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Abstract

:

Agricultural activities generate substantial quantities of waste, which are often relegated to landfills or incineration. However, these residues can be effectively valorized through composting, which transforms them into valuable organic fertilizers (OF). Composting agricultural waste (AW) mitigates environmental impacts and offers significant benefits in enhancing soil fertility and productivity. This practice is particularly beneficial in regions with low soil fertility and degraded land, where compost can improve soil health and productivity. This review provides a comprehensive analysis of the literature on the valorization of AW through composting, focusing on its environmental, agricultural, and economic impacts on soil health, especially in Morocco’s agricultural ecosystems. It synthesizes findings from studies published over the past two decades to offer critical insights and recommendations for optimizing composting practices. By systematically evaluating, this review highlights composting as a pivotal strategy for enhancing soil health, reducing environmental impact, and promoting sustainable AW management. Future research is essential to explore opportunities for optimizing the composting process, including content enhancement and processing duration. In summary, the composting process can be seen as an effective and sustainable solution that fits within the principles of circular economy (CE) and that requires careful evaluation and ongoing monitoring.
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1. Introduction


Global population growth, economic expansion, and increased food consumption have resulted in the generation of substantial quantities of organic waste (OW). The observed increase is due to the intensification of agricultural and livestock production systems, leading to a substantial rise in waste generation [1]. This surge necessitates the implementation of appropriate waste management (WM) practices to mitigate environmental risks, including releasing odorous gases, degrading soil health, and water resource pollution [2]. Previously, natural systems were believed to efficiently absorb and decompose waste from population centers, industries, and agriculture [3]. However, it is now clear that this assumption is incorrect, making proper waste treatment a necessity.



In 2017, global municipal solid waste generation reached around 2 billion tons, with OW accounting for around 30–50% of this total volume. Within this percentage, green waste (GW) accounts for around 11% of the total volume with an average per capita generation of 47 kg yearly, with a wide range between 1 and 336 kg per capita [4]. Projections indicate that the global population will reach 9.7 billion by 2050 and 10.4 billion by the mid-2080s, significantly amplifying the pressure on agricultural systems [5]. This increased pressure is expected to amplify the generation of AW, even as the availability of cultivable lands continues to decrease due to many factors such as soil fertility degradation and urbanization expansion [6].



Agriculture is among the largest producers of OW in Morocco due to the nature and quantity of residues generated [7,8]. Morocco’s agricultural sector plays a crucial role in the country’s economy, contributing around 15% of the national gross domestic product and serving as an important source of income for nearly 40.5% of the population [9]. This sector also dominates the landscape, accounting for over 80% of the total crop production areas [10]. Consequently, inappropriate disposal of the residues of these activities can adversely affect the environment and the population’s health.



Effective management of agricultural soil is achievable through the adoption of sustainable practices, particularly by selecting appropriate methods such as the use of OF and the strategic handling of crop residues [11]. Unlike chemical fertilizers, OF offers a multifaceted approach to enhancing soil health by providing complex molecules and essential nutrients that benefit both plants and soil microorganisms [12,13].



The interaction between increasing population demands, declining arable lands, and rising waste generation highlights the pressing need for innovative and sustainable strategies in both WM and agricultural practices to ensure food security and environmental sustainability [14]. This urgency is further amplified by the pressing need to preserve soil health, particularly as it is a non-renewable resource threatened by the intensifying impact of climate change, which is pronounced in arid and semi-arid regions such as Morocco [15].



As an innovative approach, the CE significantly contributes to minimizing waste and reducing pressure on fragile ecosystems [16]. By promoting sustainable product design and optimizing production processes, the CE helps extend the useful life of materials and products at the end of their life cycle. Given the growing need for this approach, WM through composting is proving to be a key method in helping all the components of the environment from deterioration and restoring a new balance [17,18,19]. Composting offers multiple advantages for agricultural practices by not only reducing pathogen levels but also enhancing crop productivity and preserving soil health [13]. The synergistic benefits of composting lie in its ability to convert OW into a valuable resource, thereby mitigating the environmental impacts associated with waste disposal and contributing to enriching soil conditions [14].



Compost exhibits distinct characteristics that are largely influenced by its nutrient content, which is determined by the raw materials used for its production [20]. When compost is rich in nitrogen, it plays the role of an effective fertilizer to enhance soil fertility, while compost with low nutrient contents functions as a soil conditioner to improve overall soil health [2]. However, the performance of compost can vary depending on factors such as climate and soil type. For instance, elevated soil temperatures and moisture levels can influence key chemical processes, including ammonium volatilization and phosphorus sorption [21]. Consequently, the application rate of compost should be calibrated according to the specific characteristics of the soil to maximize its benefits and ensure effective soil management [22].



The research objectives are to (1) emphasize the importance of understanding composting processes, assessing compost quality, and recognizing the benefits of compost as a soil improver and OF in Morocco, and (2) highlight how compost can enhance soil fertility, structure, nutrient availability, and promote sustainable agricultural practices. This research aims to increase farmer awareness to optimize compost use and support sustainability in Moroccan agriculture.




