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Abstract

:

Horticultural protected cultivation has spread throughout the world as it has proven to be extremely effective. In recent years, the greenhouse engineering research field has become one of the main research topics within greenhouse farming. The main objectives of the current study were to identify the major research topics and their trends during the last four decades by analyzing the co-occurrence network of keywords associated with greenhouse engineering publications. A total of 3804 pertinent documents published, in 1981–2021, were analyzed and discussed. China, the United States, Spain, Italy and the Netherlands have been the most active countries with more than 36% of the relevant literature. The keyword cluster analysis suggested the presence of five principal research topics: energy management and storage; monitoring and control of greenhouse climate parameters; automation of greenhouse operations through the internet of things (IoT) and wireless sensor network (WSN) applications; greenhouse covering materials and microclimate optimization in relation to plant growth; structural and functional design for improving greenhouse stability, ventilation and microclimate. Recent research trends are focused on real-time monitoring and automatic control systems based on the IoT and WSN technologies, multi-objective optimization approaches for greenhouse climate control, efficient artificial lighting and sustainable greenhouse crop cultivation using renewable energy.
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1. Introduction


The need to increase a sustainable food production for a predicted world population of 9 billion by 2050 represents a priority for all countries [1]. Protected agriculture has enabled us to extend the food production capability in many developed countries and, recently, to less prosperous regions of the world. Greenhouses represent a symbol of modern agriculture and can have several relevant effects on the economy, society, and on agro-ecosystems [2]. The worldwide protected agriculture area (including greenhouse and any crop “under cover” production systems) was estimated to be 5.6 million ha [3]. Globally, the greenhouse area is estimated to have expand multifold in the last decades, comparing the 200,000 ha in 1980 to the 2 million ha in 2010, particularly in Asia and the Mediterranean basin [4]. More than 60% of the total area of greenhouses in the Mediterranean region was concentrated in three countries: Spain (53,843 ha), Italy (42,800 ha) and Turkey (30,669 ha) [5]. In Asia, large greenhouse areas were recorded in China (3.4 million ha in 2010) and Japan (46,000 ha in 2012) [4,6]. In particular, the greenhouse area in China underwent a rapid expansion from 1982 to 2010 [6].



Greenhouse systems represent a defense measure against unfavorable climatic conditions as well as pests and diseases. Furthermore, greenhouses have the great advantage of remarkably increasing off-season products, thus satisfying the demand for quality fresh products throughout the year by the large-scale retail chains. Greenhouse farming is mainly involved in vegetable crops (tomato, pepper, eggplant, zucchini, cucumber, melon, squash and lettuce), and to a lesser extent of other commodities, like flowers, ornamentals and fruits (mainly strawberries). Tomato, cucumber and sweet pepper are the dominant crops [7].



In countries with a mild and warm climate, the greenhouse systems are characterized by low technology and a low use of energy inputs, which are characteristics that have created, however, some critical issues. The low night-time temperatures in winter, and the excessively high day-time temperatures in warm periods require proper solutions. These issues are related to the strong and direct dependence of the internal microclimate on the external climatic conditions [8]. The dominant trend in these areas is the minimal control of the greenhouse microclimate that is often limited to natural ventilation, shading techniques and emergency heating [9]. In the warmest Mediterranean areas, the greenhouse technology is generally based on the principle of minimizing capital investments, running costs and energy consumption, thus greenhouses are commonly characterized by lightweight structures without artificial heating systems [9,10]. In Northern Europe, there is a clear trend to optimize the greenhouse environment in order to obtain the maximum crop production potential [8,11]. Greenhouse farming in North-Western Europe has evolved in parallel with the emergence of advanced engineering technologies, including computerized climate control, soilless cultivation systems and agro-robot systems [12,13].



In Mexico and Colombia, naturally ventilated structures are mainly used, and greenhouse climate dynamics are primarily affected by the local weather conditions because greenhouses are not equipped with heating and cooling systems [14,15]. Computational fluid dynamic (CFD) studies were applied to greenhouses in order to evaluate the inside air flow patterns and temperature distribution as affected by the slope of the terrain [16] and by the height and ventilation configuration in a Colombian greenhouse [17], the airflow and ventilation rates as affected by the greenhouse orientation and roof vent and screen characteristics [18].



The great diffusion of greenhouses, however, has been criticized for its associated environmental impact due to energy use, plastic waste generation, soil pollution, biodiversity degradation, local runoff alteration [19,20], as well as for their impact on the visual quality of the surrounding rural landscape [21,22,23]. The major environmental burden in high-tech greenhouses is represented by the high fossil fuel-based energy use; the soilless cultivation with the recirculation of drain water allows for achieving a high resource and water use efficiency and low N emissions [24]. The greenhouse structure, fertilizers and auxiliary equipment were found to be the major environmental burdens in unheated, plastic covered multi-tunnels [25]. The necessary frequent replacement of plastic covering films generates huge quantities of post-consumer materials that are often improperly disposed of, causing environmental and economic problems [26]. Studies on greenhouse engineering have been previously reviewed by Hanan [27], Critten and Bailey [28], Montero et al. [29], Shamshiri et al. [30], Syed and Hachem [31] and Achour et al. [32].



The bibliometric analysis approach, including the performance analysis and science mapping techniques, has been used to analyze the quantity and quality of the scientific production and to graphically represent the structure of scientific activity within a discipline, a research field or a topic area, by applying mathematical and statistical methods and data mapping techniques [33,34,35]. This methodology is a useful and powerful tool to analyze publishing activities at the level of countries, institutions or research groups for comparative analyses of productivity, cooperation between universities and research centers, for the description, evaluation and monitoring of scientific and technological activities and projects and to identify research trends and areas that are developing or regressing [36]. A bibliometric analysis can facilitate the development of science-based strategies including private and public research management, the development of science and technology programs and policies and research strategic decision making [34,37]. HistCite [38], CiteSpace [39] and VOSviewer [40] are freely available software widely used to create networks of publications, journals, researchers, research institutions, countries, keywords or terms [41].



The science mapping approach has been widely used in several research areas [42]. In agricultural sciences, this methodology has been employed to analyze research trends into various research fields, such as global biodiversity [43], structure and evolution of the Mediterranean forest [44], plant phenotyping [45], precision agriculture [46], unmanned aerial vehicles in agricultural and forestry [47], soil remediation [48], greenhouse farming [49], durum wheat and pasta quality [50], agricultural pollution [51], mapping of agricultural greenhouses and plastic-mulched crops by remote sensing approach [52] and in the study of natural ventilation in protected agricultural structures in tropical and subtropical climatic regions using CFD [15].



Considering that the several studies published on greenhouse engineering cover a wide range of scientific areas, an advanced visualization methodology, such as science mapping, could provide a useful alternative tool to analyze the pertinent literature and reveal the structure and the evolution of the research activity.



The objective of the current work was to analyze the global research trends on greenhouse engineering in the last four decades through a bibliometric mapping approach. Particularly, our aims were: (1) examining the number of publications per journal, country and research institutions and the trends in scientific publication outputs; (2) identifying and visualizing the main research topics and their relations; and (3) providing a general overview of the main topics and their trends over time. To our knowledge, there are no studies that have applied this method to analyze the research on such a wide topic in the last four decades. This work will provide a general comprehensive knowledge on the structure and progress of research in this scientific field. Such knowledge could be beneficial to research project funding and to university curricula as well as to young researchers, research managers and policy makers who may be interested in knowing where, by whom research is being carried out and what are the main recent directions of the research progress in greenhouse engineering, a field that is undergoing increasing technological and sustainable improvement and application.




2. Materials and Methods


2.1. Data Collection


The Elsevier’s Scopus database was chosen as one of the most widely used data sources for bibliometric analyses. It is one of the largest abstract and citation repositories of peer-reviewed literature, covering scientific journals, books, conference proceedings, etc. [53].



