudent consumption of energy are gaining the attention and concern of the global community [79].



As emerged from the official figures of the FAO [80], global food chains account for 30% of the total energy obtained from fossil fuels. Overall, 79.7% of the world’s energy use is dominated by energy from fossil fuels [81]. Therefore, energy consumption could be the leading cause of environmental problems [82,83], such as global warming from greenhouse emissions; water, soil, and air pollution; soil fertility reduction; soil erosion; and resource depletion [84,85], and contribute 19–29% of the total annual greenhouse gas emissions [80]. Research on greenhouses in France demonstrated that the use of conventional energy sources by agricultural greenhouses is responsible for rising costs and environmental issues [86]. These rising costs and environmental issues are a crucial challenge for researchers, scientists, and investors, who are trying to find alternative sources of clean energy and energy-saving solutions to reduce agricultural greenhouses’ dependence on non-renewable energy sources [86]. To succeed and ensure more sustainable rural development and prosperity, reducing the energy consumed by agricultural activities and improving the sector’s energy efficiency are necessary [87]. Moreover, transitioning to a more sustainable, accessible, and secure energy system is vital [88]. In addition, fossil fuels should be replaced by an alternative energy source for the successful development of greenhouse structures [89].
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Table 3. Energy consumption for cooling and heating from conventional agriculture.
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	Source
	Consumption of Energy for Cooling and Heating





	Buchholz [61]
	In Saudi Arabia, 151.3 Wh/m2 per day and 133.8 Wh/m2 per day of energy are required for the first and third production cycle periods, respectively, to cover cooling needs.



	Tataraki, Kavvadias, and Maroulis [62]
	In greenhouses in Greece, the energy for cooling amounted to 95 kWh/m2 per year.



	Iddio et al. [63]
	In warmer areas, cooling greenhouses could amount to 50% of the total operating costs.



	Iddio et al. [63]
	In cold climates, heating and cooling greenhouses amount to 70–85% of the total operation cost.



	FAO [64]
	In Mediterranean regions, 100,000 kWh/y/ha is spent on cooling.



	Runkle and Both [65]
	In greenhouses located in more northerly climates, the energy requirements to cover the demand for heating increase significantly, amounting to 65–85% of the total energy required to operate a greenhouse.



	Lindberg, Go, and Runkle [66]
	88% of the energy consumption of greenhouses is spent on heating.



	Vadiee and Martin [67]
	Research on growers in Sweden found that labor and heating were the two highest direct costs.



	Benli [68]
	Ensuring the optimal temperature inside greenhouses in cold climates, especially at night, increases energy consumption significantly.



	Djevic and Dimitrijevic [69]
	Greenhouses in Serbia spend 50% of their consumed energy covering heating needs.



	Statistics [70]
	Sweden’s greenhouses use 15% of the total energy spent on the country’s total agricultural activity to cover their indoor heating needs.



	Aguilar-Rodriguez et al. [71]
	The energy required for heating by a 1050 m2 greenhouse in an area of Mexico where the temperatures are lower than 10 °C (except in the period from June to September) was estimated to be 32,228.76 kWh annually.



	Banakar et al. [72]
	The energy required by a 40 m2 greenhouse in Tehran so that the temperature inside the greenhouse was 25 °C during the day and 18 °C during the night (for the cold season) was 47.58 kWh/m2 in January and July.



	Vadiee and Martin [73]
	A conventional greenhouse in Sweden required 320 kWh/m2 to cover its heating needs.



	Ahmed et al. [74]; Yano and Cossu [75]
	Heating and cooling require a high energy consumption of 65–85%.



	Djevic and Dimitrijevic [76]
	Heating and cooling have the highest impact not only on a greenhouse’s overall (heating and cooling) performance but also on the final configuration of the product’s price that reaches the consumer.



	Vourdoubas [77]
	The annual requirements for energy consumption correspond to 95.3% of the total energy, with 4.7% corresponding to electricity consumption.



	Paris et al. [78]
	Comparing greenhouses that use microclimate control systems with those employing minimal-control climatic systems, it was found that in the former, the energy consumption is 8 to 12 times higher.



	FAO [80]
	Global food chains account for 30% of the total energy obtained from fossil fuels.



	FAO [80]
	Energy consumption contributes 19–29% to the total annual greenhouse gas emissions.



	The World Bank [81]
	80% of the world’s energy production comes from fossil fuels.



	Cherni and Jouini [82]; Jiang and Lin [83]
	The extensive use of energy has created environmental problems.



	Marcelis and Heuvelink [86]
	Research on greenhouses in France has shown that the rising costs and environmental issues that have resulted from the use of conventional energy sources by agricultural greenhouses are a challenge and a key issue to be addressed by researchers, scientists, and investors, who are trying to find alternative sources of clean energy, as well as energy-saving solutions, in order to reduce the dependence of agricultural greenhouses on non-renewable energy sources.



	Alluvione et al. [87]
	Reducing energy consumption from agricultural activity and improving energy efficiency ensures more sustainable rural development and prosperity.



	World Economic Forum [88]
	The transition to a more sustainable, accessible, and secure energy system is a necessity.



	Jaramillo-Nieves and Del Río [89]
	An alternative energy source should replace fossil fuels for the successful development of greenhouse structures.









3.4. Definition of Hydroponics


Huos et al. [90] characterized hydroponic systems as highly efficient industrial-type vegetable production systems. As an industrial system, hydroponics includes a control system, which is wirelessly connected to the corresponding sensors and responsible for temperature, humidity, and water-level control [31]. In addition, hydroponic systems are more industrialized and automated and can increase productivity while respecting the requirements for ecological development and balance, since they are based on facilities for ecological protection and environmental improvement, enhancing socio-economic development [91].



