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    FOREWORD I




    


    


    


    


    


  




  

    The Controlled Environment Horticulture (CEH), which encompasses greenhouse gardening and vertical farming, is a promising approach to food production that combines the benefits of plant biotechnology with sustainable practices. It offers greater control over environmental factors like light, temperature and nutrients, leading to higher yields, improved quality, reduced environmental impact and year-round production.




    This book offers a comprehensive examination of the present state of Controlled Environment Horticulture (CEH), highlighting its historical origins and delving into different methods of protected cultivation. It highlights the numerous challenges faced by plants, such as nutrient shortages, salt stress and pollution, while providing practical solutions for addressing these problems in controlled settings. A key merit of this book is its exploration of the crucial impact of biotechnology on the progress of CEH. It covers significant breakthroughs in photobiology and the detailed analysis of plant metabolites, showcasing the scientific innovations that are broadening the possibilities within horticulture. Furthermore, the book discusses the emergence of cutting-edge farming methods, including vertical farming, hydroponics, aeroponics, aquaponics, demonstrating how these approaches are transforming agriculture and contributing to a sustainable future. This book emphasizes practical applications, featuring specific chapters on the protected cultivation of various crops such as fruits, vegetables, flowers and medicinal plants.




    I am sure that this book, would serve not just as a repository of information but as an essential tool for researchers, students, farmers and entrepreneurs dedicated to the advancement of sustainable agriculture. My aspiration is that it sparks fresh ideas and innovations, motivating everyone who interacts with it to play a role in building a more resilient and sustainable food system for future generations. At this pivotal moment in the intersection of agricultural advancement and environmental responsibility, we should harness the capabilities of Controlled Environment Horticulture to revolutionize our food production methods and secure a sustainable future for everyone. Finally, I would like to extend my congratulations to all the authors of the book chapters and the Bentham Science International Publishers, Singapore for bring this book in print media.




    

      Z. P. Patel


      Vice Chancellor


      Navsari Agricultural University


      Navsari, Gujarat, India

    




    


    


    


    


    


    


    


    


    


    


    


    


    


    




    

      FOREWORD II




      In a world facing increasing challenges like food insecurity, climate change, and shrinking arable land, finding sustainable ways to grow food has never been more urgent. Controlled Environment Horticulture (CEH) offers a promising solution by creating ideal conditions for plants to thrive, regardless of external factors. This book, Controlled Environment Horticulture: Where Plant Biotechnology Meets Sustainable Future, brings together the key principles, practices, and forward-looking innovations in CEH, where science meets sustainability.




      The chapters of this book cover a wide range of topics that give a clear picture of the current state of CEH and its future potential. Starting with the basics and the history of controlled environment growing, we explore different systems of protected cultivation and how environmental factors like light, temperature, and humidity play a crucial role. It also tackle the challenges plants face-such as nutrient deficiencies, salt stress, and pollution-and how we can manage these stresses within controlled environments.




      One of the most exciting aspects of this book is the exploration of biotechnology’s role in advancing CEH. From breakthroughs in photobiology to the study of plant metabolites, this book delves into the scientific innovations that are pushing the limits of what is possible. It also focuses on the rise of vertical farming, hydroponics, aeroponics, and aquaponics, showing how these systems are transforming agriculture and contributing to a sustainable future.




      Practical applications are also highlighted, with chapters dedicated to the protected cultivation of fruits, vegetables, flowers, and medicinal plants. Weed management, pest and disease control, and the economics of CEH are discussed to provide a well-rounded view of the operational side of running these systems. The book concludes with a look at the global trends shaping the future of CEH and the exciting prospects that lie ahead.




      This book is meant to be a valuable resource for researchers, students, farmers, or entrepreneurs—who are passionate about the future of sustainable agriculture. More than just a book, I hope it sparks new ideas and innovations that will help us build a more resilient and sustainable food system for future generations.
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      Assistant Professor
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    The Indian population faces several issues today, including rapid urbanization, population growth, resource depletion, and decreasing nutrition security. With its potential to improve nutrition security, increase in local crop output, decrease transportation of food, and use of less resources, controlled environment horticulture, or CEH, might completely transform our food systems. CEH systems-greenhouses, vertical farms, and high tunnels-allow the management of environmental factors, including temperature, air quality, light intensity, duration, and CO2, to provide predictable production and quality responses. The cultivation of high-value, ornamental, fruit, and fresh food crops is made possible by these systems all year round. The high energy consumption, manpower (training and automation), better temperature control, phytonutrient enhancement, sustainability, and labor costs remain significant challenges for production development. In horticulture, this term refers to production beneath structures like covers, artificial shade, plastic tunnels, or greenhouses.