T bibliographical records related to greenhouse engineering research were retrieved using the Scopus database. The relevant scientific documents were identified using appropriate keywords in the combined fields of title, abstract and keywords; the search terms always included “greenhouse” and the terms related to the principal topics of the research in greenhouse engineering. Some terms were used with an asterisk in order to retrieve documents associated with the derived words. The following search equation was typed into Scopus to collect relevant publications: (TITLE-ABS-KEY ((greenhouse) AND (“environment monitoring” OR “environment control” OR “wind load*” OR “snow load*” OR “construction element” OR “structural element” OR “shading net*” OR “insect screen*” OR “covering material” OR “CFD” OR “computational fluid dynamic” OR “internet of things” OR “thermal* control*” OR “pest protection” OR “ventilation system” OR “cooling system” OR “heating system”)) OR TITLE-ABS-KEY (“greenhouse energy” OR “intelligent greenhouse” OR “intelligent agricultural greenhouse” OR “greenhouse automation” OR “greenhouse cover*” OR “greenhouse cladding” OR “greenhouse climate control” OR “greenhouse conditioning” OR “greenhouse heating” OR “greenhouse cooling” OR “greenhouse dehumidification” OR “greenhouse glazing” OR “greenhouse lighting” OR “greenhouse microclimate” OR “greenhouse monitoring” OR “greenhouse shading” OR “greenhouse structure” OR “greenhouse design” OR “greenhouse engineering” OR “sustainable greenhouse” OR “photovoltaic greenhouse” OR “smart greenhouse” OR “greenhouse film”)).



The document search was carried out in April 2022 by restricting the research to original publications written in English (article, book chapter, book, reviews and conference papers) and published in the last four decades (1981–2021) in order to capture the evolution dynamics of the research field over a long period. Regional research published in other languages was therefore not included in the current bibliometric analysis. Although the initial number of documents retrieved was high, the number was reduced after conducting a search refinement based on the application of filters for terms included in the title, abstract or keywords, based on the abstract reading and keywords analysis in order to get a more detailed view on greenhouse engineering for crop production. Some keywords such as “global warming”, “greenhouse warming”, “greenhouse gas”, “greenhouse effect”, “paleo*”, “cretace*”, “icehouse”, “thermosphere*”, “ionosphere*” were excluded to prevent the downloading of documents on climate change, climatology and related aspects, or on technologies based on the exploitation of the greenhouse effect.




2.2. Bibliometric Analysis and Clustering


The records were analyzed in order to obtain the number of publications per year in the examined period, the subject categories of each publication, the journals where the documents were published and their SCImago Journal Rank (SJR), their Scopus CiteScore (CS) and their highest CiteScore percentile (HP), as well as the articles with more citations. The SJR indicator is built on the Scopus database and considers the number of citations received by a given journal and the prestige of the journals where the citations are mentioned. It is defined as the average number of weighted citations received in a year per document published in a given journal in the previous three years. The SJR weighs each incoming citation of the journal by the SJR of the citing journal [54]. The CiteScore is calculated as the ratio of the number of citations received by articles, reviews, conference papers, book chapters and data papers of a given journal over four years and published in those same four years, over the number of the same documents [55]. The CS and HP are also calculated from the Scopus data.



The VOSviewer bibliometric mapping program version 1.6.16 (www.vosviewer.com, accessed on 1 June 2021), developed by Van Eck and Waltman [40], was used for the bibliometric analysis. We conducted a co-occurrence keyword analysis and a co-authorship analysis of the retrieved publications, and some bibliometric maps were built to represent, in two dimensions, the research area of greenhouse engineering and to identify the knowledge structure of the research topics.



The keywords network representing the different research themes on greenhouse engineering was built by assigning keywords to a cluster based on their co-occurrences in the publications. One cluster is represented by terms (in the same color) belonging to a general or specific research theme; one or more research topics can be identified in a cluster. The terms occurring at least five times were considered in the current study. Duplicated keywords as singular and plural of a term or synonymous terms were previously merged into a single keyword in order to conduct a more accurate assessment of the relative importance of specific keywords within the thematic clusters.



The co-operative network of key authors was used to identify the collaboration among contrasting key researchers. All co-authors of an article were considered, excluding papers with more than 25 authors. Authors with a minimum of 10 documents were considered in the current study. The different colors highlight the clusters of authors who usually collaborate with each other.



Figure 1 summarizes the methodology followed in the present study to carry out the bibliometric analysis and science mapping. More detailed explanations about the cluster analysis and the graphical map representation are available in the VOSviewer manual [56].





3. Results and Discussion


3.1. Greenhouse Engineering Publication Trends


3.1.1. Annual Evolution of Published Papers


A total of 3804 scientific documents fitting the search on greenhouse engineering in the last 40 years (1981–2021) were retrieved from the Scopus database and analyzed. Only a few papers (n = 42) were present before 1981 with 0 to 14 articles/year. A percentage of 48.9% (n = 1861) of the 3804 documents were original research articles and 2.4% (n = 92) were reviews; 46.7% (n = 1778) of the documents were conference papers published in journals, conference proceedings or book series and 1.9% (n = 72) were book chapters or books. In the first 15 years of the considered period (1981–1995) few papers per year were present (n = 7–36, mean 21.2). In the following 15 years (1996–2010) the number per year significantly increased (n = 35–140, mean 66.1), and even more in the last period 2011–2021 (n = 170–365, mean 226.8), when the growth is most evident for articles published in journals than in conference proceedings (Figure 2).




3.1.2. Journals of Publication


The documents were published in several journals and conference proceedings or book series. Ninety-seven sources published at least five documents. The leading 30 sources published more than 16 documents each. Table 1 shows their principal characteristics, such as the publisher, total number of publications, CS, SJR and HP within the Scopus categories. Overall, 1634 documents out of 3804 (43.0%) were published in these journals. Only three sources published more than 50 documents. Most of the documents are present in Acta Horticulturae: 812 (21.3%). Acta Horticulturae is a Belgian peer reviewed series (publisher: International Society for Horticultural Science, ISHS) that mainly publishes the proceedings of the ISHS Symposia and of the International Horticultural Congresses. Some ISHS symposia focus specifically on advanced technologies and innovative greenhouse management, and over time have become an important opportunity for researchers to discuss the state of the art and future perspectives within these research topics. Biosystems Engineering is the second top journal in relation to the number of papers (n = 86) published on the subject. It is a monthly peer reviewed scientific journal, owned by The Institution of Agricultural Engineers (IAgrE) and published by Elsevier; it is also the official scientific journal of the European Society of Agricultural Engineers (EurAgEng). Its topic reflects the interdisciplinary nature of research in biological systems engineering. Computers and Electronics in Agriculture, the third journal with 53 papers, focuses on developments and applications of computers or electronics in plant or animal agricultural production, including agronomy, horticulture, forestry, aquaculture and animal/livestock farming; it also includes the technological aspects of artificial intelligence, sensors and robotics.



The top five journals with the highest SJR were Renewable and Sustainable Energy Reviews (3.522), Applied Energy (3.035), Energy Conversion and Management (2.743), Energy (1.961) and Agricultural and Forest Meteorology (1.837). These five journals, along with Renewable Energy, Energy and Buildings and Solar Energy, also showed a high CiteScore (higher than 8.8) and ranked in the 87th–99th CS percentile.



Renewable and Sustainable Energy Reviews mainly publishes studies that have a significant review element on renewable and sustainable energy resources and related systems, applications, utilizations and techno-socio-economic aspects. Applied Energy focuses on the research on energy conversion/conservation, the optimization of energy resource uses and energy processes and sustainable energy systems. Energy Conversion and Management is principally focused on energy production, use, conversion, storage, transmission, management and sustainability and also includes renewable energy resources. Energy covers research on energy analysis, modelling, prediction, conservation, efficiency, planning and management, supply and demand, storage, renewable energy and integrated energy systems. Agricultural and Forest Meteorology mainly focuses on the inter-relationship between agriculture, meteorology, natural ecosystems and forestry.