According to Seaman and Bricklebank [92], hydroponics refers to plant cultivation without soil. More specifically, hydroponics refers to the soilless, anhydrous growth of plants using a mixture of water and a nutrient solution perfectly adapted to a plant’s needs [93]. In hydroponic cultivation, the supply of nutrients to the root system of a plant is not provided through the soil but is introduced through water [31]. In this cultivation method, water is used as a solvent for the supply of nutrients [94]. The hydroponic method uses nutrient solutions containing water and nutrients [95]. Table 4 presents the definitions of hydroponics with references. In conclusion, food production techniques must be applied, and hydroponic cultivation stands out as an essential answer to many problems related to the conventional methods of cultivation in greenhouses [20].



Hydroponics is soilless plant cultivation, applied worldwide to produce fruits and vegetables [96]. It is a combined cultivation method which provides an effective solution to the problems of conventional agriculture. The industrialization and automation offered by its equipment work positively to increase productivity by creating controlled conditions for the introduction of the required nutrients in terms of quality and quantity, precisely meeting the needs of each plant. The solutions contribute to the limited use of fertilizers and pesticides, reducing pollutants and soil and water contamination and generating products of high quality and nutritional value. The controlled use of water makes hydroponics an ideal solution not only for arid regions but also for reducing water consumption generally, presenting a cultivation method that responds to the concern for effectively securing water resources.





4. Advantages and Disadvantages of Hydroponic Cultivation


4.1. Advantages of Hydroponic Cultivation


Many countries have adopted hydroponic cultivation systems to serve their needs, with Latin America, Brazil, and Mexico considered the most prominent users [97]. Hydroponics as a production method is advanced and promotes large-scale cultivation in the absence of soil [98], ensuring the increased production of many crops at significantly higher yields through vertically accumulated trays to provide more space [99]. Hydroponic systems are efficient, industrial-type vegetable production systems. A plant’s growth rate in hydroponic cultivation is 30–50% faster than in soil cultivation [100]. For example, the growth rate of lettuce via hydroponics is 11 times higher than via conventional cultivation (Table 5) [17]. Food production by hydroponic methods is a well-known technique and its application is increasing worldwide [101], ensuring higher quantities in a shorter crop cycle and high-quality, high-nutritional-value products. This phenomenon has resulted from ever-increasing production, which has allowed the development of crop diversification and higher profits for producers [102]. This fact is important because it represents economic efficiency, which is the central goal of farmers [27,103]. The numerous products generated by hydroponic cultivation, the industrialization of its systems, the automation offered by its equipment, its applicability in smaller areas, and the increase in productivity make it an economically viable alternative food production investment [104].



The hydroponic growing method is flexible, and there are opportunities for its improvement using simplified models; such an attempt was made by Bradley and Marulanda [105]. They presented a simplified hydroponic model that required 25% of the land area used by soil cultivation for immediate hunger reduction [105]. Large cultivation areas are considered a disadvantage of conventional crops [17,106]. The combination of automatic fertilization and automatic soil control represents a benefit of hydroponics, because it ensures a clean planting environment and saves space due to the vertical production of multiple layers [107]. This allows better performance with the least possible land use [20]. Hydroponic cultivation methods using 10% less land, according to Barbosa et al.’s (2015) comparative lettuce production study, resulted in eleven-times higher yields than conventional cultivation methods [17]. Hydroponics is important for agriculture globally as an opportunity for cultivation in areas with no access to soil [97]; hence, it is applied in areas with adverse climatic conditions and a lack of arable land, producing food without soil [41]. These characteristics and benefits make hydroponics viable for urban areas [108]. Additionally, the phenomenon of growing crops in areas that could be expropriated is common, but hydroponics offers investment stability and reduces the high risks of this practice [109]. Finally, the benefits of soilless cultivation to soil protection are remarkable [110].



Hydroponic cultivation is prevalent in the modern agricultural world [95] as a clean and easy method compared to the traditional types of cultivation [31]. The absence of soil makes the crops quite clean, removing the need for washing [111]; at the same time, this agricultural system faces a low risk of contamination [112]. Additionally, hydroponics can effectively control the use of not only water but also fertilizers and chemicals [113], which are applied to combat diseases and pests [20]. On the other hand, conventional agriculture uses pesticides and nutrients extensively, which is another disadvantage of conventional crops [17,106]. Therefore, hydroponics is safer than open-field cultivation because it can apply natural barriers against specific bacterial agents and reduce contamination factors [114]. Hydroponic products are grown without pesticides, prompting consumers to trust them more and be willing to spend more on their acquisition, thus creating food security [115]. According to Russo and Scarascia Mugnozza [116], hydroponic cultivation in a greenhouse dramatically reduces the environmental impact compared to greenhouse soil cultivation due to the use of pesticides and fertilizers.



The advantages of this system are summarized as follows: the better control of plant nutrition, the more efficient use of space, and the possibility of reducing the application of fertilizers [108]. Hydroponics supports innovative, sustainable, and environmentally friendly crops [117], presenting a lower environmental impact and lower greenhouse gas emissions [20]. In addition, the benefits of hydroponic technology mean that their environmental impact and pollution rates are lower than their sewage disposal rates [118]. According to Martinez-Mate et al. [52], the gas emissions of soil crops and hydroponics crops are 0.23 kg CO2 equivalent and 0.11 kg CO2 equivalent, respectively. An existing study found that in terms of raw materials, using wood instead of zinc-coated steel structures definitely has environmental benefits, but using recycled plastics for pipes, grow benches, and containers also works very well [116].



Wastewater reuse is also considered to be extremely important in environmental protection and balance, as wastewater reuse reduces the pollution load in rivers, groundwater, and soil and provides a reliable water supply throughout the year [50]. Water recycling in the agricultural sector requires adequate and economically efficient approaches [54]. In hydroponics, treated wastewater and domestic wastewater, as a nutrient medium, are a viable solution [119]. Water saving and the possibility of reusing water [120] are considered vital features and benefits of hydroponic cultivation. A study by Grewal et al. [118] demonstrated that crops such as cucumber and tomato can be grown using 33% drainage water.