2. Materials and Methods


Data Collection


The assessment of the evolution of the composting process is a complex procedure, requiring meticulous control of various key parameters to ensure the production of high-quality end products with an effective effect on soil and plants. To obtain an overview understanding of the composting process and its impact on agricultural soils, a collection of relevant publications was carried out using inclusion and exclusion criteria. The keywords selected as inclusion criteria included ‘waste management’, ‘composting process’, ‘organic waste’, ‘agriculture waste’, ‘soil fertility’, ‘soil health’, ‘composting trends’, ‘carbon sequestration’, ‘stabilization’, and ‘maturation’. Particular emphasis was placed on articles indexed by reputable databases—Web of Science and Scopus. An exhaustive bibliographic search was carried out, covering studies written in English and whose full text was available online, published between 2004 and 2024, using renowned electronic databases such as Google Scholar, World Cat, Science Direct, Scopus, Web of Science, Springer, and Researchgate.



The search approach comprised two main phases. In the first phase, articles were screened for relevance to the study objective, followed by a selection based on keywords. The selected database was organized using an Excel sheet, thus eliminating duplicates.





3. Results and Discussion


3.1. Analysis of Bibliometric Data


The initial results of the search yielded a total of 120 articles from 26 different countries, including Morocco, Spain, Italy, the United States, Canada, Chile, Egypt, Turkey, Finland, Japan, Mexico, India, and China (Figure 1).



The studies that aligned with the scope of the review were identified and listed in Table S1 of the Supplementary Material. This table includes information such as the year of publication, main idea, recommendations, countries, and references for each study.



The VOSviewer software version 1.6.20, developed by Leiden University in the Netherlands, was used to map and visualize the database. Using this software, the data collected were processed and bibliographic analysis techniques were used to construct visual maps. Figure 2 shows a network visualization map representing the 35 most important keywords for this study.



The size of each element on the map is determined by its weight, corresponding to its frequency and importance. Elements with higher weights are presented more prominently, while the color of a component indicates the group to which it belongs. Connecting lines between elements represent strong associations and interdependencies. By visualizing these connections and the importance of each element, we gain insights into the multifaceted nature of the composting process. This interconnected complexity underscores composting’s reliance on multiple elements, illustrating the indicated dynamics contributing to its effectiveness and challenges.



In addition to the insightful keyword analysis, Figure 3 showcases a density visualization map that further emphasizes the significance of specific elements. Each point on the map is color-coded, denoting the density of elements at that specific location, ranging from shades of blue and green to hues of red and yellow. Points closer to the red and yellow spectrum indicate higher weights and a greater number of neighboring elements, while points closer to green and blue signify fewer elements in the vicinity. This visualization significantly underscores the importance of key aspects related to the composting process, composting objectives, monitoring parameters, and composting advantages, elucidating them as hot topics of discussion within the scope of this study.



To gain insights into the temporal dimension of research in composting management, Figure 4 presents a visually informative representation of the results, complemented by a color bar indicating the year of publication.



The visual analysis of the data reveals that the majority of the identified keywords reflect the contemporary relevance and currency of research in this dynamic field. The data’s visual analysis reflects the growing interest in composting as a sustainable practice, with research intensifying not only the optimization of composting processes but also comprehensively understanding its diverse benefits on environmental ecosystems. By employing these robust research methods and leveraging effective visualizations, a comprehensive understanding of the prevalent keywords, clusters, and emerging trends in composting management research has been attained. This trend showcases a shift towards recognizing composting’s potential in advancing environmental sustainability, particularly through improved WM strategies and soil health enhancements.



Key findings from the bibliometric analysis indicate a steady increase in publications over recent decades, with notable contributions from countries such as China and India. Keyword co-occurrence mapping revealed emerging themes, including carbon sequestration facilitated by enzymatic functions, adding biochar to optimize composting parameters, and using inoculants and microbial mixtures to accelerate organic matter (OM) decomposition. Additional strategies identified include incorporating bulking agents, odor control mechanisms, and methods to reduce greenhouse gas (GHG) emissions, contributing to climate change mitigation.



Current trends focus on innovative strategies to enhance and optimize composting processes while mitigating climate change impacts, such as extracting specific nutrients and integrating renewable energy sources like solar power into composting systems. The interconnectedness of these topics underscores a comprehensive approach to improving composting technologies. However, despite this global progress, significant gaps persist in addressing the economic and socio–environmental dimensions of composting, particularly in semi-arid regions such as Morocco and other North African countries.



Through the use of these methodologies, an overview understanding of the research landscape and fundamental concepts related to composting technologies has been achieved.