3.1.3. Subject Area


The publications on greenhouse engineering overall fall mainly under the subject areas of agricultural and biological Sciences (28%) and engineering (21%), and to a minor extent into other subject areas such as computer science (11%), energy (8%) and environmental science (6%) (Figure 3). It should be noted that papers, particularly those that are multidisciplinary or dealing with different aspects of greenhouse engineering, are classified simultaneously in several subject areas. Overall, the documents were classified into more than 12 different Scopus subject areas, which may suggest the broad interest that this research field has generated in the scientific community. Figure 4 shows the trend of the principal subject areas into which Scopus has classified the documents related to greenhouse engineering in more recent years (1991–2021). The growing trend of publications in the areas of engineering, computer science, energy and mathematics, at the expense of agricultural and biological sciences, emerges. This may be due to the increase of complex interdisciplinary studies on greenhouses and their automation stimulated by advances in technology, modelling and simulation techniques, artificial intelligence, as well as to the increasing demand for environmentally sound greenhouse productions and for using renewable energy sources.




3.1.4. Most Relevant Countries


The countries to which the authors’ affiliations belong were analyzed. At least one hundred and six countries were identified as publishing on greenhouse engineering during the period 1981–2021, and 70 countries participated in at least five papers. These numbers point to the great interest that greenhouse engineering has captured worldwide. In this analysis, more than one country can be assigned to the same document in cases of international collaborations. Figure 5 shows the most active countries identified as those having participated in more than 50 papers. The countries with higher paper productivity were China (n = 593; 15.6%), the United States (n = 356; 9.4%), Spain (n = 260; 6.8%), Italy (n = 235; 6.2%) and the Netherlands (n = 209; 5.5%). However, the analysis of the scientific productivity of the countries in relation to the year of publication allows to highlight that 88% of the Chinese documents were published in the last decade, and this is reflected in the main themes addressed in the research. In effect, the cluster analysis on the keywords of the Chinese publications highlighted that the research focused mainly on the following topics: greenhouse automation; climate monitoring and control systems; design of wireless sensor networks; greenhouse heating systems performances. Research groups from the United States mostly focused on: microclimate and crop growth in photovoltaic (PV) greenhouses; energy efficiency of artificial lighting systems; optimal design of lighting systems in relation to plant response; CFD greenhouse modelling for climate uniformity; cooling systems performance. The prominent topics in Spanish research were the following: ventilators configurations and evaporative cooling systems performances; light transmission properties and the effect on the greenhouse microclimate of insect-proof screens; pest control by using plastic films. Italian research has principally focused on: radiometric and mechanical properties of greenhouse plastic covering films and shading nets; energy saving strategies in greenhouses; integrated use of several renewable energy sources for greenhouse heating and cooling; light distribution modelling and analysis in PV greenhouses; ventilation efficiency evaluation by means of CFD modeling. The dominant topics of the research carried out in the Netherlands were: greenhouse climate and crop growth modeling; lighting technologies and strategies for ventilation efficiency optimization; interaction of technology and plants. Up until 2010, France, Japan, Israel and Greece also had a significant role among the authors’ affiliated countries on greenhouse engineering.




3.1.5. Most Relevant Research Institutions


The paper productivity of the most active institutions on greenhouse engineering is reported in Table 2. While China leads the country distribution of research output in this field, the distribution by institution is dominated by non-Chinese research institutions. Emerging as the leader in this field is Wageningen University and Research, Netherlands (n = 183; 4.8%) followed by the University of Almeria, Spain (n = 95; 2.5%), the University of Thessaly, Greece (n = 90; 2.4%), the INRAE Provence-Alpes-Côte d’Azur Research Centre, France (n = 84; 2.2%), the Agricultural Research Organization (Volcani Center), Israel (n = 78, 2.1%) and the University of Bari Aldo Moro, Italy (n = 62; 1.6%). The total number of papers published by these institutions, along with the Agricultural University of Athens, Greece, and the Institute of Agriculture and Food Research and Technology (IRTA), Spain, received more than 1000 citations and achieved a higher h-index. However, considering the average number of citations (total number of citations divided by number of articles), the following institutions published articles with an average of at least 20 citations per article: the INRAE Provence-Alpes-Côte d´Azur Research Centre, France (33.1), the Agricultural University of Athens, Greece (28.4), Leibniz University of Hannover, Germany (25.1), the Institute of Agriculture and Food Research and Technology (IRTA), Spain (24.5), the University of Bari Aldo Moro, Italy (23.6).




3.1.6. Co-Operative Network of Authors


The co-operative network of key authors based on the number of documents on greenhouse engineering is reported in Figure 6. It indicates the collaborations between the authors interconnected in terms of the number of articles co-authored. The node size indicates the number of published articles. The connecting links indicate the co-authorship between a given author and other researchers and the strength of a link indicates the intensity of the cooperation. The collaboration clusters are represented by different colors. The red cluster emerges as the largest one and is represented mainly by Chinese authors. The dark green cluster highlights a close collaboration between authors from the Netherlands, Germany and Greece. The dark blue cluster is mainly composed of researchers from the United States and Japan. It also emerges that some clusters are located particularly close together, namely the dark blue and the pink clusters, which indicates the strong collaboration among research groups from the United States, Japan and Israel, and the pale blue, yellow, orange and green clusters, which indicates the extensive collaboration among researchers from Greece, Spain, Portugal, Malaysia, the Netherlands and Germany.





3.2. Principal Topics and Trends of Greenhouse Engineering Research in the World


The results of the cluster analysis on the keywords of the 3804 documents related to the greenhouse engineering research field are shown in Figure 7. Each keyword is represented by a circle in the map. The circles diameter and the size of the keyword labels are correlated to the keyword frequency. The distance between two circles indicates the relatedness of the two keywords (the smaller the distance between two keywords the larger the number of papers in which those two keywords were found). The lines connecting the circles represent the co-occurrence of the two keywords, while their thickness is related to their frequency (the thicker the line, the more frequently those two keywords are found together). A total of 768 keywords with a minimum number of occurrences of eight are grouped in five hot themes highlighted by different colors: (1) climate modification and energy resources; (2) covering materials and plant growth; (3) automation and smart technology; (4) structural and functional design; (5) climate monitoring and control. While the first three research themes are clearly defined and do not overlap each other, the “structural and functional design” theme overlaps to those of “climate modification and energy resources” and “covering materials and plant growth”, and the “climate monitoring and control” overlaps with “automation and smart technology”, because of their closer relationships. However, it should be noted that the five clusters are tightly interconnected and that some aspects of greenhouse research can be included in more than one cluster.



3.2.1. Climate Modification and Energy Resources


The climate modification and energy resources cluster (in blue in Figure 7) consists of 170 keywords. The high frequency keywords are: “solar energy”, “renewable energy”, “geothermal energy”, “energy use”, “heating systems”, “cooling”, “heat storage”, “photovoltaic systems”, “solar heating” and “economic analysis”. This research theme mainly focuses on energy efficiency and the use of climate control systems based on the exploitation of different renewable energy resources. Studies on passive solar greenhouses, energy collection, storage and production systems, cogeneration plants, industrial waste heat recovery systems and energy efficient equipment are also included. The reduction of greenhouse heating demand and costs within temperate and cold climate regions has been one of the major research topics in the last two decades [57], as heating and to a lesser extent cooling costs can be about 70–85% of the total operating costs, in northern latitudes, and about 50% or less in warmer areas [58]. The share of heating and cooling in the total operating cost varies widely depending also on the technology level used in the greenhouse and on the needs of the different cultivated crops: vegetables, flowers and ornamentals. Passive greenhouses were designed as solar collectors in order to make maximum solar heat gains by using the appropriate coatings and structural materials, thereby allowing energy savings of about 40% [59]. Several strategies have been studied to minimize heating, cooling, air-conditioning, lighting and ventilation demands of conventional greenhouses in order to reduce operational costs, the dependency on fossil fuels and ultimately the emissions of harmful gases into the atmosphere. These strategies include: the design of energy efficient greenhouses based on the local climate and some relevant parameters such as shape and orientation [60]; the use of energy-efficient covering materials [61,62]; the utilization of thermal screens [63]; the optimal control of indoor microclimates [64]; and the use of sustainable and renewable energy based systems such as PV modules, solar thermal and photovoltaic-thermal (PV/T) collectors, heat pumps, cogeneration systems, solar cooling systems, thermal energy storage technologies, ventilation technologies, and efficient lighting systems [57,65,66,67]. Different thermal energy storage techniques were investigated in order to reduce the greenhouse energy consumption for heating and to improve the solar energy utilization. The use of thermal energy storage has the benefit of providing less fluctuation of the solar greenhouse temperatures [68]. The underground thermal energy storage systems, such as thermal storage with boreholes and aquifers, can be used in greenhouses for seasonal storage [68]. The optimal control of an energy system including both short term buffers and aquifer long term energy storage was addressed and the high potential of the system for cost savings (29%) was demonstrated [69].