Another benefit of hydroponics is its ability to act as a subsystem in aquaponic systems. In recent years, aquaponics has become an exciting vegetable production approach for application near urban centres with minimal water consumption [121,122]. As a combination of aquaculture and hydroponics, it provides an environmentally and economically sustainable food production system by uniting two systems that normally operate independently [123,124,125,126]. This combined system (hydroponics and aquaculture) serves more directly the recycling of wastewater, as the output of one part of the system (wastewater) is used as the input (nutrients) of the other by creating the necessary conditions for the biological cycle [127]. The FAO [128] described aquaponics as a promising and fast-growing food production sector that already produces 50% of human-consumed fish and vegetables. The simultaneous recovery of nutrients makes aquaponics one of the most promising sustainable food production methods for the future [129].



Hydroponics, even as an independent method of food production, is considered more effective at optimizing resources than soil cultivation [130]. For example, the water resources are better managed, only 10% of water resources are used compared to conventional cultivation methods [131]. In hydroponics, the water consumption is seven times lower than in conventional greenhouse production and four times lower than in open-field cultivation [132]. As a result, hydroponics is self-sustainable and environmentally friendly [131]. According to Trang and Brix [133], the two main characteristics of hydroponics are the high efficiency of water use and its design plasticity.
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	Source
	Sector
	Advantages of Hydroponics





	Barbosa et al. [17]
	Better land use
	Reduction in land use by 10%.



	Barbosa et al. [17]
	Higher crop yield
	Eleven-times higher lettuce yield with hydroponic cultivation.



	Baddadi et al. [20]
	Irrigation water saving/fertilizer saving
	Hydroponics allows the controlled and efficient use of water, fertilizers, and chemicals.



	Baddadi et al. [20]
	Better land use
	Better performance, less land use.



	Baddadi et al. [20]
	Lower environmental impact
	Lower environmental impact and greenhouse gas emissions.



	Bakhtar et al. [41]
	Better land use
	Hydroponics is applied in areas with adverse climatic conditions and a lack of arable land, producing food without soil.



	Martinez-Mate et al. [52]
	Lower environmental impact
	Comparing soil crops and hydroponics crops, the gas emissions were 0.23 kg CO2 equivalent and 0.11 kg CO2 equivalent, respectively.



	Sharma et al. [95]
	Clean cultivation
	Hydroponics is one of the most popular methods of modern cultivation, with its main characteristics being that it is clean and easy.



	Croft et al. [97]
	Better land use
	Hydroponics is important for agriculture globally as an opportunity for cultivation in areas with no access to soil.



	Müller et al. [98]
	Better land use
	Hydroponics as a production method is advanced and promotes large-scale cultivation without soil.



	Link [99]
	Higher crop yield/high-quality food
	Hydroponics allows the multiplication of the number of crops to obtain higher yields.



	Link [99]
	Better land use
	Hydroponics allows vertical crop cultivation and saves land use.



	Joshi and Joshi [100]
	Higher crop yield
	The growth rate is 30–50% faster in hydroponic culture than in soil.



	Borges and Dal’Sotto [102]
	Higher crop yield/high-quality food/economic viability
	Ever-increasing production allows the upward trend of crop diversification and higher profits for producers.



	Souza, Toesca Gimenes, and Binotto [104]
	Economic viability
	Hydroponics ensures the financial viability of the investment and is an attractive alternative food production solution.



	Bradley and Marulanda [105]
	Better land use
	Hydroponics responds to global hunger while using 25% less land than soil cultivation.



	Wada [107]
	Clean cultivation/better land use
	Hydroponics ensures a clean planting environment and saves space due to vertical multi-layer production.



	Rufí-Salís et al. [108]
	Nutrition control/better land use/fertilizer saving
	Hydroponics provides better plant nutrition control and more efficient land use and saves on fertilizers.



	Rufí-Salís et al. [108]
	Better land use
	Hydroponics is a sustainable system of agriculture for urban areas.



	Orellano et al. [109]
	Better land use/economic viability
	Hydroponics is a solution to the growing of crops on land that could be expropriated, providing investment stability and protecting growers from the high risks involved in this activity.



	NOSB [110]
	Clean cultivation
	Hydroponics, as a soilless cultivation method, offers greater protection.



	Coolong [111]
	Clean cultivation
	Hydroponics, as a soilless cultivation method, makes crops exceptionally clean without washing.



	Lopez-Galvez et al. [112]
	Clean cultivation
	Low risk of soil and crop contamination.



	Hussain et al. [113]
	Clean cultivation/fertilizer saving
	Hydroponics allows the efficient consumption of fertilizers and the reduced use of chemicals to control pests and diseases.



	Orozco et al. [114]
	Lower environmental impact/clean cultivation
	Hydroponics is safer than open-field cultivation because it can apply natural barriers against specific bacterial agents and reduce contamination factors.



	Phew et al. [115]
	Lower environmental impact/clean cultivation
	Hydroponic products are grown without pesticides, prompting consumers to trust them more and be willing to spend more on their acquisition, thus creating food security.



	Russo and Scarascia Mugnozza [116]
	Lower environmental impact
	In terms of raw materials, using wood instead of zinc-coated steel structures has environmental benefits, but using recycled plastics for pipes, grow benches, and containers also works very well.



	Russo and Scarascia Mugnozza [116]
	Lower environmental impact/fertilizer saving
	Hydroponic cultivation in a greenhouse greatly reduces the environmental impact compared to greenhouse soil cultivation due to the use of pesticides and fertilizers.



	Li et al. [117]
	Lower environmental impact
	Hydroponics supports innovative, sustainable, and environmentally friendly crops.



	Grewal et al. [118]
	Lower environmental impact
	Hydroponics is a beneficial technology with much lower environmental impacts and pollution rates, including effective sewage disposal.



	Grewal et al. [118]
	Irrigation water saving
	Hydroponic cucumber and tomato crop cultivation could use 33% drainage water.



	Sutar et al. [119]
	Irrigation water saving
	Hydroponics can apply treated sewage water, using household sewage as a nutrient medium.