    Horticulturists or researchers can use various stress reactions to add beneficial elements to fruits, vegetables, or medicinal plants. For example, a plant can start defense reactions, such as the production of bioactives, after a mild stress event is introduced in a controlled manner (such as a shortage of water, high temperature, or nutrients); however, the stress intensity is controlled so that biomass formation is not affected.




    This book, Controlled Environment Horticulture: Where Plant Biotechnology Meets Sustainable Future, goes into great detail on how horticulturists, students, researchers, and farmers can manage biotic and abiotic production variables to modify crop metabolism and produce beneficial metabolites, whether used as plant-based medications or as a component of a plant-based diet. A theoretical backdrop is offered prior to recommendations in this area. It enables the reader to use the knowledge they have learned in many contexts. The distinctive quality of this book stems from the fact that several chapters have been written by experts and scientists from India, Malaysia, Germany, South Africa, and Nigeria. This book's style makes it ideal for undergraduate students, readers, learners, and farmers since it simplifies and makes sense of complicated plant physiological principles in a controlled environment.
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      Abstract




      Controlled environment horticulture (also called protected structure cultivation), the concept of cultivating horticultural crops in protected structures, dates back to 14 AD. This method of cultivation offers protection to crops by regulating environmental factors (both biotic and abiotic factors) as per the crop’s requirements while reducing the incidence of pests and diseases. This chapter elucidates the diverse designs of protected structures in controlled environment horticulture, tailored to meet the growth requirements of various or specific crops. The regulations of environmental conditions (such as light, temperature, humidity, ventilation, water, nutrients, and pests) and the mechanisms of achieving optimum growing conditions are also highlighted. The huge initial investment and operational costs of controlled environment horticulture are stressed, and the need for improvement in the various designs is advocated to achieve energy sustainability while reducing costs.
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      INTRODUCTION




      The term horticulture is a derivative of the Latin words hortus, meaning ‘garden’, and cultura, meaning ‘cultivation’ [1]. Simply put, horticulture is the cultivation of crops in an enclosure, i.e., in a garden. The concept of horticulture as “garden cultivation” is overly simplistic, as it does not present the categories of crops associated with this type of cultivation. In a broader view, horticulture is considered an aspect of agriculture that focuses on the cultivation of plants for flowers, fruits, vegetables, medicines, aroma, and aesthetics (or beauty). [2] A study defined horticulture as the science of cultivating vegetables, herbs, fruits, nuts, and ornamental plants (including turfs, grasses, shrubs, and trees) [3]. Another study considers horticulture to include the art, science, technology, and business of gardening vegetables, fruits, flowers, seeds, and nuts.




      According to von Baeyer (2024) [2], horticultural practice dates back to about 20 millennia, when hunters and gatherers embarked on the trial-and-error approach of domesticating wild plants collected from diverse ranges in an attempt to breed the food closer to their shelters. Although agriculture and horticulture could be said to have begun at a time and evolved together, the approaches of these two fields differ considerably in terms of production, specialisation, and commercialization. Modern agriculture is often carried out on large expanses of fields and involves mono-crops in order to adapt cropping to mechanised processes of cultivation, harvesting, and processing. Its main goal is to promote the commercial production of food and food-related items, including livestock. Contrastingly, horticulture includes production that takes place in both open spaces (such as gardens, lawns, and parks) and enclosed areas (such as screen houses and greenhouses) and supports the mixing of varieties of plants (including fruits, vegetables, medicinal, and ornamental plants) in an area or space, as opposed to their seclusion in separate rows or plots. This approach offers great physiological and environmental benefits such as efficient nutrient and moisture utilisation, optimum photon trapping, and exploitation of micro-environmental variation leading to increased photosynthetic efficiency. For example, intercropping legumes (such as purple-hulled peas, garden peas, snap beans, and yard-long beans) with vegetable crops is being promoted in sustainable horticultural practices to reduce reliance on chemical inputs such as fertilisers [4].




      Horticulture is an important aspect of the farming system that is aimed at advancing the quality of life of man as well as the beauty, sustainability, and restoration of the ecosystem. These goals are achieved through the production of healthy and nutritious food, promotion of biodiversity, improvement of ecosystem aesthetics, mitigation of climate change through the reduction of carbon footprint, and improvement of air quality and living conditions of organisms. Horticulture deals with a great variety and diversity of plants, thus acting as a major driver for agricultural and economic diversification.