The most important drivers of the environmental impacts were identified by a combined greenhouse energy demand-yield simulation tool and a life cycle assessment in the five main climate world regions and future climate scenarios. The energy systems, inside air temperature, covering materials and crop growth features were identified as the most affecting factors on climate change impacts, with a different ranking according to the climate zone of the greenhouse [19]. The life cycle assessment was frequently used as a tool to evaluate or compare the potential environmental impacts of several greenhouse typologies and structures [70,71], heating systems [72], renewable energy sources implementation in greenhouses [73,74], lighting technologies [75], greenhouse production versus open field [76] and integrated rooftop greenhouse versus conventional [77,78].



Energy Sources


Mathematical models were developed to minimize energy inputs, and several researchers focused on finding innovative energy sources such as solar and wind power, industrial waste heat, geothermal energy and wood biomass [79,80,81].



The impacts of various PV module arrangements on the greenhouse roof on the shading effect and energy efficiency [82,83], or the dynamic PV systems allowing variable shading that are able to balance the interior irradiance and the PV energy generation [84,85], were investigated. The use of concentrating PV modules allows for the reduction of the dimensions of the PV system and of its capital cost for the same power output [66]. An alternative solution for roof applications could be the semi-transparent PV modules that can allow for the reconciling of energy generation and agricultural activities [86,87]. The application of the concentrating photovoltaic/thermal (CPV/T) modules permits for the lighting and temperature control of the greenhouse environment while delivering enough energy to cover the heating demand of a greenhouse in Northern Europe [88]. The flat-plate solar thermal collectors are considered in various applications because of their modest cost and their ability to alleviate the greenhouse heating loads. When considering concentrating solar thermal collectors, the Fresnel lens system is considered to be the best solution due to its higher amount of available energy per unit aperture area in comparison with the parabolic trough collector [66].



A wood biomass can be considered a viable option as an alternative fuel for greenhouse heating [89]. A techno-economic analysis on wood biomass boilers showed that providing 40% of the annual heat demand through a wood biomass boiler and the remaining 60% with a natural gas boiler was more economical than using only natural gas [90]. However, the economic feasibility of using a wood biomass should be evaluated considering the technical and market changes such as wood pellets or natural gas prices and greenhouse sizes [91]. Research efforts were spent on the improvement of technologies and management strategies for using renewable energy for the CO2 enrichment of the greenhouse air, which is useful for improving the photosynthetic efficiency and, consequently, the crop yield. Pure CO2 in bulk or in hydrocarbon fuel combustion, such as propane or natural gas, are commonly used for CO2 supplementing. Using exhaust gases taken from biomass heating systems for CO2 enrichment provides several benefits including the recovery of a waste product, the reduction of the environmental footprint of the greenhouse production and its dependency on fossil fuels [92]. Wood biomass boilers produce a larger amount of particulate matters and ash emissions than other fossil fuels, thus the CO2 enrichment from biomass boiler flue gases is still both challenging and costly [93].



The use of industrial waste heat could be a potential solution to lower the heating costs of greenhouses as in the case of low-temperature industrial wastewater [94], low-temperature waste heat [95] and the waste heat from biogas driven power plants [96]. The technical, economic and environmental performance of hybrid systems for heating and cooling was investigated with the aim of enhancing the utilization of renewable energy resources in the greenhouse sector; this is the case of: solar photovoltaic system assisted earth-to-air heat exchangers consisting of underground air tunnels [97]; solar assisted water-to-water heat pumps [98]; air-to-water heat pumps using underground air [99]; PV assisted ground source heat pumps [100]; and heating systems based on solar-hydrogen energy and biomass or geothermal energy [79,101].





3.2.2. Climate Monitoring and Control


The climate monitoring and control cluster (in violet in Figure 7) consists of 73 terms. The crucial terms are: “climate control”, “controllers”, “temperature control”, “PID control”, “climate model” and “fuzzy control”. Greenhouse climate monitoring and control has been one of the main objectives of agricultural engineering publications because of the direct relationship between the environmental conditions and crop yield and quality. During the last three decades many studies have examined different technologies and strategies for controlling the main inside environmental factors (temperature, relative humidity, CO2 concentration and solar radiation intensity) [102,103].



Researchers were interested in building reliable and accurate mathematical models that describe the greenhouse environmental dynamics, since most control theories rely on the mathematical model of the system to fine-tune the proposed algorithms, and on discussing the efficiency of different microclimate control theories (reviewed by Duarte-Galvan et al. [104]). Research on greenhouse climatic models also received notable attention in order to develop and validate methods for greenhouse design in the context of different climatic and economic conditions [105,106]. Some publications focused on traditional greenhouse climate models based on energy and mass balances, also involving many factors influencing the greenhouse behavior for temperature prediction [107,108,109]. Extensive models that even predict the temperature of the greenhouse air, cover, plants, and soil [110], crop response to environmental conditions such as photosynthesis or transpiration processes [111] and air relative humidity [112] have further been developed.



Time and effort were dedicated to the optimal climate control to maximize growers’ profits [113] or to minimize energy consumption by exploiting the dynamic ambient conditions [114]. The optimal control approach requires that the models describe both the dynamic behavior of the greenhouse climate and crop, and reliable forecasts of the weather conditions [115]. Many researchers considered only one objective in the greenhouse crop optimization [116,117,118]. Other researchers combined more objectives (fruit quality, water-use efficiency, energy saving and profits) by using multi-objective techniques embedded within a hierarchical control scheme [119].



Different types of control algorithms have been applied to the management of greenhouse systems such as the Proportional-Integral-Derivative (PID), non-linear, robust, fuzzy logic, neural network and hybrid control algorithms [120]. The focus of the research has shifted from classical (feedback controllers) and artificial intelligence controllers to modern ones such as model predictive, robust and adaptive controllers, due to advancement of the wireless sensor network (WSN) technological field. Modern control systems allow for both more precise management of the microclimate parameters and energy consumption reduction by considering the uncertainties arising from the weather conditions, energy production and storage and the operating mode of physical devices [32].




3.2.3. Smart Technology and Automation


The smart technology and automation cluster (in red in Figure 7) consists of 204 words and phrases. The crucial terms are: “sensors”, “wireless sensor networks”, “internet of things”, “greenhouse environment”, “greenhouse monitoring”, “precision agriculture”, “digital storage”, “computer software”, “intelligent greenhouse” and “irrigation”. The application of the internet of things (IoT) technology has been recently investigated for the model-based evaluation of the microclimate parameters and to develop optimization algorithms for the microclimate control and for the energy efficient crop production [121,122,123]. The high costs of greenhouse structures, equipment and energy, and the need of an efficient, sustainable, high quality and quantity crop production, has incited several researchers to study and apply the WSN and IoT technologies to the greenhouse automation [124,125,126]. Recent trends in research and technology development on the greenhouse environmental monitoring show the shift from offline systems to wireless and cloud-based data collection [127,128]. The research on the continuous and remote monitoring and collection of data about air temperature and humidity, CO2, solar radiation, growing medium moisture and mineral nutrients content (mainly nitrogen, phosphorous and potassium) by the WSN and IoT provided useful information for understanding the effects of each factor on plant growth, in order to maximize plant productivity, to achieve significant energy savings and to ensure an efficient greenhouse automation system without the use of several manual inspections [128,129,130,131,132]. Automated systems were developed on mobile cloud connected robots for climate and irrigation control in greenhouses; in addition to air temperature and relative humidity, substrate moisture and pH data, images for detecting unhealthy plants were also collected [133]. The automatic feature extraction provided by the deep learning techniques allows for achieving a human-level accuracy in several crop operations [134]. Deep learning was applied to plant disease detection and classification [135,136], fruit recognition/counting and harvesting [137] and plants/leaves recognition and classification [138].