	Carmassi et al. [120]
	Irrigation water saving
	Hydroponics provides water savings and the possibility of reusing water.



	Zou et al. [121]; Love et al. [122]
	Better land use/irrigation water saving/nutrition control
	Aquaponics is an interesting combined system of hydroponics and aquaculture for the production of vegetables near urban centres with minimal water consumption.



	König et al. [123]; Goddek et al. [124]; Xie and Rosentrater [125]; Tyson et al. [127]; Adler et al. [126]
	Lower environmental impact/irrigation water saving/fertilizer saving/nutrition control
	Aquaponics combines aquaculture and hydroponics, providing an environmentally and economically sustainable food production system compared to the independent operation of the systems.



	FAO [128]
	Higher crop yield
	Aquaponics is a promising and rapidly growing food production sector, already producing 50% of the fish and vegetables consumed by humans.



	Suhl et al. [129]
	Nutrition control/fertilizer saving
	The simultaneous recovery of nutrients makes aquaponics one of the most promising sustainable food production methods for the future.



	Gwynn-Jones et al. [130]
	Optimization of natural resource use
	Hydroponics is more efficient at optimizing resources than soil cultivation.



	Alshrouf [131]
	Lower environmental impact/irrigation water saving
	Hydroponics is a self-sustainable and environmentally friendly system, using 10% less water in comparison to conventional agriculture.



	Romeo, Blikra Vea, and Thomsen [132]
	Irrigation water saving
	Water consumption in hydroponics is seven times lower than in conventional greenhouse production and four times lower than in open-field cultivation.



	Trang and Brix [133]
	Irrigation water saving/nutrition control
	Hydroponics is characterized by a high efficiency of water use and design plasticity.









4.2. Disadvantages of Hydroponic Cultivation


Despite the numerous advantages of hydroponics, there are some disadvantages related to the high initial investment required, meaning that interested farmers should be cautious at first [104]. The annual requirements for energy consumption amount to 95.3% of the total energy, whereas 4.7% of the total energy is dedicated to electricity needs (Table 6) [77]. The initial high investment, the high energy expenditure, the requirements for special technical knowledge, and the need for continuous assistance and monitoring may prevent the adoption of this cultivation method [134].





5. Case Study of Hydroponic Tomato and Cannabis Cultivation versus Conventional Cultivation Method


5.1. Tomato Crop Production Performance


The crop yield is one of the critical elements in the evaluation of hydroponic cultivation against conventional cultivation. Hydroponic tomatoes are harvested after 45 days for varieties with smaller fruits and 70 days for those with larger fruits [135], while 60–100 days are required in open-field cultivation [136]. Hydroponics also demonstrates an increased production in kilograms per hectare compared to conventional cultivation, as it can accommodate more cultivated plants per square meter of surface area. Unfortunately, no official sources can provide data on the production quantity in tonnes of individual hydroponic crops. However, the literature can provide an average production quantity in tons per hectare for hydroponic cultivation. This average production depends on conditions such as the effective management of space and equipment, the assurance of a suitable cultivation environment (forming a microclimate), and the appropriate quantity of nutrients in the solution. For example, Rosa-Rodriguez et al. [137] compared closed hydroponic systems to open ones, observing an increased production of hydroponic tomatoes with more than 13.5 kg per m3 of consumed water. Each tomato plant could produce 20 to 90 tomatoes or 4.54 to 13.61 kg of tomatoes as long as the climatic conditions for plant growth and the environmental factors positively impacted its development [138]. With an average yield of 9.075 kg per tomato plant and a planting density of 12 plants per m2, hydroponic cultivation could yield 108.9 kg/m2 tomatoes [139].




5.2. Greenhouse Gas Emissions of Tomato Cultivation


Regarding greenhouse gas emissions, research has shown that open-field cultivation contributes 37%, mainly from agrochemicals, and cultivation in greenhouses contributes 22%, due to infrastructure [140]. Several studies have identified that the emission of CO2 is a result of the energy requirements for heating greenhouses internally, which are dependent on the growing needs of each crop [141,142,143] in the area where the hydroponics project is implemented. However, nitrogen fertilizers, used extensively in hydroponic cultivation (mainly in hydroponic tomato cultivation), produce more N2O emissions than open-field cultivation; tomato cultivation contributes, on average, cumulative N2O emissions of 2.3 kg N2O–N ha−1 yr−1 [144]. A study on greenhouse gas emissions and, more specifically, N2O emissions resulting from hydroponic tomato cultivation in a greenhouse in Germany showed daily emissions of N2O 58  ±    31   gr N2O–N ha−1 day−1 [145]. Another study conducted in a greenhouse in Germany presented similar results, identifying the highest emissions in November and calculating an average of 31 gr N2O–N ha−1 day−1 [146]. Nevertheless, hydroponics remains a promising approach in terms of greenhouse gas emissions, as it absorbs carbon from the air without interfering with the land (since the plants grow in water) [147]. Additionally, hydroponics reduces carbon emissions in three ways: the crops are grown in closed structures, more plants are produced and consumed in the same place (which reduces transportation requirements), and carbon reuse is involved (which is still under research) [147].




5.3. Water Use for Tomato Cultivation


The study of Nederhoff and Stanghellini [148] identified significant differences in the water consumed by open-field and hydroponic tomato cultivation, depending on the climatic conditions of each season. The same study [148] indicated a water consumption of 300 L/m2 or 60 L/kg during the growing season in the field, while for greenhouse cultivation, the water consumption decreased to 20 L/kg, reaching as low as 12.5 L/kg (with an average of 15 L/kg). Hydroponics and high-tech greenhouses set water consumption at 4 L/kg [148]. A study on controlled-environment cultivation [149] showed that vertical hydroponic farms reduce water consumption by 70 to 95%. According to Venter [150], hydroponic cultivation uses 10 to 16% of the water required for conventional cultivation.