      Horticulture is classified on the basis of the major categories of crops it deals with. The major branches of horticulture include pomology, the production of fruit crops, olericulture, the production of vegetable crops, and floriculture, the production of ornamental plants. In recent times, landscaping- the art of enhancing the beauty of the visible features of an area of land through the modification of its terrain, plant arrangements, and the installation of patios, walkways, and other spaces- has become an integral part of horticulture. Landscape gardening is an evolving and aesthetic branch of horticulture that deals with the design of landscapes using ornamental plants in a fashionable way that presents a picturesque.




      Controlled Environment Horticulture (CEH) refers to the gardening of specialty crops, including fruits, vegetables, spices, ornamental and aromatic plants, and mushrooms, within protected structures or indoor systems, such as screen houses, greenhouses, vertical farms/plant factories, and other facilities, where advanced technology is employed to control the environmental conditions such as temperature, humidity, lighting, gaseous exchange, pests, and pathogens.




      The horticultural practice of cultivating crops in controlled environments, also known as protected cultivation, dates back to ages, with the earliest record around 14 AD in Rome, where cucumber plants (Cucumis sativus L.) were grown in prototype greenhouses (called specularia) constructed for Emperor Tiberius (42 BC–37 AD) presumably beside his palace on the Island of Capri [5, 6]. This was done to evade the cold winter season and get cucumbers year-round for the Emperor. It was on record that there was never a time the gardeners failed to meet the Emperor’s demand for the fruit [6]. Protected structures offer protection to crops by regulating environmental factors (both biotic and abiotic factors) as per the crop’s requirements. These structures can be used to prevent, delay, or even mitigate pest and disease incidences in crops by modifying the environmental conditions (such as temperature, humidity, and other factors) against pests and pathogens. Controlled environment horticulture thus offers the immense advantage of producing healthier crops with improved yields and quality in stark contrast to traditional gardening or farming, which relies on environmental impulses and can be significantly impacted by extreme conditions like excessive heat, frosts, droughts, and floods. Protected structures are used to regulate conditions of growth by creating perfectly balanced environments that meet the requirements of crops, allowing for all year-round production. Not only does this environmental control ensure consistent production and yield, but it also allows for the cultivation of crops in places that are traditionally unsuitable for them [7].




      There are various types of protected structures employed in modern horticulture. These structures can be categorised on the basis of materials used and structure designs. Materials commonly used in the design of protected structures for controlled environment horticulture (CEH) include glass sheets, polycarbonate sheets, plastic films, and polyethylene films and nets (also called HDPE nets—high-density polyethylene nets). Different structures used in controlling environmental factors in horticulture include greenhouses, polyhouses, net houses, raised beds, trellis, and drip irrigation systems. These structures are being used independently or in combination to offer optimum growing conditions and protection against severe weather conditions, pests, and pathogens while allowing for out-of-season or year-round planting [7].




      Controlled environment cultivation can be broadly categorised into soil-based and soilless methods. In soil-based cultivation, natural soils or soils supplemented with nutrients are the medium for crop production. This medium provides a base for the root systems and supplies dissolved nutrients in the soil water for the growth of plants. Soil also harbours microbes that play beneficial roles in plant nutrition [8]. Soilless cultivation is any method of growing plants that excludes the use of soil as a rooting medium but involves the supply of nutrients to the roots using irrigation water [9]. Soilless planting can be adapted into hydroponics, aeroponics, aquaponics, and solid media cultures, which are supplied with nutrient-rich solutions to facilitate crop growth.




      Cultivation using soil or soilless medium in CEH can be achieved using horizontal or vertical arrangements. In horizontal farming, crops are cultivated in the growth medium in a single layer in an environment that is optimum for the crop. The single layer favors automation, requires less energy, and is relatively cheaper to maintain compared to the vertical arrangement (Fig. 1a-d). In vertical farming, the growing medium for crops is stacked vertically in layers (Fig. 2a-d). These cultivation methods produce a substantial amount of food but with a higher energy footprint.
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Fig. (1))


      Horizontal farming with (a) Soil beds in rows, (b) Continuous soil beds, (c) Tray hydroponic system, and (d) Nutrient Flow Technique (NFT) hydroponic system.
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Fig. (2))


      Vertical farming techniques showing (a) grow tower system, (b) stacked rack system, (c) zip system, and (d) stacked pot system. These systems are suitable for both hydroponic and aeroponic supply of nutrients.

    




    

      Aspects of Environmental Regulation in Control Environment Horticulture




      Controlled environment horticulture (CEH) attempts to mitigate environmental stressors (both biotic and abiotic stressors) that limit crop growth and productivity under natural conditions [10]. These conditions have been exacerbated by increasing rates of pollution and global warming. These conditions imposed singly or in combination during the vegetative and reproductive stages of growth unfavorably impact biomass, yield, and quality of the produce [11]. CEH using protected structures allows for the regulation of climatic factors (temperature, humidity, moisture, air, and gases), edaphic factors (soil and nutrient management), and biotic factors (pests and diseases) in crop production.