3.2.4. Structural and Functional Design


The structural and functional design cluster (in yellow in Figure 7) consists of 121 terms. The important keywords of this cluster are: “ventilation”, “wind effects”, “airflow”, “air temperature”, “CFD analysis”, “fluid dynamics”, “evaporative cooling system”, “heat transfer”, “temperature gradient”, “structural design”, “finite element method” and “transpiration”. This research theme mainly focused on the influence of the design parameters on greenhouse ventilation and microclimate, and on the design of structures capable of resisting to all types of loads due to extreme conditions such as significant snow/ice loads and strong winds. Many studies all over the world concerned the effects of different greenhouse parameters on energy conservation, and various options (greenhouse orientation, shape, north wall insulation, double wall glazing, thermal screens and cladding materials) were investigated to reduce heat losses and for the design of energy efficient greenhouses [139,140,141]. Climate is the principal determinant of greenhouse design and several studies focused on optimizing the structure of a greenhouse with respect to the local climatic conditions, which poses a challenge both technologically and financially. However, the spread of some types of greenhouses also depends on the local economic, technical and legal frameworks [142]. Glass and rigid plastic greenhouses are classified into wide-span and Venlo-type greenhouses, in relation to the roof design. Plastic film greenhouses range from the simplest tunnel greenhouses to the more complex pitched roof and arch-shaped roof greenhouses [142]. Several types of shapes, such as the gothic arch, vinery, Quonset, even-span and uneven-span, were investigated in relation to the solar gain [143] and the heating requirement [144,145]. Depending on the specific local climate conditions and the greenhouse dimensions, different shapes have emerged as energy efficient.



The climatic control equipment, physical data and plant physiological processes were studied in order to formulate models and for their application on the design, operational control and the evaluation of energy conservative systems [146]. The researchers were interested in proposing climate models of greenhouses equipped with evaporative cooling systems in order to improve their design and management; the effect on greenhouse air temperature and on crop transpiration of different outside climate conditions, ventilation and shading strategies were also evaluated [147,148].



Modern greenhouses are characterized by lightweight structures with a low rigidity, which are particularly vulnerable to wind loads. Several researchers were interested in estimating the wind pressures on the structure by carrying out numerical simulations, wind tunnel experiments and full-scale field experiments, which are useful for the structural design [149,150,151,152]. Despite providing a lot of quantitative data, the full-scale field experiments involve the use of expensive instruments and long test cycles, and the related results are strictly related to the test surrounding environment; in order to overcome the limitations of the field tests, wind tunnel tests were widely carried out on scaled models [153]. The research has shown that the CFD models can successfully reproduce experimental results. The CFD models were developed to estimate the wind pressure coefficient of various kind of greenhouses, such as large multi-span greenhouses for which wind tunnel tests are difficult to perform [154] and of greenhouses covered with plastic films whose shape may undergo instantaneous distortion due to the wind action [155]. The research results were also compared with the greenhouse design standards to ensure its structural safety by compensating for the insufficient detail in the greenhouse design standards [149,150].



The CFD was also used to study greenhouse ventilation (natural and mechanical) that is one of the key factors for controlling the greenhouse climate. Since ventilation is complex to characterize, the CFD procedures were conveniently used to predict the ventilation rate, airflow, temperature and humidity patterns inside the greenhouse, to compare several scenarios such as the greenhouse geometries and meteorological conditions, and to perform sensitivity studies to improve the microclimate [156,157,158]. The research mainly focused on: the effect of the ventilation arrangement of a greenhouse on the airflow and temperature trends [159]; the effect of the presence of insect screens on the natural ventilation in greenhouses [160]; evaluating the fluid-dynamic properties of greenhouse shading screens [161]; the effect of the neighboring buildings on the thermal performance of naturally ventilated greenhouses [162]; the influence of wind direction on the airflow and air temperature patterns in the roof openings and inside a naturally ventilated greenhouse [163] and the influence of the orientation of crops rows on the inside air temperature and humidity conditions [156].




3.2.5. Covering Materials and Plant Growth


The covering materials and plant growth cluster includes studies on the greenhouse covering materials and on the plant growth in relation to the inside greenhouse microclimate. The cluster consists of 200 terms and short phrases (in green in Figure 7). The crucial terms are: “solar radiation”, “covering material”, “plastic films”, “polyethylene”, “light transmission”, “photosynthesis”, “transparency”, “microclimate”, “temperature”, “light”, “humidity”, “crop yield”, “plant growth”, “physiology”, “hexapoda”, “fungi”, “vegetable”, “Lycopersicon esculentum” and “Cucumis”.



Covering Materials


The cover of a greenhouse has the main functions of protecting the crop from the external unfavorable climate and of promoting the greenhouse effect in order to provide the favorable microclimatic conditions for the crops. The main research topics within this theme were focused on the radiometric and mechanical properties, the chemical composition of the covering materials, and particularly for the plastic materials, in order to deliver solar radiation spectral modifying capabilities and energy-saving abilities. The radiometric properties of the cover are fundamental in affecting the intensity and the spectral and physical distribution of the solar radiation wavelengths entering and leaving the greenhouse. The radiometric properties of the cover, along with the thermal properties, are the key factors in determining the greenhouse microclimate in order to maximize the yield and quality of the crop production by making very efficient use of the incoming solar radiation and minimizing the demand for external resources such as energy and water. The covering materials should be characterized by a high transmittance to photosynthetically active radiation (PAR, 400–700 nm). The PAR fraction of the incoming radiation is absorbed by plants and is significant for their growth and yield. The transmissivity of the solar radiation outside the PAR, such as ultraviolet (UV, 280–400 nm) and near infrared (NIR, 700–2500 nm), should be considered in relation to the desired inside climatic conditions and external weather conditions, and to the needs of the crops grown inside the greenhouse. A low transmissivity of the long wave infrared (LWIR, 2500–25,000 nm, with the maximum radiation emitted by the bodies at the ambient temperature centered on 7500–12,500 nm) radiation results in lower radiative losses during the night [62]. The thermo-mechanical performance, the radiometric properties and the impacts of a wide range of covering materials on the incoming solar radiation, also in relation to the different climatic regions [164,165,166,167,168], as well as the proper testing methods of the radiometric and thermal properties [62] were investigated. The effect of water condensate on the inside surface of the greenhouse cladding, on the transmittance and the forward diffusion pattern of the plastic and glass claddings, was evaluated and analyzed in numerous studies [169,170,171]. Several researchers were interested in studying the effects on their mechanical and physical properties due to the exposure of plastic films to weathering conditions, agrochemicals and to dust accumulation [172,173,174,175]. Greenhouse climate models were used to study the impact of whitening and dust accumulation on the optical properties of the covering materials, on canopy parameters and greenhouse microclimate [176,177]. Recent studies are focusing on the development and the performance evaluation of advanced optical materials and of greenhouse covering systems able to adapt their properties by themselves to the dynamic sunlight conditions [178,179,180]. The topic of the reduction of the impact of plastic coverings on the environmental sustainability in greenhouse production was addressed by considering the carbon emissions in the production phase, their durability and the related amount of waste generated during their use in greenhouses [181]. The technical design of the plastic coverings was also considered in relation to the improved suitability of the material for further recycling [182].