3.2. Organic Waste


The OW refers to a specific subset of biodegradable waste that encompasses a range of materials from different sources such as agriculture and livestock [23]. The transformation process of these residues releases nutrients and contributes to the formation of humus-rich compost, which can be used as a soil amendment in agricultural and horticultural activities [24]. GW is a predominant type of OW that encompasses a variety of plant residues. They are distinguished by their relatively high lignocellulose content, comprising cellulose, hemicellulose, and lignin, which account for around 27% to 57% of dry matter [25]. The characteristics of GWs can vary according to factors such as season, climate, location, and maintenance and frequency strategies [4]. GWs decompose slowly in nature [26] and have a low density, ranging from 200 to 400 kg/m3, which leads to higher collection and transportation costs [27]. Importantly, GWs contain low levels of heavy metals (HMs), making them suitable for safe recycling [28]. The green part of GW is more nutritious, containing three times more nutrients compared to the brown part [4]. In contrast, the brown part is around 90% lignocellulose with a higher lignin content, which hinders biodegradation and slows down the breakdown of hemicellulose and cellulose [29]. Recent studies have also highlighted the role of GW compost as an excellent source of humic substances [30].



Manure is another important component of OW. This material is a valuable resource, rich in OM, essential nutrients, and diverse microorganisms [31]. One of the main characteristics of manure is its high OM content, which contributes to the overall nutrient density of the material [32]. In addition, manure is known to be rich in nutrients such as nitrogen, phosphorus, and potassium, which are essential for plant growth and development [7,20].




3.3. Organic Waste Management


3.3.1. Composting Process


Proper management of OW is crucial to minimizing their environmental impacts and exploiting their resource recovery potentials [33]. Composting is a form of OW management that has gained acceptance over the years [9]. It is a widely used technology for the treatment of agricultural residues, offering numerous benefits in terms of waste reduction and soil improvement [34]. It is an exothermic, aerobic, and spontaneous process that involves the transformation of OW into relatively stable substances, resulting in a final product of reduced volume, weight, and toxicity, and also contributing to the destruction of weed seeds and pathogenic organisms [31,35].



The composting process is similar to the natural processes of mineralization and humification, mimicking the decomposition of organic residues in cultivated soils [7,36,37,38]. It is influenced by several factors such as temperature, moisture content, C/N ratio, aeration, pH value, EC levels, turning frequency, nutrient content, and the physical structure of the compost raw material [39]. In agriculture, composting, as a good OF, reduces the use of chemical inputs and offers the possibility of recycling OW. This practice supports sustainable agriculture systems as part of an integrated approach to sustainability [40,41].



The process can be divided into different phases based on temperature evolution. Each phase is characterized by specific populations of bacteria and fungi that thrive in particular temperature ranges [13]. According to Ref. [7], the composting process consists of two main phases. The first is the decomposition phase, which involves the degradation of both simple and complex OM, while the second is the humification phase, characterized by the reorganization of OM into stable molecules called humus. Contrary to the findings of [42,43], the composting process has four distinct phases, each with its specific characteristics [44]. The first phase is the mesophilic phase, in which an active and thriving community of mesophilic organisms plays a crucial role [45]. This phase is characterized by their activity, which leads to a rapid rise in temperature mainly due to the presence of easily biodegradable OM [7]. The second is the thermophilic phase, with exponential proliferation of fungi and actinobacteria [46]. These microorganisms play an essential role in the degradation of complex organic compounds present in compost, including cellulose, lignin, hemicellulose, and proteins [43]. After around 5 to 10 days of composting, thermophilic fungi begin to thrive, further enhancing the decomposition process [24]. Simultaneously, the pH of compost heaps increases due to the microbial degradation of proteins and the subsequent release of ammonia (NH3) [7]. The third is the cooling phase of composting, during which mesophilic microorganisms continue their essential role in breaking down the remaining quantities of cellulose and hemicellulose [43]. As the composting process progresses towards its final phase, characterized by a drop in temperature, there is a noticeable change in the dominant group of microorganisms [24]. The final phase is the maturation phase, which can last from a few weeks to several months, depending on several factors [47]. This phase is characterized by the emergence of micro and macro fauna, indicating a flourishing ecosystem within the compost [48]. This phase is further distinguished by minimal heat release and weight loss, signifying stabilization of the composting process [49]. In addition, secondary polymerization and condensation reactions take place during maturation, leading to the formation of humus containing highly resilient humic acids [50].




3.3.2. Compost Conception Methods


Various composting methods are employed to efficiently decompose OM into nutrient-rich compost, each tailored to specific operational needs and environmental conditions [1].



Windrow composting, widely adopted due to its simplicity, is an open-air composting system that relies heavily on mechanical aeration, typically using compost turning [51]. This method involves piling solid materials in elongated parallel rows, called windrows, which are turned periodically to optimize oxygen availability, porosity, moisture content, and temperature distribution within the compost pile [52]. This method proves particularly advantageous especially when processing a large volume of OW; however, it requires a large surface area and a longer curing time compared with other composting methods [52]. Despite these requirements, it remains the most commonly adopted method among Moroccan farmers [8].