      

        Temperature Control




        Temperature is the degree of hotness or coldness of a body. It is commonly expressed in degrees Celsius, or centigrade (°C), and Fahrenheit (°F). Air temperature has a direct effect on the temperature of the growing medium (soil/water) and consequently impacts the development of crops. It also modifies environmental variables such as relative humidity and vapour pressure and ultimately induces physiological stress in crops [12]. Protected structures are designed to regulate temperatures using vents, fans, wet walls, shade cloths, misting/fogging, and radiant heating systems. Misting and fogging systems function by generating a fine mist or fog in the controlled environment, which decreases temperatures and raises humidity levels in a regulated manner. This serves as a cost-effective and versatile means of controlling temperature, humidity, and dust [13].


      




      

        Humidity Regulation




        Humidity is a measure of the water vapour in the air. The humidity of an area, measured as relative humidity (expressed as a percentage), refers to the extent of saturation of air with water vapour compared with the total amount of water vapour that can be held by the air at a given temperature [14]. Humidity is atmospheric moisture that regulates crop growth and development via its control of vapour pressure gradient and transpiration. The propelling force for transpiration in plants is the vapour pressure deficit created by the moist internal spaces of the leaves and the dry air (induced by high temperature) just about the leaf exterior [15, 16]. As climate change intensifies, warmer conditions affect air humidification, increasing the rates of transpiration and drought stress in crops [12, 17]. Protected structures in CEH can be used to regulate humidity and temperature, thus minimising evaporative losses while facilitating the growth and yield of crops.


      




      

        Light Control




        Light energy is an important factor that drives photosynthesis and development in crops [12, 18]. Plants' abilities to utilise light in photosynthesis vary with species/cultivars and lighting characteristics and are a measure of light use efficiency. Light use efficiency (LUE) refers to the ratio of chemical energy confined in organic compounds produced through photosynthesis by a population of crop population in a unit land area in relation to the captured photosynthetically active radiation (PAR) during the same period. It provides a measure for assessing crop productivity [18]. Lighting characteristics such as wavelengths or spectral composition, intensity, direction, and duration can influence the growth and development of crops. Light pollution (or inappropriate lighting) has been reported to adversely impact leaf formation, stem elongation, flower initiation, pollination, and yield of crops [19]. Lighting systems in CEH can be categorised into three (3) types, viz., (i) exclusively natural light, (ii) exclusively artificial light, and (iii) a combination of natural and artificial lights. Natural light from the sun can sometimes be insufficient (such as during the rainy season or winter) or too intense (such as during the summer) for some plants, not only in terms of radiation but also in terms of temperature. Thus, adjusting lighting to control temperature is therefore necessary. Incorporating shading materials into rooftops and sidewalls of protected structures could adjust the intensity of natural lighting to meet the requirements of some horticultural crops. Under insufficient lighting conditions, artificial light sources such as fluorescent lamps, light-emitting diode (LED) lamps, and high-pressure sodium (HPS) lamps can be used to manipulate the lighting for crops in protected structures [20].


      




      

        Ventilation Control




        Ventilation describes the process by which fresh air (usually from outside) is purposely allowed into a protected space in order to remove or dilute the stale air. In CEH, adequate ventilation allows for the proper exchange of gases, maintenance of a balanced temperature, and prevention of thermal stress in crops. Ventilation also regulates humidity, precluding condensation buildup on aerial organs of crops and reducing the risk of infestation by pathogens, especially fungi. Natural ventilation in protected structures is achieved via openings in the rooftops and sidewalls to allow for the circulation and exchange of air. Artificial ventilation is achieved using mechanical devices such as fans and evaporative coolers [21]. The microclimatic regulation provided by ventilation is important for the control of respiration, photosynthesis, flowering, and yield in crops.


