
 

~ 37 ~ 

 
ISSN Print: 2617-4693 

ISSN Online: 2617-4707 

NAAS Rating (2026): 5.29 
IJABR 2026; SP-10(2): 37-46 

www.biochemjournal.com  

Received: 08-12-2025 

Accepted: 12-01-2026 

 
Vicky Yadav 

M.Sc. Scholar (Agriculture), 

Department of Horticulture (Fruit 

Science), College of Agriculture, 

Sanskaram University, Kheri 

Taluka, Patauda, Jhajjar, 

Haryana, India 

 

Ajay Tiwari 

Ph.D. Scholar, Department of 

Horticulture (Vegetable Science), 

Rajasthan College of Agriculture, 

MPUAT, Udaipur, Rajasthan, 

India 

 

Naval Kishore Meena 

Ph.D. Scholar, Department of 

Horticulture (Fruit Science), 

Rajasthan College of Agriculture, 

MPUAT, Udaipur, Rajasthan, 

India 

 

Ashish Kumar 

Ph.D. Scholar, Department of 

Horticulture (Fruit Science), 

Rajasthan College of Agriculture, 

MPUAT, Udaipur, Rajasthan, 

India 

 

Nobel Saha 

Ph.D. Scholar, Department of 

Plant Pathology, Assam 

Agricultural University, Jorhat, 

Assam, India 

 

Chiranjit Mazumder 

Scientist, Division of Agricultural 

Economics, ICAR-IARI, New 

Delhi, India 

 

Khushal Balram Muradi 

Ph.D. Scholar, Department of 

Vegetable Science, Kerala 

Agriculture University, 

Vellanikkara, Thrissur, Kerala, 

India 

 

Mayank Kumar 

Ph.D. Scholar, Department of Soil 

Science and Agricultural Chemistry 

Chandra Shekhar Azad University 

of Agriculture and Technology, 

Kanpur, Uttar Pradesh, India 

 

 

 

 

Corresponding Author: 

Vicky Yadav 

M.Sc. Scholar (Agriculture), 

Department of Horticulture (Fruit 

Science), College of Agriculture, 

Sanskaram University, Kheri 

Taluka, Patauda, Jhajjar, 

Haryana, India 

 

Technological innovations in organic fertilizers 

advances, applications, and future prospects: A review 

 
Vicky Yadav, Ajay Tiwari, Naval Kishore Meena, Ashish Kumar, Nobel 

Saha, Chiranjit Mazumder, Khushal Balram Muradi and Mayank 

Kumar 
 

DOI: https://www.doi.org/10.33545/26174693.2026.v10.i2Sa.7312 

 
Abstract 

In addition to the numerous benefits to crop quality and productivity, organic fertilizers contribute to 

sustainable agriculture through their effects on soil health, nutrient availability, soil biodiversity, and 

decreased reliance on chemical fertilizers. New biotechnologies, such as bio-based fertilizers 

(microbial inoculants, biochar and vermicompost), precision agriculture techniques (soil sensors, drone 

mapping and data analytics) and controlled-release organic fertilizers (CROFs) with bio-polymer 

coatings and hydrogel based systems, have contributed to improving nutrient-use efficiency, reducing 

environmental impact and enhancing crop productivity. Worldwide pilot studies reveal that these 

technologies hold promise in increasing yield, reducing nutrient losses and improving economic and 

environmental viability of organic farming systems. Although there are challenges, such as the 

heterogeneous nutrient content, slow release of nutrients, expensive transportation, and insufficient 

knowledge among farmers, these solutions bring promising options to maximize organic fertilization in 

both smallholder and large-scale farming. This review delineates the recent progress, applications, and 

future perspectives of the innovation technologies in organic fertilizers, focusing on their importance to 

sustainable, productive, and environment-friendly agriculture. 

 
Keywords: Organic fertilizers, bio-based fertilizers, controlled-release fertilizers, nutrient-use 

efficiency, hydrogel, biochar, vermicompost 

 

Introduction 

Organic fertilizers are derived from plant or animal matter and contain nutrients that are 

beneficial to both soil and crops (Barker and Pilbeam, 2007; Verma et al., 2024) [7, 82]. They 

may be minerals in the raw state or slightly processed. When they are added to the soil, they 

enhance its texture, more efficient water retention, and growth of beneficial microorganisms 

(Khan et al., 2024) [33]. Because they nutrients are released gradually, they maintain the 

health and fertility of the soil for a long period of time. Such as compost, manure and mineral 

based products too. 