5.4. Energy Inputs for Tomato Cultivation


In the field, tomato cultivation requires 0.8 MJ of energy per harvested kg, in contrast to intensive cultivation sites that require electricity and fuel for producing synthetic fertilizers and pesticides and for machinery operation and irrigation [151]. A study on the energy inputs required for greenhouse tomato cultivation in regions of Turkey proved that the total energy input for the production of 57,905.1 kg ha−1 tomatoes was 61,434.5 MJ ha−1 [152], without any reference to soil cultivation or hydroponics. Considering that one tomato weighs about 125 gr, the total energy required for the growth of a single tomato in a region such as Almería (a city in southeast Spain) is 460–875 kcal, in contrast to colder climates that require 40 to 150 times more energy input [151].



Table 7 presents a comparison between tomato cultivation in soil and without soil, summarizing data collected from the literature regarding crop yields, the density of plants, greenhouse gas emissions, water usage, and energy inputs.




5.5. Introduction to the Cultivation of Cannabis


The global production of medical cannabis has reached USD 6822.21 million [161], while estimations show an increase in the global market production in the distant future. This makes research into this crop, mainly regarding its improved cultivation, even more attractive. However, the data collected to compare the hydroponic and soil cultivation of cannabis were obtained from literature sources at a research level. The cultivation of medical cannabis is characterized by the microclimate conditions of the internal cultivation space. Most reports on cannabis cultivation (in soil or soilless) concern greenhouse structures rather than open-field cultivation, due to the legislation in many states permitting cannabis cultivation for medical purposes only in indoor cultivation areas. Therefore, the data collected and described herein pertain to soil cultivation in greenhouses and hydroponics. The need to control indoor cultivation is inextricably linked to the climatic conditions outside the greenhouse, as these interact with the indoor environment in such a dynamic system. It is essential to mention that most of the data included below, especially those related to energy consumption, are directly related to the climatic conditions of the plant’s growth area. Additionally, greenhouse gas emissions depend on the energy consumed, which means that the energy required for the growth of each plant is directly linked to the corresponding emissions.




5.6. Cannabis Crop Production Performance


According to Janatová et al.’s [162] study, the average yield is 21.02  ±  3.33 gr/plant, and the average yield value (for all genotype cycles) per square meter ranges from 138.59 to 231.08 gr/m2. As crop yield is a crucial indicator of production, many growers measure the yield of their crops and keep statistical records. According to the Cannabis Business Times [163], 72% of United States growers collect data on their crops, indicating a crop yield of 39.5 gr/ft2. Cannabis has many varieties, and each presents individual characteristics and needs. Whether hydroponic or soil cultivation is chosen does not make much difference in terms of quality and yield; however, hydroponic cultivation shows excellent results in terms of feeding and water management, as the margin of error is significantly reduced [164]. The main advantages presented by the hydroponic cultivation of medical cannabis are summarized as follows: a higher yield, faster growth rate, increased plant hydration control, and the elimination of the need to repot the plant [165]. The hydroponic cultivation of medical cannabis ensures that the plant’s automated growth remains highly competitive in commercial terms for those growers who want to invest in the medical cannabis industry, and it is projected that cannabis production will reach USD 66.3 billion by 2025 [165].




5.7. Cannabis Crop Planting Density


Various studies have been conducted worldwide regarding the most effective density of cannabis plants per square meter. The average value is 16–20 plants per square meter [166]. However, other studies have suggested 10–20 [167], 15 [168], and even 1–2 plants per square meter [169]. According to Jan et al. [170], plants cultivated at a lower density show better growth than those at a higher density per square meter of surface area. Regarding the performance of the hydroponic cultivation of medical cannabis, various studies have been conducted; Jin, Jin, and Chen’s [171] study demonstrated an average yield of 687 gr/plant of dry product. According to Knight et al. [172], a successful hydroponic cultivation cycle of cannabis can yield 881 gr/plant of dry product; however, a study conducted in New Zealand showed that 18 plants could yield an average of 687 gr/plant of dry product. On the other hand, the hydroponic cultivation of cannabis can increase the yield by up to 20% compared to soil cultivation [173], with the advantages of hydroponics including a faster rate of plant growth and an increased yield [171].




5.8. Greenhouse Gas Emissions from Growing Cannabis


The energy requirements for the growing conditions of the cannabis crop shape the greenhouse gas emissions from cannabis cultivation. Regarding the hydroponic cultivation of cannabis, no data have emerged providing the kilograms of CO2 produced per kilogram or even per hectare of product. Notably, most studies have reported the greenhouse gas emissions from the indoor cultivation of cannabis. Indoor cultivation refers to controlled-environment cultivation (such as in vertical farms, plant factories, and greenhouses), which is not conventional cultivation. However, it is unclear whether these greenhouse emissions results emerged from hydroponics or other technologies such as aeroponics, aquaponics, and aquaculture. A Colorado State University study reached the following conclusions: for the indoor cultivation of cannabis in the United States, the greenhouse gas emissions range from 2283.00 to 5184.00 kgCO₂eq/kg of dried flower; for open-field cultivation, the greenhouses gas emissions are 22.7 kgCO₂eq/kg of dried flower; and for conventional greenhouse cultivation they are 326.6 kgCO₂eq/kg of dried flower, which is due to electricity consumption only [174]. Another study on greenhouse gas emissions from cannabis cultivation [175] reported that eastern O’ahu in Hawaii has the highest greenhouse gas emissions at 5184.00 kgCO₂eq per kg of dried flower, while in southern California the figure is 2288.00 kgCO₂eq per kg of dried flower. O’Hare et al.’s [176] study determined a value of 4409.25 kgCO₂eq per kg of dry flower. Notably, glass-wall greenhouses produce lower greenhouse gas emissions (kgCO₂eq per kg of dried flower) because of the lower electricity demands compared with other indoor cultivation methods [175].