      




      

        CO2 Regulation




        CO2 is an essential component of air required by plants for photosynthesis and growth. The concentration of CO2 in the atmosphere has increased continuously over time, reaching an all-time high of 0.04% (421 ppm) in 2023 [22] and is expected to reach 800 ppm by 2100 [23]. These increases exert effects on physiological mechanisms such as nitrogen utilisation and water-use efficiency, especially in field crops. The optimum CO2 concentration for most crops to reach saturation is 1,000–1,300 ppm, although 800–1,000 ppm is the limit for some crops, such as cucumbers, peppers, and tomatoes, especially at the seedling stage [24]. Thus, elevated CO2 without concomitant increases in nutrients and water supply to crops can impact negatively on the photosynthetic apparatus [25]. The levels of CO2 in enclosed environments, such as protected structures (such as growth chambers), are typically lower than in outdoor air. This may induce CO2 deficiency and limit productivity in some crops. Therefore, elevating CO2 levels to meet the requirement of crops in growth chambers is necessary to achieve optimum growth and productivity. In completely closed production systems, such as growth chambers and greenhouses, inlet gases may be monitored using flow meters fitted with sensors, e.g., nondispersive infrared (NDIR) CO2 sensors, photoacoustic spectroscopy (PAS) sensors, electrochemical CO2 sensors, and semiconductor CO2 sensors.


      




      

        Irrigation and Water Management




        Irrigation refers to the artificial supply of water to the soil or crops through various systems, including tubes, sprays, and pumps. Irrigation is particularly important in artificial systems such as CEH systems in order to meet the specific water requirements of crops. The irrigation regime is influenced by the evaporative potentials of the atmosphere, a direct function of the relative humidity, surface temperature, wind speed, and cropping system. In cropping systems, plant-water relations (including absorption, transport, and control mechanisms for water) and soil characteristics (including infiltration, water holding capacity, and drainage) for soil-based cultures often determine the irrigation regimes. In soilless cultures, the irrigation systems can either be open or closed-loop. In an open irrigation system, the nutrient solutions are allowed to run off from the cropping system after each cycle of use. A closed-loop irrigation system involves nutrient solution capturing and recycling within the same cropping system [26]. Controlled environment cultivation allows for the optimisation of water and nutrient efficiency for various crops [27], thus achieving high productivity with fewer resources.


      




      

        Soil, Substrate and Nutrient Management




        Soil is the traditional medium for growing crops. It consists of minerals, organic matter, water, and air in varied proportions depending upon the genesis and development. Soil is a complex, dynamic system, and its variability affects crop growth and productivity [28]. Soilless cultivation methods have been developed to mitigate the effect of soil variability and its impact on crops while also offering efficient management of water and nutrients [9]. There are three main types of soilless systems, viz., hydroponic, solid media culture, and aeroponic. Hydroponics involves cultivating plants in water-based nutrient solutions devoid of soil. These systems can be designed as open or closed systems, depending on whether the nutrient solution is released (in open systems) or recycled until its depletion (in closed systems). Closed systems offer greater efficiency in water and nutrient use compared to open systems [29]. Solid media culture systems, also called substrate-based hydroponic systems, as the name implies, involve the use of substrates to facilitate anchorage of roots, aeration, and drainage of the root zone in soilless cropping. Solid media such as vermiculite, perlite, rice hull, coconut coir, peat, mineral wool, and gravel can be incorporated into open or closed water-nutrient supply systems. Aeroponics is a cultivation method where the plant’s roots are suspended in air and sprayed with nutrient mist [9]. Aeroponics allows for greater control of nutrients and reduction in water use for cultivation while ensuring disease-free crops since misting is targeted only at the root zone.


      




      

        Pest and Diseases Control




        Crop pests are organisms that cause damage to crops, causing major losses to farmers. Pests include insects, nematodes, and small animals that feed on crops to survive. They create openings through which pathogens can invade the internal tissues and also serve as vectors for some disease-causing pathogens in crops. For example, hemipteran insects (such as aphids, leafhoppers, psyllids, and whiteflies) have direct devastating effects on crops due to their piercing and sucking habits and additionally transmit disease-causing microbes into plant systems. These hemipterans have coevolved with intracellular, often obligate microbial partners (endosymbionts) and derive mutual benefits from their association [30].




        Environmental factors play significant roles in pest and disease incidence in cropping systems. In general, high relative humidity, elevated temperature, and precipitation encourage the growth and distribution of most pests and pathogens by providing a warm, moist condition required for their growth. In open cropping systems, feeding interactions among organisms serve to regulate the populations of pests. For instance, dragonflies, ladybirds, and spiders act as natural control agents for pests like aphids, caterpillars, and stemborers [31]. Crop losses in protected structures, such as greenhouses, may be high if they are not quickly detected and checked. This is due to the absence of natural predators that control major pests in these structures [32].