Static aerated piles (SAP) use an innovative air distribution system, with perforated tubes located at the base of the compost heap [53]. This system revolutionizes the composting process by eliminating the need to move materials for aeration, thus reducing the overall surface area required for composting and ensuring optimal composting conditions [43]. However, once established, challenges arise in adjusting moisture levels inside static piles, leading to the development of anaerobic conditions at their core [54]. SAP is mainly used in the composting of municipal sludge, often incorporating a bulking agent such as wood chips to improve airflow and porosity [55]. This addition plays a crucial role in increasing oxygen availability, thus facilitating the degradation of biomass into a more stable and refined compost [11].



In-vessel composting involves confining the composting process to specially designed containers or vessels [56]. In-vessel systems use solid-state bioreactors, usually in the form of cylinders, offering the ability to precisely control key parameters such as temperature, humidity, and oxygen supply [48]. However, when implementing such control measures on a large scale, practical challenges arise due to hydrodynamic constraints associated with increasing bioreactor size [43]. The effective control of operational parameters enables compost production in a relatively short timeframe, guaranteeing rapid and consistent results [2]. However, it is important to note that in-vessel composting is generally the most expensive system among the available alternatives, mainly due to the necessary infrastructure and control mechanism [41]. Therefore, enclosure composting is commonly used in small-scale laboratories and research, where these challenges can be better managed [43].



Vermicomposting, often referred to as worm composting, is specifically carried out using red worms, in particular Eisenia foetida and Lumbricus rubellus, which have proven to be highly effective in transforming decomposing OM into rich vermicompost [57]. It is a unique approach that capitalizes on the collaborative efforts of earthworms and microbial populations to effectively degrade organic residues [31]. Earthworms possess remarkable capabilities that enable them to effectively eliminate pathogens through intestinal actions, as well as the suppressive activity of intestinal fluids and the selective grazing of OM [58]. In addition, the release of coelomic fluids by earthworms contributes to the pathogen-killing process, as these fluids exhibit antibacterial properties. Unlike other composting methods, vermicomposting does not require high temperatures, as earthworms cannot survive in such conditions [59].




3.3.3. Composting Parameters


To achieve successful composting, several key parameters must be considered. In the literature, several composting parameters have been widely studied, including C/N ratio, microbial activity, germination index, cation exchange capacity, humic substance content, water-soluble carbon concentration, and dissolved OM, NH4+-N/NO3−-N, WSC/TN, and WSC/organic-N ratios [8]. All these parameters maintain a complex and strong relationship with one another, underscoring the intricate dynamics that govern their interactions, as is clear in Figure 2 and Figure 4. This complexity is critical for understanding processes where each variable can significantly influence outcomes. The C/N ratio, water-soluble carbon content, humic substance content, and CO2-C evolution are reliable indicators of compost maturity [60]. In addition to these primary parameters, assessing the compost quality and maturity also involves monitoring parameters such as NH4/NH3 ratios, CO2 evolution, pH, electrical conductivity, cation exchange capacity, water-soluble carbon, self-healing capacity, oxygen uptake rate, humic substance production, and germination index as a measure of phytotoxicity [61]. While no single parameter is universally accepted, a combination of tests is probably required to assess composting progression and biodegradation levels accurately [7]. The monitoring and analysis of key indicators, including the C/N ratio, microbial activity, and humic substance content, along with chemical and physical parameters, are essential for accurately assessing the stability and maturity of the end product [13]. These metrics ensure that the compost reaches an optimal state and meets the standards required for safe and effective agricultural uses [62].





3.4. Impact of Applying Compost on Agricultural Soil


3.4.1. Environmental Impact


Composting stands out as a powerful bioremediation technique for stabilizing contaminated soils, primarily due to its high humic substance content, which plays a crucial role in enhancing soil structural integrity and nutrient retention [35]. It also reduces erosive processes indirectly due to the large amount of OM it introduces, which is particularly important for degraded and polluted soils where OM content is typically low [34,46,63].



As noted by Ayilara et al. [1], composting is a multifaceted approach that involves the controlled decomposition of OW into a stable, nutrient-rich end product that significantly improves soil quality. This process results in compost rich in humic substances, improving nutrient retention, strengthening soil structure, and promoting the proliferation of beneficial microorganisms [15,35,64]. These attributes make composting particularly valuable for the remediation of contaminated soils, as it effectively immobilizes pollutants and reduces their bioavailability in the environment [65,66].



In a critical review by Bouhia et al. [67], the potential of composting olive mill waste was emphasized as a dual-purpose strategy to rehabilitate degraded soils and immobilize contaminants, thereby mitigating their environmental impact. The study suggests that composting is one of the most effective bioremediation solutions, especially for addressing the significant waste generated by the olive industry, particularly in Morocco and Tunisia, the leading olive producers in Africa.



While compost is recognized as a potential solution for immobilizing certain contaminants, its application requires careful consideration. Compost containing residual, non-degraded contaminants can harm environmental ecosystems [68]. To mitigate this, extracting specific nutrients from compost and applying them directly to the soil can enhance soil health while reducing the risk of groundwater contamination [59].