5.9. Use of Water to Grow Cannabis


In outdoor cultivation, cannabis requires a significant amount of water (22.7 L of water per plant per day), which is more than other crops [177,178]. Another paper identified an amount of 8557 L/m2 per day for the open-field cultivation of cannabis [179]. Contrarily, in indoor cultivation, the water consumption is lower (6.52 L/m2), with hydroponic cultivation and recycling systems clearly showing better yields [180]. Another study provided a figure of 8.96 L/m2 per day, or 22.7 L/plant per day, for open-field cultivation [181], while indoor cultivation required 7.334 L/m2 per day [182]. One advantage of hydroponic crops over conventional crops is that they consume much less water, relying on systems and equipment that enable water recirculation and reuse. Research on the hydroponic cultivation of cannabis identified a reduction in water use by up to 90% [164]. Regarding the significant issue of water in hydroponic cultivation, cannabis crops in hydroponic cultivation systems need 3912 L/m2 to 6519 L/m2 of water; on the other hand, open-field cultivation demands 4889 L/m2 to 8192 L/m2 for the flowering period of the plant [183].




5.10. Energy Inputs for Cannabis Cultivation


Research on the indoor cultivation of cannabis shows that the required energy is 6074 kWh per kilogram, with 50% of this energy covering the heating, ventilation, and air conditioning needs and 33% of this energy covering the lighting needs [181]. According to another study, the electricity consumption for cannabis cultivation is greater than 150 kWh/ft 2 per year, being required for the adjustment of the growing conditions, such as the temperature, humidity, and lighting, for each stage of the plant’s development [184]. According to Cannabis Business Times research [185], 56% of all survey participants (growers) reported that the largest percentage of energy was used for heating, ventilation, and air conditioning; 54% lighting; and 50% temperature and humidity control equipment.



Table 8 presents a comparison between cannabis cultivation in soil and without soil, summarizing data collected from the literature concerning crop yields, the density of plants, greenhouse gas emissions, water usage, and energy inputs.





6. Discussion


6.1. Summary of Results


This study presented the impacts of conventional agriculture and hydroponics on the environment, water, and energy. All data were collected from studies published in the academic literature. The results of this search were compared to demonstrate the value and efficiency of each cultivation method.



	
Conventional agriculture occupies 38% of the total land used on the planet [26]. Hydroponic cultivation manages land more effectively, reducing the required arable land [20,109] by 10% [17] to 25% [105]. In addition, vertical production ensures a reduction in cropland [99,107]. Hydroponics, as a soilless cultivation method, can be applied in areas without arable land [41,97,98] and urban centres [108,121,122].



	
Hydroponic cultivation with less land use shows a better yield than conventional cultivation [17,99,102,128]. Hydroponic cultivation presents 30–50% faster growth rates [100]. The crop yield depend on the plant type, but in any case, hydroponic yields are higher than those of conventional agriculture.



	
Conventional agriculture accounts for 13.5–29% [16,80] of total greenhouse gas emissions. Hydroponic cultivation shows lower gas emissions [20,147], with up to 52.2% lower CO2 emissions [52].



	
Conventional agriculture is responsible for the extensive consumption of fertilizers and pesticides [9,26,37,38,39,40,116]. According to reports, 136.82 kg of fertilizers [189] and 2.66 kg of pesticides [190] are applied per hectare of arable land worldwide. Hydroponics allows the efficient and reduced consumption of chemicals [20,108,113,116,123,124,125,126,127,129], while the nutrient medium is based on soluble mineral salts [11].



	
Conventional agriculture is responsible for climate change due to chemical use, large areas of arable land, and the consumption of water resources [32,33,53].



	
Conventional agriculture consumes 70% of the world’s water resources [48]. Hydroponic cultivation shows a 33% reduction in water consumption [118].



	
A disadvantage of hydroponic cultivation is the high initial investment cost due to equipment [104,134] and the necessary acquisition of a high level of technical know-how [134].



	
Conventional greenhouse cultivation requires a high expenditure of electrical energy mainly to cover heating and cooling, while 61.42% of the electricity expended worldwide comes from fossil fuels [191].






A case study of tomato and cannabis crops was used to compared conventional and hydroponic cultivation. In the case of tomatoes, the comparison between conventional and hydroponic cultivation was based on crop yield, planting density, greenhouse gas emissions, and energy inputs. It was noted that for energy inputs, the geographical location of the greenhouse largely shaped the energy requirements due to the climate and (in the case of conventional agriculture) soil factors. The results of this case study demonstrated the following:




	
The crop yield depends on both the planting density and the plant growth rate. In the case of hydroponic tomato cultivation, the planting density (plants/m2) is four times higher, and the growth rate is 30–40% [192] higher than in conventional agriculture. The yield of hydroponic tomato cultivation is, on average, seven times higher in tonnes/ha compared to that of conventional cultivation.



	
The water consumption for hydroponic tomato cultivation was 22 L/kg [154], which was three times lower than that of conventional cultivation.



	
The greenhouse gas emissions in kgCO₂ eq/kg from conventional agriculture arose from the use of fertilizers and pesticides; the consumption of water; the exploitation of the soil; and the consumption of electricity, produced for the most part by fossil fuels, for heating and cooling the greenhouses. Hydroponics, as a cultivation method without the use of soil that involves nutrient solution consumption, markedly lower water consumption, and indoor application presents a lower percentage of emissions, though we were unable to precisely determin this figure from the literature.



	
A higher percentage of the energy input for conventional agriculture in greenhouses is dedicated to cooling and heating. Hydroponic cultivation presents five times higher energy requirements in MJ/harvested kg compared to conventional cultivation.








Similarly, in the case of cannabis, the comparison between conventional and hydroponic cultivation was based on crop yield, planting density, greenhouse gas emissions, and energy inputs. As far as the energy inputs are concerned, the geographical location is still important. The results of this case study demonstrated the following:




	
Hydroponic cannabis cultivation yields 1.5 times more gr/m2 and 40 times more gr/plant than conventional agriculture. Thus, the plant growth rate in hydroponic cultivation is higher, and a greater mass of products can be obtained from an equal planting area.