Microclimate and Plant Growth


Within the microclimate and plant growth theme, the important aspects are the optimal microclimate and the effects of the greenhouse microclimate on plant growth. Several publications focused on the physiology of the greenhouse crops and on the optimal values of the microclimate parameters (air and root-zone temperature, relative humidity, vapor pressure deficit, lighting condition, intensity of solar radiation and CO2 concentration) with the goal of increasing both the yield and crop quality [183,184,185,186]. Most papers considered the tomato (Lycopersicon esculentum) as being one of the most cultivated vegetables in greenhouses as well as being a consumer demand throughout the year. Plant requirements at different growth stages were studied in order to design adaptive control strategies for a sustainable greenhouse production [187,188,189,190]. Many papers published the investigations on the relations among plant physiology, yield and fruit quality with the greenhouse environmental factors in order to achieve a sustainable crop production [189,191,192]. The effects of the main microclimate parameters on tomato growth and the effects of the suboptimal values on the fruit quality and yield were reviewed by Katsoulas and Kittas [193] and Shamshiri et al. [194]. Numerous studies have been carried out on the effect of shading due to the integration with greenhouse structures of PV modules on greenhouse microclimate and crop productivity [68,195,196] and several approaches were proposed for improving the energy generation and crop production. These strategies include the partial roof covering with opaque PV modules [197] and the replacement of the entire roof with semi-transparent modules [198]. The introduction of light-emitting diode (LED) lighting systems was recently evaluated with respect to the potential for achievable electricity savings and an improved greenhouse crop production, by the optimized supplemental lighting regimens [199,200]. It has been found that switching from high-pressure sodium lighting to LED lighting can result in total energy savings of 10–25% [201]. By using LED panels, plants can be supplied with an optimal light spectrum with the proper intensity for their growth and a low power consumption [202]. LED lighting offers significant opportunities to produce energy savings and provide benefits by leveraging the rich knowledge of photobiology. The proper manipulation of the lighting, made possible by using LED lamps, can enhance production yield, plant quality, crop morphology, nutritional value, flavor, as well as can be used as part of an integrated disease management system [199]. Through the LEDs’ use as a supplementary lighting technology, more food can be produced while preserving the high quality production [203]. In the context of more sustainable alternative pest management solutions to insecticides, several studies have been conducted to demonstrate the potential of using UV-absorbing plastic cover films and nets. These have shown that they can be effectively used as photoselective barriers to control various pests and the related viral diseases in greenhouse environments without compromising the crop yield and quality and even increasing the percentage of marketable plants [204,205,206].



Several research studies were focused on improving the water use in irrigation and on the development of irrigation methods and control systems for the greenhouse irrigation process based on growing medium monitoring, crop evapotranspiration (which is directly affected by greenhouse microclimate conditions) and phyto-sensing [207,208]. The semi-closed soilless cultivation systems were studied in order to enhance the efficiency in the use of water and nutrients and to reduce the fertilizer run-off and thus pollution of aquifers by nitrate contamination, while preserving the crop production yield and quality [209]. A machine learning model was developed to analyze the hyperspectral sensor data in order to automatically detect plant water and nitrogen deficit stress [210].






3.3. Research Trends


The publications that have received more than 130 citations and at least an average value of five citations per year are reported on Table 3. The analysis of these publications allows for the identification of the following key research topics that has considerably attracted the attention of researchers: photovoltaic and solar energy for heating the greenhouses, renewable and sustainable energy saving strategies for greenhouse systems, energy efficient greenhouse lighting, applications of the CFD in the modelling and design of ventilation systems, radiometric and thermal properties of greenhouse covering materials, crop transpiration in plastic tunnels and greenhouse monitor systems based on WSNs and on IOT technologies.



Three articles received more than 250 citations. The paper with most citations (n = 564) was published in Energy and Buildings in 2013 by two researchers working at Firat University, Elazig, and Cumhuriyet University, Sivas, Turkey [80]. This study experimentally investigated a hybrid heating system of a ground source heat pump, solar collectors and a biogas production plant with the objective to evaluate the technical feasibility of using various renewable energy sources (biogas, soil and sun) for the sustainable greenhouse heating. The performance of the different combinations of these three systems to meet the heating demands of a small-scale greenhouse was evaluated in different climatic conditions and operating parameters. The proposed system was considered adequate to heat greenhouses located in the eastern and southeastern regions of Turkey, especially due to the presence of livestock production. In fact, the proposed hybrid system could use biogas from livestock production, so considerably reducing the primary energy use for greenhouse heating. This could be an economic alternative over other conventional heating methods.



The second most cited article (n = 289) was published in the Journal of Cleaner Production in 2014 by two Macedonian research teams belonging to Ss. Cyril and Methodius University, Skopje, Macedonia [211]. In order to monitor and control some environmental parameters (temperature, humidity and radiation) that are important for greenhouse crop production and quality, the authors designed a low-cost, efficient and easy to use monitoring system based on the WSN technology. They tested, by simulation and measurements, the performance of several wireless network topologies and communication algorithms. The proposed architecture would be useful to farmers wishing to optimize their crop production and quality in a greenhouse environment while decreasing the farming and management costs.
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Table 3. Published papers that received more than a total of 130 citations and at least an average value of five citations per year (30 December 2021).
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	Year
	Authors
	Countries a
	Title
	Journal
	TC
	Avg. C





	2013
	Esen M., Yuksel T. [80]
	Turkey
	Experimental evaluation of using various renewable energy sources for heating a greenhouse
	Energy and Buildings
	564
	62.7



	2015
	Srbinovska M., Gavrovski C., Dimcev V., Krkoleva A., Borozan V. [211]
	North Macedonia
	Environmental parameters monitoring in precision agriculture using wireless sensor networks
	Journal of Cleaner Production
	289
	41.3



	2007
	Norton T., Sun D.-W., Grant J., Fallon R., Dodd V. [212]
	Ireland
	Applications of computational fluid dynamics (CFD) in the modelling and design of ventilation systems in the agricultural industry: A review
	Bioresource Technology
	264
	17.6



	2015
	Singh D., Basu C., Meinhardt-Wollweber M., Roth B. [213]
	Germany, Switzerland
	LEDs for energy efficient greenhouse lighting
	Renewable and Sustainable Energy Reviews
	204
	29.1



	2004
	Bartzanas T., Boulard T., Kittas C. [159]
	France, Greece
	Effect of vent arrangement on windward ventilation of a tunnel greenhouse
	Biosystems Engineering
	203
	11.3



	2013
	Kozai T. [214]
	Japan
	Resource use efficiency of closed plant production system with artificial light: Concept, estimation and application to plant factory
	Proceedings of the Japan Academy Series B: Physical and Biological Sciences
	191
	21.2



	1991
	Jones J.W., Dayan E., Allen L.H., Van Keulen H., Challa H. [215]
	United States
	Dynamic tomato growth and yield model (TOMGRO)
	Transactions of the American Society of Agricultural Engineers
	189
	6.1



	2008
	Sethi V.P., Sharma S.K. [67]
	India
	Survey and evaluation of heating technologies for worldwide agricultural greenhouse applications
	Solar Energy
	185
	13.2



	2014
	Nelson J.A., Bugbee B. [216]
	United States
	Economic analysis of greenhouse lighting: Light emitting diodes vs. high intensity discharge fixtures
	PLoS ONE
	175
	21.9



	1995
	Boulard T., Baille A. [217]
	France
	Modelling of Air Exchange Rate in a Greenhouse Equipped with Continuous Roof Vents
	Journal of Agricultural Engineering Research
	171
	6.3



	2002
	Boulard T., Wang S. [218]
	France, United States
	Experimental and numerical studies on the heterogeneity of crop transpiration in a plastic tunnel
	Computers and Electronics in Agriculture
	169
	8.5