Mature compost products typically contain trace elements within acceptable limits. However, when applied to soils with certain levels of trace elements, there is a risk of cumulative addition, potentially exacerbating trace element levels rather than mitigating them [66,69]. Additionally, a critical concern with compost use is the potential bioaccumulation of non-degradable chemical compounds, such as persistent organic pollutants and endocrine-disrupting chemicals. While composting has demonstrated some capacity to reduce these compounds, complete eradication is often unachievable. Compost microbes may absorb these substances, but their absorption behavior remains complex and not fully predictable [1].



Beyond its role in soil remediation, composting transforms OW into valuable products, enhancing the efficient recycling of resources while reducing land occupation and the wastage of natural resources [70,71].



Composting, in addition to its critical role in recycling organic waste, has seen significant advancements with the introduction of inoculation techniques. These methods have been shown to substantially improve both the duration of the composting process and the quality of the end product [55,59,72,73], marking a key innovation in the composting industry. The study by Ozi et al. [74] underscored composting as a natural bioconversion process that converts agricultural waste into valuable OF. By optimizing the composting process through inoculation, the study demonstrated a reduction in the duration of composting, thereby accelerating the transformation of waste into useful products. Conducted in Morocco, the study highlighted that composting could significantly decrease the approximately 5 million tons of AW generated annually that would otherwise end up in landfills or be incinerated [75], thereby contributing to more sustainable WM practices in agriculture-based regions.



Recent studies highlight the potential for multi-stage processes to generate more valuable end products and increase energy recovery. One promising approach involves integrating vermicomposting, known for its efficiency in decomposing lignocellulosic compounds [58,76], as a pretreatment step before anaerobic digestion. This combination not only accelerates OM breakdown but also enhances biogas production, achieving 63–65% higher yields compared to conventional methods. Such synergistic strategies underscore the potential of combining biological processes to optimize resource recovery and improve composting efficiency [59].



During the rainy season, compost acts as a protective layer that reduces leachate infiltration, thereby mitigating potential groundwater pollution, especially in sandy soils with a high infiltration rate [8].



According to Abdelilah et al. [23], applying an OF positively influences the physicochemical parameters of soil, including improving soil structure, higher water retention capacity, and enhanced microbial activity. These enhancements contribute to long-term soil fertility and health, making the soil more resilient to erosion and degradation, and protecting the groundwater resource, which is a natural solution to resolve this problem, especially in semi-arid countries like Morocco [8].



A recent study by Zgallai et al. [77] underscores the critical role of OW compost in mitigating soil erosion and preventing the infiltration and leaching of contaminants into groundwater. The study emphasizes that the high OM content and superior water-holding capacity of compost significantly enhance soil aggregate stability. These stabilized aggregates function as a natural filter, retaining water and trapping potential pollutants, thereby preventing their leaching into groundwater [78,79]. This natural process not only fortifies soil against erosion but also acts as a barrier against the contamination of water resources, making compost an invaluable method in sustainable land management.



Composting plays a crucial role in enhancing soil and plant health by significantly reducing the presence of harmful elements such as pathogens and bacteria, including Escherichia coli, total coliforms across, and toxic elements in various organic materials [80]. This is particularly evident in the studies of Jiang and Wang [81], where they demonstrated that inoculating compost can substantially reduce the presence of Escherichia coli, harmful microorganisms that may present a risk to human health. Other studies have consistently demonstrated the efficacy of composting in reducing pathogen loads such as Fusarium oxysporum, Oomycota pathogens, and Pythium, thereby minimizing risks associated with plant diseases and food safety [82,83]. Furthermore, composting processes have demonstrated significant potential in the degradation and mitigation of various chemical compounds, including chlorinated and non-chlorinated hydrocarbons, solvents, petroleum products, pesticides, and even certain HM [59]. Through different mechanisms such as absorption and microbial degradation, composting can effectively reduce the environmental and health risks associated with these hazardous substances.



The composting process typically spans from several days to a few months, depending on various physiochemical and biological factors [13]. To accelerate this process and enhance microbial and enzymatic activity (e.g., laccase, lignin peroxidase, dye-decolorizing peroxidase), researchers have explored strategies to boost the degradation of OM [59]. These enhancements also contribute to reducing GHG emissions, odor generation, and the leaching of nutrients or potentially harmful elements. Over the years, studies have adopted the addition of various organic and mineral additives, including biochar, zeolite, gypsum, and lime, as well as inoculating the composting mixture with single or mixed microbial cultures [66,84,85]. These interventions directly impact key parameters of the composting process, enhancing the quality of the final product and significantly reducing the degradation time. This optimization makes the compost more efficient and suitable for agricultural applications.



Recently, Garau et al. [84] investigated the effectiveness of biochar and compost in the remediation of soils contaminated with toxic elements. The study demonstrated that applying compost significantly reduced the bioavailability of a fraction of Zinc in the soil and significantly stabilized this contaminant. Additionally, the compost application achieved a 4% reduction in the labile fraction of antimony, highlighting its potential to mitigate the mobility of these potentially toxic elements [86].