        Integrated pest management strategies towards prevention, early detection, and curative measures are important to controlling pests and diseases in protected structures. The use of physical barriers, e.g., insect-proof nets, double doors, metallised reflective mulches, and ultraviolet (UV) radiation-absorbing sheets, are preventive strategies that can be adopted to ward off pests. Environmental controls such as humidity and temperature control, quarantining planting materials prior to introduction, pre-season clean-up of structures, and inspection of personnel entering into the protected structures can check pest infestation of crops. Curative measures that can be adopted include cultural practices, the removal and destruction of alternate hosts, including weeds, handpicking of pests with scanty populations, and, to a lesser extent, the use of pesticides. The adoption of a suitable pest management strategy leads to high-quality, disease-free production, greater yield, and increased remuneration from control environment cultivation [32].


      


    




    

      Challenges in Controlled Environment Horticulture




      It is true that CEH offers a refined method of growing crops with enhanced protection, where environmental factors (including light, temperature, humidity, ventilation, CO2 flux, water and nutrient supply, pests, and pathogens) are controlled using precision-driven technologies in order to produce healthy and high yields from crops. This approach, however, comes at a cost. High initial investment is often required to set up protected structures for the cultivation of horticultural crops. There are also huge operational costs and environmental impacts associated with energy generation for the regulation of lighting, temperature, ventilation, and irrigation conditions for crops [32]. There is no gain in saying that protected structures reduce crop infestation by pests and pathogens; however, there is high disease severity once pests and pathogens gain entrance into these confined spaces. Increased pollution of air, soil, and water arising from industrialisation is also posing greater challenges to raising crops in protected structures [33]. Measures of removing or reducing the concentrations of pollutants (such as salts, metals, or persistent organic compounds) in air, soil, and water impose a higher operational cost and increased energy demand in CEH.


    




    

      CONCLUSION




      Controlled Environment Horticulture-the gardening of specialty crops such as fruits, vegetables, spices, ornamental and aromatic plants, and mushrooms in protected structures-is revolutionising farming by optimising conditions of growth in indoor environments to meet specific crop requirements while achieving efficient and sustainable use of resources for quality, bountiful, and year-round harvest of crop produce. The ability to use this method to cultivate “difficult-to- grow” crops from wide environmental ranges also makes this cultivation method ideal. Improvement of protected structure designs to allow for energy sufficiency and sustainability while minimising start-up costs is necessary.
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      Abstract




      Intensive agricultural techniques designed for optimal output and efficiency are evident in modern greenhouses. In greenhouses, plants are cultivated year-round by maintaining environmental conditions close to ideal levels, even in the face of inclement weather. The past two centuries have seen a great deal of scientific and technical progress, which has led to the development of modern greenhouses. These include innovations in temperature control, artificial lighting, hydroponic farming systems, and glass and structural designs tailored to certain climates. According to Pliny, Emperor Tiberius was “always provided with this delicacy; in fact, he had a special partiality for it.” The Cucumis fruits that Pliny and Columella mentioned were really long-fruited (Cucumis melo subsp. melo), which were mistranslated as cucumbers. In ancient Israel and Rome, these were highly prized vegetables that are today known as faqqous, veggie melons, and snake melons. With 90% of farmers stating that their consumers would pay more for crops with enhanced taste, producers overall found that improving agricultural flavor through growing environment management and expanding production practices were the most pertinent study areas. Finally, based on historical facts and existing practices, prospects for future hydroponic CE production were explored. These include the need to investigate several environmental factors rather than just one and the focus on improving crop quality, including flavor, sensory attributes, and postharvest longevity, in addition to production.
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      INTRODUCTION




      The art of greenhouse technology involves cultivating crops within structures with a transparent covering to shield them from harsh weather and bad climate conditions. In addition to greenhouses, additional forms of protected agriculture include row covers, net houses, and low and high tunnels. The main features that differentiate a single greenhouse apart from another are the type of structural




      elements used in its construction and the degree of technology used. In the 19th century, greenhouses were operated as hobbies, but by the 21st century, they were completely commercialized. Countries like Israel and the Netherlands have sizable greenhouse zones and are also important providers of greenhouse technology to other emerging nations. The greenhouse sector has been growing as a result of design technology advancements, affordable and long-lasting glazing materials, environmental control, and soilless farming. The most recent commercial platform for producing specialized crops under cover does not require sunshine. In reality, all of the cardinal variables of plant growth (light, temperature, water, nutrients, and environment) must be provided and managed in order to grow crops for indoor harvesting. The umbrella term “controlled-environment agriculture” (CEA) encompasses various appellations such as “indoor agriculture” (IA), “indoor farming” (IF), “vertical farming” (VF), “plant factories” (PF), “container farms” (CF), and more. By managing these cardinal parameters, fresh food may be grown quickly and productively indoors year-round, independent of outside climatic or meteorological circumstances. Complete environmental control provides clear benefits for growing perishable products with a short shelf life, particularly in terms of avoiding quality loss and the costs associated with long-distance transportation.