	2010
	Zhao J.C., Zhang J.F., Feng Y., Guo J.X. [219]
	China
	The study and application of the IOT technology in agriculture
	Proc. 3rd IEEE Int. Conference on Computer Science and Information Technology
	162
	13.5



	2016
	Hassanien R.H.E., Li M., Dong Lin W. [220]
	China, Egypt
	Advanced applications of solar energy in agricultural greenhouses
	Renewable and Sustainable Energy Reviews
	157
	26.2



	2019
	Zamora-Izquierdo M.A., Santa J., Martínez J.A., Martínez V., Skarmeta A.F. [221]
	Spain
	Smart farming IoT platform based on edge and cloud computing
	Biosystems Engineering
	148
	49.3



	2012
	Stoessel F., Juraske R., Pfister S., Hellweg S. [222]
	Switzerland
	Life cycle inventory and carbon and water foodprint of fruits and vegetables: Application to a swiss retailer
	Environmental Science and Technology
	148
	14.8



	1997
	Mistriotis A., Bot G.P.A., Picuno P., Scarascia-Mugnozza G. [158]
	Italy, Netherlands
	Analysis of the efficiency of greenhouse ventilation using computational fluid dynamics
	Agricultural and Forest Meteorology
	147
	5.9



	2017
	Ebrahimi M.A., Khoshtaghaza M.H., Minaei S., Jamshidi B. [223]
	Iran
	Vision-based pest detection based on SVM classification method
	Computers and Electronics in Agriculture
	141
	28.2



	2015
	Emmott C.J.M., Röhr J.A., Campoy-Quiles M., Kirchartz T., Urbina A., Ekins-Daukes N.J., Nelson J. [224]
	Germany, Spain, United Kingdom
	Organic photovoltaic greenhouses: A unique application for semi-transparent PV?
	Energy and Environmental Science
	140
	20.0



	2000
	Papadakis G., Briassoulis D., Scarascia Mugnozza G., Vox G., Feuilloley P., Stoffers J.A. [62]
	France, Italy, Greece, Netherlands
	Radiometric and thermal properties of, and testing methods for, greenhouse covering materials
	Journal of Agricultural and Engineering Research
	139
	6.3



	2010
	Bournet P.E., Boulard T. [157]
	France
	Effect of ventilator configuration on the distributed climate of greenhouses: A review of experimental and CFD studies
	Computers and Electronics in Agriculture
	137
	11.4



	2016
	Cuce E., Harjunowibowo D., Cuce P.M. [66]
	Indonesia, Turkey, United Kingdom
	Renewable and sustainable energy saving strategies for greenhouse systems: A comprehensive review
	Renewable and Sustainable Energy Reviews
	134
	22.3



	2014
	Cossu M., Murgia L., Ledda L., Deligios P.A., Sirigu A., Chessa F., Pazzona A. [195]
	Italy
	Solar radiation distribution inside a greenhouse with south-oriented photovoltaic roofs and effects on crop productivity
	Applied Energy
	132
	16.5







a Countries of the authors’ institutions; TC: total number of citations; Avg. C: average number of citations per year.











The third most cited paper, with 264 citations, was published in Bioresource Technology in 2007 by three Irish research groups working at the University College Dublin and at Teagasc Agricultural Research Centre, Ireland [212]. This paper presents a state-of-the-art of the application of the CFD in the modelling and design of ventilation systems in agricultural buildings and describes the CFD studies on the developments of greenhouse technology and different technical aspects for the optimal greenhouse climate management in order to achieve higher crop yields. The greenhouse CFD modelling that takes into consideration the responses of plant physiology, according to the environmental conditions, was found to be of a superior standard than the animal housing CFD applications.



The keyword year map is reported in Figure 8. It is based on the keywords’ occurrence and average year of publication. Blue and dark green colored circles represent terms with a higher frequency in early publications. Terms such as “climate control”, “ventilation”, “greenhouse heating”, “heat transfer”, “plastic films” and “geothermal energy” are related to the “conventional” themes of greenhouse engineering research. Early studies mainly focused on the design of greenhouses in relation to different loads such as significant snow and wind, the study of the characteristics and effects of the use of different roofing materials and the improvement of the ventilation efficiency. The yellow and light green terms are more frequently represented in the more recent publications, which are related to the themes of “greenhouse monitoring”, “wireless sensor network”, “internet of things”, “agricultural robots”, “smart greenhouse”, “photovoltaic panels” and “light emitting diodes”.



Future Developments of Research


Recent research trends, that provide a context for future studies, are centered on: the development of smart monitoring and automatic control systems of greenhouse operations including climate control, transplanting, harvesting, soilless culture and fertigation, based on the exploitation of wireless sensor networks and the internet of things; the use of agricultural robots equipped with sensors for monitoring plants abnormalities, disease or insects; the application of multi-objective optimization approaches for greenhouse climate control systems; the implementation of energy sustainable greenhouse crop cultivation using renewable energies and efficient energy storage systems, energy efficient lighting and photovoltaic technologies.



Research studies on the optimal and autonomous control of greenhouse operations have recently been further promoted by the advancement of the WSN field. Research efforts are needed to develop low-cost technology and methods and mathematical models for accurately simulating the complex microclimate and energy dynamics in greenhouses. In addition, research efforts are needed to develop a global greenhouse control that takes into account the different active systems that can be part of a greenhouse in order to implement the correct control means for an overall improvement of its function [32]. The technical performance and proper control strategies for the integrated use of the different renewable energies in order to reduce heating costs in greenhouse production and to support a sustainable growth of the greenhouse industry should be further studied, considering also the financial aspects [32]. Further studies are needed to prove the feasibility of self-sufficient, fossil fuel-independent integrated generation plants based on the synergistic operation of solar panels, wind turbines, gasifiers, digesters, etc. to meet the heating, cooling, electricity and CO2 demand of a greenhouse [9]. Research efforts are needed to explore the methods and technologies for the biomass post-combustion CO2 capture, on strategies for improving the overall efficiency of the systems for greenhouse heating and CO2 enrichment by using an excess heat storage [225].



The optimization of the lighting systems design and control will be required in the near future with the improvement of LED systems and with the advancement of knowledge on pest, pathogens and different plants responses to LED lighting [57,199]. Modeling approaches will be of growing importance in order to avoid costly and time-consuming experimental testing of new approaches to lighting crops with LEDs [199]. Supplemental lighting can also contribute to significantly heating the greenhouse, according to the different types of lamps used. The expected important transition from the widely used high-pressure sodium (HPS) lamps to the more efficient LED lamps will therefore require further studies on the greenhouse operation that consider the effect of LEDs on the greenhouse energy budget and consider the various climates and greenhouse settings [201]. Furthermore, the experimental comparison between the HPS and LED lamp effect on plants should consider that HPS lamps can raise leaf temperature, and this can influence plant growth rates [199]. Tomato plants under LED exhibited a higher photosynthetic capacity and gas exchange in comparison with the HPS lamps, which may be related to the lower leaf temperature under LED [226].






4. Conclusions


Research and studies on greenhouse engineering over the past decades have addressed the issues surrounding and the need for reducing the environmental and landscape impacts, lowering production costs and satisfying the requirements of consumers of large-scale retail chains. Research is constantly applied to: (a) explore strategies in order to balance the production and environmental impacts in a socially acceptable and economically feasible way through an optimal use of natural resources, and an efficient integrated use of the different renewable energies; (b) the greenhouse design optimization and the improvement of energy saving techniques for reducing the heating and cooling energy demands and costs; (c) the development of innovative and efficient greenhouse covering materials; (d) the microclimate control optimization according to specific crops, crop growth stage, agro-techniques and climate circumstances; (e) an enhanced incorporation of rooftop greenhouses, vertical farms and plant factories in buildings and in cities; (f) the exploitation of wireless sensor networks and internet of things technologies for greenhouse monitoring and control; g) the automation of crop operations using deep learning.