A review conducted by Ejileugha et al. [66] highlights the significant impact of the incorporation of biochar or zeolite into composting processes, as they facilitate the transformation of HM into more stable, residual forms, thereby enhancing their immobilization and reducing both their leaching and bioavailability. HM are highly bioavailable elements that pose significant challenges during traditional composting processes [87]. These metals originate from various sources and accumulate in agricultural soils, particularly through the prolonged application of raw manure in agriculture. This has contributed to the accumulation of HM in soils, posing severe risks to human and animal health [88].



Controlling the bioavailability of HM during composting requires careful regulation of physicochemical parameters and input materials. Several mechanisms can aid in immobilizing HM, including chemical precipitation, adsorption, redox reactions, the formation of stable complexes with organic ligands, surface precipitation, and the use of additives [89]. Additives, in particular, have demonstrated significant potential in reducing HM mobility and bioavailability [90]. Due to their optimal particle sizes, extensive internal surface areas, and active binding sites, physical additives such as biochar, zeolite, and clay, alongside chemical additives like superphosphate, oxalic acid, and phosphogypsum, enhance the binding capacity of compost, effectively lowering HM bioavailability by over 40% [91]. The compost’s physicochemical properties also play a critical role in determining HM bioavailability. According to Chen et al. [92], the increase in pH values significantly reduces HM bioavailability, while humic substances formed during composting contribute to HM immobilization. Furthermore, longer composting durations—over 50 days—promote the formation of humic substances, further decreasing HM bioavailability [93]. The appropriate dosage of additives is critical for optimizing these effects. For instance, Li et al. [94] recommend a 2.5% addition of bentonite to reduce HM bioavailability, whereas Chen et al. [92] identify a 5% biochar application as optimal for achieving the maximum decline. Similarly, Villasenor et al. [95] propose a 10% zeolite addition for more effective reductions.



Recent research by Umair Hassan et al. [96] examined the effects of combining biochar with compost on mitigating GHG emissions and improving soil fertility in rice cultivations. Their study demonstrates the efficacy of biochar co-compost in reducing the emission of methane (CH4) and nitrous oxide (N2O). The synergistic application of compost and biochar not only mitigates N2O emissions but also promotes CS. This combined approach enhances overall soil health by addressing conditions that typically contribute to high GHG emissions such as excessive moisture and nutrient imbalances.



Additionally, innovative approaches, such as the use of insects like the black soldier fly (BSF) (Hermetia illucens), have shown remarkable efficacy in degrading a wide range of OW and substrates [97,98]. Integrating BSF into composting processes has been documented to reduce GHG emissions by up to 47 times, highlighting its potential as an efficient strategy for WM [59].



In Morocco, Maaouane et al. [99] explored various WM strategies by evaluating their impact on energy conservation and GHG emission reduction. The study highlighted that traditional methods contribute significantly to CH4 and CO2 emissions, and alternative methods like advanced composting processes offer a significant reduction in GHG emissions and lead to effective energy savings by minimizing the need for energy-intensive processes.



Although, during the microbial degradation of OM and the formation of humus substances, composting generates odors and releases various gases, including NH3, volatile organic compounds (VOCs), hydrogen sulfide (H2S), CO2, CH4, and N2O. These emissions can contribute to environmental pollution and result in thermal energy and nutrient losses [96,100]. However, studies have demonstrated that these emissions can be effectively managed throughout the composting process. For instance, H2S and CH4 emissions can be mitigated by preventing anaerobic conditions through improved aeration, the use of bulking agents, and increased oxygen supply [101]. Advanced technologies, such as modern bioreactors, have demonstrated remarkable efficiency in trapping toxic gases during the composting process. By capturing gases like NH3, these systems not only mitigate environmental emissions but also enable the recycling of NH3 within the composting mixture [102]. This recycling process enhances the nitrogen cycle, leading to an increase in nitrate content in the final compost, thereby improving its quality as a soil amendment. VOCs and CO2 can be managed by covering compost piles with absorptive membranes [103], while NH3 emissions can be controlled using buffering agents within the compost mixture [104]. Additionally, optimizing initial physicochemical parameters, particularly the C/N ratio, has been proven to reduce emissions of CO2, CH4 and N2O [59,96].



Recent research highlights the importance of regulating enzymatic activity to further control GHG emissions and odor production [59]. By carefully managing these parameters and optimizing the composting process, the negative impacts on soil, air, and water can be minimized.




3.4.2. Agricultural Impact


In agriculture, compost functions as a slow-release OF that gradually supplies essential nutrients to plants while significantly enhancing the soil’s OM content over time [53]. This is crucial for improving nutrient retention, maintaining soil structure, and enhancing the physicochemical characteristics of the soil (Figure 5).



Recent research underscores the significant benefits of compost derived from various raw materials on crop and plant growth [105]. Particularly, Goldan et al. [11] demonstrated the advantages of manure-based compost for soil health by improving soil structure, aeration, water retention capacity, infiltration capacity, and porosity. This compost enriches the nutrient cycle and provides a slow-release mechanism of nutrients, available to plants as needed [106]. As a result, compost enhances crop productivity and soil fertility, contributing to the maintenance of healthy, balanced ecosystems [107]. This sustainable approach reduces the need for chemical fertilizers for 2–3 years, thereby offering a cost-effective solution within the agricultural sector [11].