      

        History of Greenhouse




        Between 14 and 37 CE, the earliest documentation of crop cultivation in protected environments appeared in Rome [1]. Emperor Tiberius is noted for growing cucumber plants throughout the year using artificial techniques. During chilly nights, these plants were moved on carts to sheltered homes known as Specularia. The importance of protected agriculture is also discussed in “Sanga Yorok,” a crop husbandry treatise from the 1450s by the royal physicist of the Joseon dynasty in Korea. This text explains how to cultivate mandarin trees and produce mature fruit using Ondol, a traditional underfloor heating system. In winter, fruit trees, such as potted oranges, were relocated within these structures to protect them from the elements. Furthermore, recent research has shown that staff at Wye House engaged in agricultural trials focused on medicinal and nutraceutical plants [2]. In the 19th century, large glasshouse conservatories were created in Europe to cultivate exotic tropical plants brought in from other regions. Noteworthy examples include the iron-framed glasshouses constructed at the Royal Botanic Society in Regent's Park (1842-46) and the Royal Horticultural Society in Chiswick (1840).




        Hydroponic production enables plant growth without mineral soil by using inert mediums such as gravel, sand, peat, vermiculite, perlite, coco coir, sawdust, and rice hulls, which supply essential nutrients [3]. While traditional hydroponic methods have often excluded soilless substrate techniques, these are commonly used in potted floriculture. In this study and in the USDA Census of Horticultural Specialties, crops grown in nutrient solutions without soil are classified as hydroponic [4].


      




      

        Greenhouse Designs




        Modern commercial greenhouses have evolved significantly from the Orangeries of the 18th century and the glasshouses of the 19th century. Many designs were tailored to suit local climates. In the 20th century, the Westland region of the Netherlands became a center for greenhouse development. These Westland-style structures featured removable glass panels that allowed winter rains to wash away soil salt buildup [5].




        While these greenhouses improved upon older grape cultivation designs, they were not well insulated due to gaps between the panels. The devastation of World War II led to extensive damage, with approximately 1.8 million square meters of glass destroyed [5].




        In the aftermath, engineers in Venlo created a tall, multispan-insulated greenhouse design. This new approach aimed to fulfill post-war demands for vegetables and other crops. Over the years, the Venlo design has been refined to lower costs and enhance ventilation, making it suitable for regions with less wind. Today, Venlo is recognized as a global leader in greenhouse innovation [6]. In China, the production of protected crops began to rise in the 1980s, aided by the country's “open-door” policy established in 1978. This policy allowed for the import of modern greenhouse designs, including the Venlo style. However, due to their high costs, these greenhouses did not see widespread adoption. Instead, Chinese manufacturers created designs that better fit local conditions [7]. One significant advancement is the solar greenhouse, a cost-effective structure made from plastic or glass. Developed initially in Liaoning Province, these greenhouses utilize passive solar energy for heating during the day and retain warmth at night with thermal blankets and north-facing brick walls [8]. This design has proven effective in boosting production in China’s colder northern regions. By the end of the 20th century, the area dedicated to protected agriculture, mainly solar greenhouses, was estimated at around 1.4 million hectares, with more recent estimates suggesting closer to 2 million hectares [9].




        In Spain, a sizable greenhouse business has been rapidly growing during the last thirty years, particularly in an area near the Mediterranean called Almeria in southeast Spain. Principal commercial greenhouse designs found around the globe include (A) Venlo fashion, (B) Vegetable Crops, (C) Parral fashion, and (D) Polyhouse with gutter connections. Around 26,000 hectares of greenhouses, largely growing vegetables for Europe, are concentrated near the sea [10]. The area became what it is now because of methods like mulching, drip watering, hydroponics, and the creation of soilless substrate. The region also gains from a sizable workforce originating from neighboring African nations. Spanish regions around Almeria are where the parral-type greenhouse originated.




        In the US, a variety of greenhouse types are used to raise crops. These include the Venlo-type greenhouse designs and the wide arch or gabled roof. Most greenhouse designs in the country's northern areas are gabled constructions built of galvanized steel with a stiff plastic or glass cover to withstand wind and snow. Arch-style, gutter-connected plastic sheet greenhouses may be seen throughout the nation's warmer climes. Furthermore, hoop houses, also known as high tunnels, are becoming more and more common in the US. Because plants are cultivated directly in the soil covered by plastic-covered structures, these structures are different from greenhouses. Season extension is possible using high tunnels, which can be constructed for a small portion of the price of a greenhouse [4].