	
The water consumption for hydroponic cannabis cultivation is 2.5 times lower than for conventional cultivation.



	
The greenhouse gas emissions from conventional greenhouse cultivation arise from the use of fertilizers and pesticides; the consumption of water; the exploitation of the soil; and the consumption of electricity, produced to a large extent from fossil fuels, for greenhouse heating and cooling. The greenhouse gas emissions from hydroponics were not precisely determined by the literature.



	
In conventional greenhouse cultivation, energy inputs for cooling and heating represent 50–56% of the total consumption. However, there were no clear reports in the literature regarding the energy inputs for hydroponic cannabis cultivation.








As emerged from the literature review and the case study, hydroponics presents benefits related to:



Soilless cultivation:




	
Cultivation in inaccessible, barren, and arid areas, including urban agriculture close to industrial areas.



	
Better land use and lower environmental impact. No soil stress and pollution.



	
A much lower transmittance of diseases and pests from the soil.



	
The reduced use of chemicals for soil fertility and pest extermination.



	
Biodiversity protection.



	
Eliminating poverty in urban areas, providing new jobs, and elevating production.








More efficient land use:




	
A higher density of plants per square foot.








Higher crop yield:




	
A higher density of plants combined with a higher growth rate, yielding a highger mass (kg) of harvested product per plant and per square foot.



	
Higher production using less land.



	
Reduced crop cycles.



	
Eliminating hunger.








Pesticide free:




	
Soil protection.



	
Clear culture, high nutritional value.



	
The protection of natural resources.



	
Lower greenhouse gas emissions.



	
Reduction in operating costs and benefits for the consumer.








Low water consumption:




	
High crop yield with lower water consumption.



	
The protection of natural resources.



	
Lower environmental impact.



	
Cultivation in arid areas.



	
The possibility of the reuse of treated wastewater.



	
The operation of a closed water recirculation system.



	
Self-sustaining system.








The low emission of greenhouse gases due to:




	
Chemical use not required.



	
Low water consumption.



	
Controlled environment.



	
Short transportation chain as a result of urban agriculture.



	
No soil contamination by chemicals that end up in water runoff through rainwater.



	
The reuse of treated wastewater.








Disadvantages:




	
Higher energy consumption via electricity to cover the heating and cooling requirements.



	
Higher energy consumption via electricity to meet the lighting requirements.



	
Higher energy consumption via electricity to cover equipment operation requirements (pump, ventilation, inverter, fan, etc.).



	
Higher energy consumption via electricity to meet humidity control requirements.



	
Skilled work and know-how requirements.



	
High investment cost.









6.2. Suggestions


The integration of renewable energy sources into agriculture would reduce agriculture’s dependence on fossil fuels. Renewable energy could replace the consumption of electricity for heating and cooling, which are the fundamental requirements of a greenhouse’s microclimate. Moreover, renewable energy could cover the additional energy consumption for equipment and automated operation. In addition, renewable energy is a solution to not only the planet’s energy restrictions but also the environmental limitations of fossil fuels and natural resources use.



Educational programs for training and imparting knowledge would be very beneficial. The cooperation between the market and universities would make hydroponic technology more well-known. Seminars and training centers would help professionals in the hydroponics sector to improve their knowledge. In addition, technical knowledge about hydroponic mechanical equipment and research into new construction materials would reduce the high initial investment cost. The acquisition of know-how for the application of hydroponics systems and the operation of the related equipment, as well as research (mechanical and technical) into new materials for the construction of hydroponics projects, would create new jobs for mechanics, chemists, agronomists, and academic staff.




6.3. Future Work


The recent COVID-19 pandemic, which is still ongoing, has highlighted many limitations in various areas of daily life. Production systems and food play a crucial role in human wellbeing and survival. Food production systems provide not only food for humans but also jobs. It would be exciting and instrumental in the future to conduct research into the pandemic and its impact on the agricultural sector. Possible research topics include:




	
How the global crisis resulting from the pandemic has affected the agricultural sector in terms of conventional cultivation practices.



	
How hydroponics, as an emerging agricultural technology, could offer solutions to the limitations created by the global pandemic crisis in conventional agriculture.



	
The added value of hydroponics to the sustainability of agricultural production in times of pandemic, focusing on the implications of the COVID-19 pandemic.



	
How the COVID-19 pandemic affected natural and water resources, energy, and the environment, and how conventional agriculture and hydroponics could respond to these challenges to ensure food security.



	
In contrast to conventional agriculture, new cultivation technologies are increasingly relevant. Hydroponics, aquaponics, and aquaculture are among these technologies. A comparison between these appraoches would be useful for future works.



	
Cannabis is a crop that, in recent years, has monopolized the research community’s interest, mainly in the field of pharmacology. However, in many cases, the officially recorded data are minimal. The literature provides few data related to the electrical energy consumption of hydroponic cannabis. Data related to the electrical consumption of different indoor hydroponic cannabis systems would be very useful. In addition, further work on the greenhouse gas emissions emitted by the hydroponic cultivation of cannabis would be very valuable.



	
Hydroponic indoor cultivation includes greenhouses, plant factories, and vertical farms. In the case of energy consumption from hydroponics, the existing literature does not specify the energy requirements of each geographical location. Future work in this field would be interesting.
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Table 1. Areas of the environmental burden resulting from conventional agriculture.
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	Source
	Sphere of Influence
	Environmental Burden





	Princeton Student Climate Initiative [26]
	Reduction of arable land
	Globally, 38% of non-frozen land is dedicated to crop production, which will continuously increase until 2050, reaching about 593 million hectares of land to meet the food needs of a constantly growing population.



	Cortada et al. [28]; Dach and Starmans [29]
	Reduction of arable land
	The natural landscape is transformed, and the arable land is reduced significantly by conventional agriculture.



	Princeton Student Climate Initiative [26]
	Crop contamination/soil contamination
	Conventional agriculture is associated with the extensive use of pesticides and fertilizers.