In a study conducted in 2023, Aouass et al. [108] conducted a comparative analysis of synthetic fertilizers versus organic compost on broccoli crop yields in the arid regions of Morocco. The research concluded that compost serves as a slow-release source of nutrients, significantly promoting the nitrogen use effectively of the crops over time. The study suggested that applying the appropriate dosage of compost can serve as a sustainable alternative to synthetic fertilizers, providing an effective alternative to synthetic fertilizers and offering more sustainable nutrient management in arid agricultural environments. This approach promotes nutrient recycling, prevents toxicity in soils and plants, and reduces the risk of water contamination caused by nutrient oversupply and leaching. Furthermore, it helps conserve essential resources, particularly phosphorus, a non-renewable element of growing concern due to its loss through erosion and infiltration into groundwater causing serious problems like eutrophication [43,59].



The application of compost has demonstrated numerous benefits, including enhanced soil fertility, increased CS, improved nutrient availability for crops, and mitigation of salt stress [46,68]. Even in challenging conditions such as those presented by calcareous soils, compost demonstrated potential as an efficacy soil amendment for enhancing soil fertility and crop productivity. The study by Manirakiza and Şeker [33] underscored that compost improves soil fertility by increasing OM content, enriching exchangeable cations, and enhancing the availability of macro and micronutrients. Additionally, compost positively influences the physical and morphological characteristics of the plants [8]. Its slow-release nutrient property is advantageous in calcareous soils, where the high pH levels often result in reduced nutrient availability and lower crop yield.



The study by Cao et al. [109] explores the role of OA in enhancing soil organic carbon levels, thereby contributing to significant CS. The study highlights biochar for its long-term stability and effectiveness in locking carbon into the soil, making it a critical tool for sustained carbon storage. Other amendments such as compost also play a vital role in improving soil fertility and CS, though they operate with different dynamics and time frames. The application of these OA has been shown to elevate CS rates by 13.3% to 33.6%, showcasing their potential to mitigate climate change through soil management practices [96].



A study by Azim et al. [8] investigated the dual benefits of composting tomato by-products in semi-arid regions such as Morocco in enhancing soil fertility and facilitating CS. The study highlighted the role of compost in enhancing OM levels in the soil, thereby enhancing agricultural productivity and improving soil health and structure. This enrichment of soil not only boosts crop yield but also plays a significant role in sequestering atmospheric CO2, thus mitigating GHG and supporting sustainable agricultural practices [107,110,111].



Compost has been recognized for its effective mechanisms in stress mitigation, particularly in enhancing plant resilience under adverse conditions. In research by Elbagory [22], the role of liquid extract of compost and effective microorganisms in mitigating salt stress in wheat plants was thoroughly examined. Compost tea, an aqueous extract obtained by soaking or fermenting compost in water for several days, produces a liquid concentrate rich in easily available nutrients, beneficial microorganisms, and organic compounds, significantly improves soil fertility, and enhances plant resilience to various stresses, including diseases and salinity [59,112]. This enrichment is achieved through multiple pathways, by improving nutrient uptake, promoting stronger root development, and enhancing enzymatic and antioxidant activity. Together, these effects strengthen plants’ ability to withstand salt stress and combat diseases, making compost tea a valuable tool in sustainable agriculture [113,114,115,116].



Produced through a highly valuable process, compost improves soil characteristics such as structure and porosity while simultaneously enriching the supply of nutrients essential for crop growth [117]. It accelerates plant growth, resulting in increased CO2 uptake, further contributing to agricultural productivity [13,15]. Whether applied in solid or liquid form, compost contributes to healthier soil, supporting sustainable agriculture practices. In countries like Morocco, date palm cultivation is a crucial part of the agricultural landscape but faces significant challenges related to soil and plant health [118]. To address these issues, Hakimi et al. [119] conducted a study evaluating the effects of various forms of compost on date palm growth and soil quality in oasis areas. Their finding confirmed the vital role of OA in promoting robust plant growth and enhancing soil conditions. The study found that compost not only increases soil OM and supports slow-release nutrients but also the liquid extract of compost, providing quicker nutrient availability and easier applications. These organic strategies demonstrate their potential for long-term agricultural sustainability aligning with world efforts to address climate change [120].




3.4.3. Economical Impact


The growing public demand for high-quality food products from organic and sustainable agriculture practices has intensified, reflecting a large shift in public opinion toward environmentally responsible consumption [121]. In this context, agricultural producers must adopt eco-friendly and sustainable practices, prioritizing environmental stewardship and ensuring that final products are high quality [5].



Investing in improved agricultural practices is essential for producing qualitative products, though it usually requires a higher initial investment from farmers [108]. Economically, the use of inorganic fertilizers (IOF) may appear more cost-effective in the short term compared to OF. However, this perspective underestimates the economic potential of OW as a valuable lost resource [16]. By transforming waste into a resource, farmers can reduce their dependency on IOF and create a sustainable long-term revenue stream [13].