      




      

        Glazing Materials




        The temperature and relative humidity within a greenhouse, as well as the way light is dispersed and transmitted, can all be impacted by the kind of glazing material utilized (Table 1). Glass was the most often utilized material for glazing until the early 1990s [11]. Due to its enormous popularity, glass was subject to a charge in England from 1745 to 1845 on both makers and consumers. However, only the rich in 19th-century England built glasshouses due to the high expense of glass. Beaver-tailed or curved glass panes were popular at that time because they guided raindrops into the center of the pane instead of the wooden or wrought iron bars. Nowadays, the most used material for covering greenhouses is polyethylene. A significant turning point for contemporary greenhouses was the unintentional discovery of polyethylene in 1933 [12].




        In several Middle Eastern, Asian, and African nations toward the end of the 20th century, the greenhouse industry was expanding quickly [13]. More than 115 countries have greenhouses now [14], and the majority of them are covered in plastic films. 1948 saw significant research on the use of polyethylene as a greenhouse cover carried out in the United States by Emery Myers Emmert, a professor at the University of Kentucky. Other varieties of plastic films, such as ethylene vinyl acetate and ethylene butyl acrylate, were also found to be appropriate materials for greenhouse glazing during the 20th century. Plastic films with a high heat transmission coefficient are typically employed as greenhouse covers, particularly those composed of polyethylene. In the 1990s, rigid polymers were created as glazing materials for greenhouses. These include PVC, polycarbonate, and acrylic, also known as plexiglass. Between glass and plastic films are these stiff polymers. When compared to glass, they have more light dispersion and less heat transfer [15], yet they are more durable than plastic films. Furthermore, according to a study [16], stiff plastics like polycarbonates do not transfer much UV energy. The synthesis of polycarbonate-based hard polymers involves the polycondensation of phosgene, a substance that was extensively employed in the First World War's chemical warfare [16]. In 1971, a significant advancement in the application of polycarbonates as glazing material occurred with the creation of a method to eliminate the material's cognac-colored stains. As a result, a novel substance was created that was almost as transparent as glass [17].




        

          Table 1 Properties of different glazing materials used as greenhouse covering.




          

            

              

                	Glazing material



                	Light TransmissiOn (%)



                	Thermal Transmission (%)



                	Durability (Years)

              


            



            

              

                	Glass: single pane



                	88–93



                	3



                	25+

              




              

                	Glass: double pane



                	75–80



                	<3



                	25+

              




              

                	Rigid plastic: single layer



                	90



                	<3



                	10-15

              




              

                	Rigid plastic: double layer



                	78–82



                	<3



                	10-20

              




              

                	Plastic film: single layer



                	87



                	50



                	3-4

              




              

                	Plastic film: double layer



                	78



                	50



                	3-4

              




              

                	Plastic film: double layer with IR blocker



                	78



                	<20



                	3-4

              


            

          




          

            (Table 1: Reproduced from Cheng C-C, Liu C-C, Chiu T-F, Shiou-Krishna Nemali. History of Controlled Environment Horticulture: Greenhouses; HORTSCIENCE 57(2):239–246. 2022


            http://dx.doi.org/10.21273/HORTSCI16160-21 from an Open Access source)

          




        


      




      

        Greenhouse Heating Systems




        A temperature of about 20°C is optimal for many species' germination, growth, and blooming [18]. Winter greenhouse heating is a common technique in northern locations, particularly in latitudes over 40 N [18]. Both natural (passive) and artificial (active) methods can be used to heat a greenhouse. Natural heating sources like solar and geothermal energy are contrasted with artificial heating sources like gasoline, oil, electricity, or wood.




        More examples of passive solar greenhouses in China are documented by a study [19]. These greenhouses maximize the amount of sunlight that may enter the structure throughout the day by having a large roof surface that faces south. The heat that is absorbed by the walls and other greenhouse components during the day is released at night as infrared radiation. To prevent infrared radiation from escaping, a blanket was placed over the greenhouse roof at night. These days, artificial heating is more common in many greenhouses. The first records of artificial heating date back to Rome and their use of a hypocaust, or a central heating system [20].




        Unit heaters provide artificial heating in modern greenhouses [18, 21]. The burners of these heaters are continuously supplied with fuel. The air inside a heat exchanger gains heat from the burner's flame, and this heat is then transferred to the cooler air that is forced into the device by a fan. The greenhouse stays warm thanks to the heater's hot air that enters it. Temperature sensors and automation play a major role in controlling the heating process in contemporary greenhouses. Some contemporary greenhouses use hot water for heating by passing it through pipes that cross the structure [21].
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