The greenhouse design represents a complex task for the relevant interactions among the several factors affecting the production processes, for the large variety of greenhouse types, level of technology and control and the external climatic conditions. The current bibliometric analysis on greenhouse engineering, carried out on 3804 publications, highlighted that the number of articles per year increased considerably in the last decade and showed a growing trend towards publish in indexed journals rather than in conference proceedings or book series. About 61.1% of articles were published after 2010, and of these more than 53.4% were in indexed journals. The search for renewable and sustainable energy sources, the environmental impact of greenhouse farming and the complex interdisciplinary research on greenhouse engineering has led to an increase in publications in journals falling into the engineering, computer science, energy and mathematics subject areas.



The leading countries are China, the United States, Spain, Italy and the Netherlands that published over 36% of the relevant literature on greenhouse engineering. The cluster analysis identified five main research themes related to: climate modification and energy resources; climate monitoring and control; automation and smart technology; covering materials and plant growth; structural and functional design. Recent research trends are focused on finding innovative solutions for replacing the fossil-fuel energy with alternative energy resources exploiting the benefits of their integrated use, natural resources conservation, greenhouse gas emissions reduction, integrating precision agriculture technologies and improving smart monitoring and automatic control systems, automation of crop operations and a sustainable growth of the greenhouse production sector.
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Figure 1. Workflow for the data screening and analysis. 
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Figure 2. Trends in publications on greenhouse engineering from 1981 to 2021. The histogram represents the number of articles published in indexed journals with respect to other papers reported in conference proceedings and book chapters. 
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Figure 3. Subject areas of the publications on greenhouse engineering. 
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Figure 4. Trend of the distribution of the publications by Scopus category in 1991–2021. 
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Figure 5. Countries publishing more than 50 articles related to greenhouse engineering from 1981 to 2021 (countries are related to the authors’ affiliations). 
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Figure 6. Co-operative network of the key authors. 
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Figure 7. Keywords network based on the greenhouse engineering publications from 1981 to 2021. 
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Figure 8. Keywords year map based on the greenhouse engineering publications (the blue, green and yellow colors represent earlier, recent, and most recent terms, respectively). 
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Table 1. Publisher, number of documents, Scopus CiteScore (CS), Scimago Journal Rank (SJR) and highest CiteScore percentile (HP) of the top journals publishing studies on greenhouse engineering.
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	Journal a
	Publisher
	N. b
	CS c
	SJR d
	HP e





	Acta Horticulturae
	Inter. Soc. Hort. Science (ISHS)
	812
	0.5
	0.181
	12



	Biosystems Engineering
	Elsevier
	86
	7.2
	0.894
	93



	Computers and Electronics in Agriculture
	Elsevier
	53
	8.6
	1.208
	99



	Solar Energy
	Elsevier
	39
	8.9
	1.337
	87



	Journal of Agricultural Meteorology
	Society of Agricultural Meteorology of Japan
	37
	2.6
	0.472
	65



	Agricultural and Forest Meteorology
	Elsevier
	36
	8.9
	1.837
	97



	Energies
	MDPI
	34
	4.7
	0.598
	85



	Transactions of the American Society of Agricultural Engineers
	American Society of Agricultural Engineers
	34
	na
	na
	na



	Advanced Materials Research
	Trans Tech Publications Ltd.
	32
	na
	na
	na



	Applied Mechanics and Materials
	Scitec Publications Ltd.
	31
	na
	na
	na



	Journal of Agricultural and Engineering Research
	Scitec Publications Ltd.
	31
	na
	na
	na



	Journal of Physics: Conference Series
	IOP Publishing Ltd.
	30
	0.7
	0.210
	18



	Renewable Energy
	Elsevier
	28
	10.8
	1.825
	88



	Scientia Horticulturae
	Elsevier
	28
	5
	0.906
	93



	Paper-American Society of Agricultural Engineers
	American Society of Agricultural Engineers
	26
	na
	na
	na



	Journal of Agricultural Engineering Research
	Elsevier
	24
	na
	na
	na



	Applied Engineering in Agriculture
	American Society of Agricultural Engineers
	22
	1.9
	0.276
	57



	IOP Conference Series Earth and Environmental Science
	IOP Publishing
	22
	0.5
	0.179
	17



	Renewable and Sustainable Energy Reviews
	Elsevier
	22
	30.5
	3.522
	97



	Energy and Buildings
	Elsevier
	21
	10.9
	1.737
	97



	International Journal of Agricultural and Biological Engineering
	IJABE
	21
	3.8
	0.570
	83



	Sensors (Switzerland)
	MDPI
	21
	5.8
	0.636
	90



	Applied Energy
	Elsevier
	20
	17.6
	3.035
	99



	Energy
	Elsevier
	18
	11.5
	1.961
	98



	Energy Conversion and Management
	Elsevier
	18
	15.9
	2.743
	97



	Hortscience
	American Society for Horticultural Science
	18
	2.1
	0.518
	63



	Journal of Agricultural Engineering
	PagePress
	18
	2.8
	0.300
	61



	Sustainability (Switzerland)
	MDPI
	18
	3.9
	0.612
	84



	IFAC-PapersOnLine
	IFAC Secretariat
	17
	2.1
	0.308
	43



	Transactions of the ASABE
	ASABE
	17
	2.6
	0.396
	67







a Top 30 journals; b N.: number of documents; c CS: CiteScore 2020; d SJR: SCImago Journal Rank 2020; e HP: highest CiteScore percentile 2020; n.a. = not available.
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Table 2. The most productive institutions publishing at least 30 articles on greenhouse engineering from 1981 to 2021.
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Institution

	
Country

	
N. of Documents

	
Total

Number of

Citations

	
Average Number of Citations *

	
Documents h-Index




	
Total

	
Journal

	
Book

Chapter-

Conference

Paper






	
Wageningen University and Research

	
The Netherlands

	
183

	
70

	
113

	
3463

	
18.9

	
33




	
University of Almería

	
Spain

	
95

	
42

	
53

	
1400

	
14.7

	
21




	
University of Thessaly

	
Greece

	
90

	
53

	
37

	
1641

	
18.2

	
18




	
INRAE Provence-Alpes-Côte d´Azur Research

Centre

	
France

	
84

	
36

	
48

	
2778

	
33.1

	
28




	
Agricultural Research

Organization – Volcani

Center

	
Israel

	
78

	
39

	
38

	
1421

	
18.2

	
21




	
University of Bari Aldo Moro

	
Italy

	
62

	
37

	
25

	
1463

	
23.6

	
22




	
China Agricultural

University

	
China

	
54

	
23

	
31

	
455

	
8.4

	
10




	
Agricultural University of Athens

	
Greece

	
50

	
31

	
19

	
1421

	
28.4

	
20




	
Israel Ministry of Agriculture and Rural

Development

	
Israel

	
47

	
25

	
22

	
764

	
16.3

	
16




	
Institute of Agriculture and Food Research and Technology (IRTA)

	
Spain

	
46

	
24

	
32

	
1127

	
24.5

	
19




	
The University of Arizona

	
USA

	
45

	
21

	
24

	
722

	
16.0

	
26




	
Cajamar Las Palmerillas Research Station

	
Spain

	
40

	
14

	
26

	
669

	
16.7

	
15




	
Seoul National University

	
South Korea

	
40

	
30

	
10

	
382

	
9.6

	
10




	
Leibniz University

Hannover

	
Germany

	
36

	
23

	
13

	
902

	
25.1

	
15




	
Ghent University

	
Belgium

	
32

	
21

	
11

	
345

	
10.8

	
12




	
Tongji University

	
China

	
32

	
19

	
13

	
444

	
13.9

	
12




	
The Ohio State University

	
USA

	
31

	
15

	
16

	
548

	
17.7

	
11




	
Agriculture and Agri-food Canada

	
Canada

	
30

	
16

	
14

	
381

	
12.7

	
9




	
Ministry of Agriculture of the People’s Republic of China

	
China

	
30

	
22

	
8

	
296

	
9.9

	
9








* Number of citations divided by the number of articles.
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