A study conducted at Kean University by Mu et al. [56] provides a comprehensive economic analysis of an in-vessel composting system, demonstrating its potential for cost-saving over time. The research revealed that long-term financial benefits are achieved through reduced waste disposal fees, decreased transportation costs, and the production of valuable resources, which can be utilized on campus or sold to the public to generate additional revenue [13]. The study revealed substantial ecological and economic benefits of the composting process. The benefits were in the reduction of USD 0.02 per MJ in fossil fuel usage, a decrease of USD 36/ton CO2 eq. in GHG emissions, a reduction of USD 4/ton N eq. in eutrophication, and a savings of USD 661/ton of SO2 eq. in acidification. Additionally, the net income from vegetables grown using the compost was estimated at USD 5.26/Kg, as well as a notable saving of USD 27.164 in waste disposal costs.



A study by Pergola et al. [46] examined on-farm compost production in an Italian farm, revealing that the cost of producing 1 ton of compost ranges from USD 9 to USD 145/m2, depending on many factors, such as technology, infrastructure, energy consumption, and transportation fees. The study concluded that on-farm compost is generally more cost-effective than commercially available compost. By reducing reliance on expensive IOF, composting lowers input costs and offers a more affordable means of enhancing soil fertility [1]. Additionally, this process diminishes the environmental impact associated with IOF and contributes to improved crop yields and higher-quality products, ultimately boosting farmer profitability [13,46].



Recent studies have consistently highlighted the economic challenges associated with IOF, particularly for small-scale farmers in low and middle-income countries, as noted by Guo et al. [76]. These challenges underscore the benefits of composting agricultural waste and livestock manure, which has been recognized as both an environmentally friendly and cost-effective OA, as highlighted by Ayilara et al. [1]. Furthermore, Jjagwe et al. [122] identified vermicomposting as the most economical technology due to its low operational costs and high returns on investment. Their findings demonstrated that vermicomposting results in a notable annual net cash flow of USD 2.305 and an annual benefit of USD 3.516, making it a particularly advantageous approach for enhancing sustainable agricultural productivity while maintaining economic feasibility.



In Morocco, a study by Azim et al. [8] highlights the significant economic potential of composting horticultural waste, estimating that the process could generate approximately USD 13 million worth of nitrogen, phosphorus, and potassium. Despite this potential, diagnostics indicate that the OW generated over 1 million tons of DM annually, with the majority of the porting diverted to landfills or incineration [7]. This potential is exacerbated by the low level of consciousness among farmers regarding composting practices [123,124]. Recently, Majbar et al. [5] found that only 10% of farmers are informed about composting, including its benefits and production methods. Consequently, the economic and environmental advantages of composting remain underutilized, mainly due to insufficient engagement and a lack of understanding of the composting process in this region.






4. Conclusions


Improper WM poses significant risks to environmental integrity and public health, leading to pollution and the spread of harmful pathogens. Transitioning to more sustainable methods, such as composting, offers a safer and more effective alternative.



By recycling OW, composting reduces landfill dependency, enriches soil through available nutrients, enhances soil fertility, and promotes sustainable agricultural practices. Despite the challenges and complications of OW composting, this study provides a detailed synthesis of the effective role of composting technology in agricultural soil health and underscores the complexity of composting processes, emphasizing the necessity for thorough evaluation and making ecological strategic decisions.



In a circular agricultural model, the recycling of AW, whether alone or through co-composting with other organic materials, plays an essential role in promoting sustainability in arid and semi-arid regions characterized by poor soil conditions. This practice is crucial for countries like Morocco, where encouraging farmers to integrate compost into their agricultural systems could significantly mitigate environmental challenges, such as climate change, groundwater pollution, and soil degradation. However, there is a notable lack of comprehensive long-term research data assessing the impact of agricultural waste on soil health and productivity in these regions, underscoring the need for more studies to fully understand the long-term benefits of composting in such challenging environments.



The primary objective of composting is to reduce using IOF, with a future goal of eliminating chemical inputs from crop production. To achieve this, further studies are needed to investigate the potential of co-composting agricultural waste with plants possessing anti-nematicidal, viricidal, bactericidal, and fungicidal properties, which could serve as natural alternatives to conventional herbicides and insecticides in crop management. Additionally, increasing farmer’s awareness and confidence in using OA derived from their waste is crucial, as the current lack of detailed and comprehensive data on these aspects may deter interest and adoption among the farming community.



In conclusion, future research must crucially address the economic aspects of composting, as this is a fundamental consideration for the adoption of sustainable agricultural practices globally. The economic viability of composting, including cost benefits and potential returns, plays an essential role in its adoption and implementation. Addressing these concerns will be pivotal in optimizing composting processes and promoting the transition toward more sustainable agricultural management.
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Figure 1. Spatial distribution of chosen publication on the topic of composting across the world. 
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Figure 2. Visual network representation of keywords derived from VOSviewer analysis. 
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Figure 3. Density visualization map illustrating the distribution of keywords generated by VOSviewer. 
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