	Alice Kici’nska and Justyna Wikar [30]
	Crop contamination/soil contamination
	There is arable land for growing crops located close to industrial areas.



	Ezzahoui et al. [31]
	Crop contamination/soil contamination
	Soil cultivation is threatened by weeds, which are responsible for retarded productivity.



	Tilman et al. [32]
	Climate change
	The intensification of high-yield crops is responsible for a lack of biodiversity and global warming.



	IPCC [33]
	Climate change
	By reducing greenhouse emissions from the agricultural sector alone, global temperatures would be reduced by 2 °C.



	Taki et al. [37]; Rafiee et al. [38]
	Consumption of natural resources
	Introducing machinery, modified seeds, pesticides, and enhancers has changed agricultural systems and increased their dependence on minerals.



	Bakhtar et al. [41]; Princeton Student Climate Initiative [26]
	Consumption of natural resources
	Soil cultivation requires the extensive use of natural resources.



	IPCC [34]
	Greenhouse emissions
	Agriculture accounts for 50% and 60% of global anthropogenic emissions of N2O and CH4, respectively, and soil is one of the primary emission sources.
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Table 2. Consumption of water resources by conventional agriculture.
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	Source
	Consumption of Water Resources





	UNESCO [47]
	The agricultural sector is considered the largest consumer of freshwater.



	McDaniel et al. [48]
	Agriculture is the largest water consumer, with over 70% of this water being used for irrigation.



	Hardin et al. [49]
	Large amounts of water are required for irrigation.



	FAO [50]
	Globally, 30–40% of food comes from irrigated areas that comprise only 17% of the total cultivated land.



	Sathaiah and Chandrasekaran [51]
	The main consumer of water is agriculture.



	Sathaiah and Chandrasekaran [51]
	Water availability for agriculture will be threatened by growing domestic and industrial demand. Water use for irrigation in 45 countries, accounting for 83% of the world’s population, will have increased 22% from 1995 by 2025.



	Martinez-Mate et al. [52]
	Eighty percent of water resources are consumed by agriculture.



	Fitton et al. [53]
	Water depletion because of climate change has affected 11% of the world’s rural land and 10% of global pastures.



	Egbuikwem, Mierzwa, and Saroj [54]
	The growing demand for water from the agricultural and industrial sectors is contributing to a worldwide water scarcity crisis.
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Table 4. Definitions of hydroponics.
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	Source
	Definition of Hydroponics





	Ezzahoui et al. [31]
	In hydroponics, the means for nutrient supply is water, not soil.



	Ezzahoui et al. [31]
	Hydroponics uses control systems to manage the temperature, humidity, and water level conditions.



	Huo et al. [90]
	Hydroponics is an efficient, industrial-style vegetable production system.



	Seaman and Bricklebank [92]
	Hydroponics is soilless plant cultivation.



	Christie [93]
	Hydroponics is the soilless, anhydrous growth of plants using a mixture of water and nutrient solutions perfectly controlled according to the needs of the plants.



	Rakoczy [94]
	In hydroponics, the plants are grown in a solution of mineral nutrients using water as a solvent.



	Sharma et al. [95]
	Hydroponics is a cultivation method in which vegetables are grown without soil but in nutrient solutions.
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Table 6. Disadvantages of hydroponic cultivation.
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	Source
	Sector
	Disadvantages of Hydroponics





	Vourdoubas [77]
	Higher energy consumption
	The annual requirements for energy consumption correspond to 95.3% of the total energy, with 4.7% corresponding to electricity consumption.



	Souza, Toesca Gimenes, and Binotto [104]
	High initial investment
	Hydroponics requires a high initial investment.



	Muñoz [134]
	High initial investment/higher energy consumption/required know-how
	Hydroponics requires a high initial investment, high energy expenditure, special technical knowledge, and continuous assistance and monitoring.
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Table 7. Hydroponic and soil tomato cultivation case studies.
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	Tomato Cultivation
	Soil
	Sources
	Hydroponics
	Sources





	Crop yield (tonnes/ha)
	36.98
	Our World in Data [153]
	280–300 up to 650–700
	Hydroponics Systems [154]



	Recommended density (plants/m2)
	2 to 3.7
	Calpas [155]
	10 to 14
	Savvas et al. [156]



	Greenhouse gas emissions per kilogram (kgCO2eq per hectare)
	8.24
	de Jesus Pereira, Filho, and La Scala Jr. [157]
	n/a
	



	Greenhouse gas emissions per kilogram of food product (kgCO2eq per kilogram)
	2.09
	Our World in Data [158]
	n/a
	



	Water usage (L/kg)
	60
	Hydroponics Systems [154]
	22 (greenhouses without recycling), 10 (greenhouses with recycling), 4 (high-tech greenhouses)
	Hydroponics Systems [154]



	Energy input (megajoule/harvested kg)
	0.8
	Smil [151]
	4
	Antón and Muñoz [159], Torrellas et al. [160]
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Table 8. Hydroponic and soil cannabis cultivation case studies.
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	Cannabis Cultivation
	Soil
	Sources
	Hydroponics
	Sources





	Crop yield (gr/m2)
	138.59 to 231.08
	Janatová et al. [162]
	274.8
	Jin, Jin, and Chen [171]



	Crop yield (gr/plant)
	21.02
	Janatová et al. [162]
	881
	Knight et al. [172]



	Recommended density (plants/m2)
	16 to 20
	Vanhove, van Damme, and Meert [166]
	15
	Caulkins [186]



	Greenhouse gas emissions per kilogram of product (kgCO₂eq per kilogram)
	2000 to 5000
	Fox [175]; Webster [187]
	n/a
	



	Water usage during growing season (L/m2 per day)
	15.97
	Cannabis Control Commission [180]
	6.52
	Cannabis Control Commission [180]



	Energy input (kWh/kg yield)
	6074.00
	Zheng, Fiddes, and Yang [181]; Mills, 2012 [188]
	n/a
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