Panday et al., (2024) [54] also stated that these fertilizers provide a solution to pollution and at 

the same time promote the health of the soil. Plant Based, Animal Based, Mineral Based 

They Categorize Them In Three Broad Classifications. Nutrients in each leverage the soil 

and feed biodiversity. "They (nutrients) are not immediately available, but you use such 

fertilizers consistently, and over time your soil becomes strong and fertile (Boru, 2025) [10]." 

  

Role of organic fertilizers in sustainable agriculture:  

Organic fertilizers contribute to improved soil quality, higher crop yields, and better 

environmental outcomes, and are thus critical for sustainable agriculture. Organic fertilisers 

serve the following functions in environment-friendly farming systems: 

 

1. Soil Health Improvement 

Organic fertilizers like compost, manure and cover crops promote natural fertility of the soil 

and enhance the soil structure, texture and water retention. They also enhance microbial 

activity which have significant role in nutrient cycling and degradation of organic matter.  
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Organic fertilizers improve the long-term soil sustainability 

by slow build-up of soil organic carbon (Kumar et al., 2021) 
[36, 37]. 

 

2. Nutrient Supply 

Plant essential nutrients like nitrogen (N), phosphorus (P), 

potassium (K), and many others micronutrients are required 

for plants to build healthy and strong tissues to have a 

productive yield. Organic fertilizers gradually provide 

nutrients, allowing plants to have a consistent source of 

nourishment. This slow release of nutrients contributes to 

reduce leaching of nutrients, which is a big environmental 

concern in synthetic fertilizers (Kibaret et al., 2018; Priya et 

al., 2024) [35, 58]. 

 

3. Reduction in Environmental Pollution 

The application of organic fertilizer enables the farmers to 

prevent contamination of surrounding environment (Assefa 

and Tadesse, 2019) [3]. Synthetic fertilizers, on the other 

hand, have the potential to leak nitrogen and phosphorus 

into the environment and cause algae and other problems to 

flourish in water bodies, a process called eutrophication, 

which can compete with the plants (Liu et al., 2021) [47]. 

 

4. Enhancing Soil Biodiversity 

Organic fertilizers contribute to the development of an 

active and diverse soil ecosystem by promoting proliferation 

of beneficial organisms, including earthworms (Cai et al., 

2025) [12], bacteria, fungi, and insects. These organisms are 

essential soil health, nutrient cycling and even in natural 

pest management and contribute soil fertility and resilience 

(Singh et al., 2022) [74]. 

 

5. Carbon Sequestration 

Studies show that the soil is more carbon rich on organic 

fertilizer farms than on conventional farms. Also, the 

organic waste introduced by these capacity fertilizers 

sequesters more that it ordinary would into the soil, which 

in turn offsets climate change by enhancing the soil’s carbon 

sequestering capacity (Baker et al., 2007; Avasiloaiei et al., 

2023) [6, 5]. 

 

6. Reduced Dependency on Chemical Inputs 

The use of organic fertilizers reduces the reliance of farmers 

on expensive and energy-intensive chemical fertilizers, 

therefore increasing the economic sustainability of their 

agriculture (Gomiero et al., 2011) [24]. In addition, they help 

to keep the soil healthy and prevent the damage that can 

result from the use of chemical fertilizers for long periods. 

 

7. Promotion of Integrated Farming Systems 

Farmers are likely to apply organic manure in holistic 

systems, such as agroecology or IFS (integrated farming 

system), where crop and livestock production are combined. 

These practices promote recycling of farm waste and 

reduced dependency on imported sources of chemicals, 

enabling more sustainable and environment-friendly 

agriculture (Parr et al., 2020; Sheikh et al., 2021) [55, 69]. 

 
Table 1: Role of Organic Fertilizers in Sustainable Agriculture 

 

Aspect Key Contributions References 

Soil Health Improvement 
Enhances soil structure and texture and its capacity to hold water; elevates soil 

microbial activity and soil organic carbon (SOC) content 
Kumar et al. (2021) [36, 37] 

Nutrient Supply 
Contains balanced macro and micronutrients; slow release of nutrients 

ensures a constant supply to the plants and minimizes leaching 
Kibaret et al. (2018) [35] 

Reduction in Environmental 

Pollution 

Reduces nutrient loss in runoff and leaching and bicarbonate contamination of 

soil water; reduces threat of eutrophication of surface waters 
Liu et al. (2021) [47] 

Enhancing Soil Biodiversity 
Encourages the activity of helpful soil organisms (earthworms, fungi, 

bacteria) that contribute to nutrient cycling and pest suppression 
Singh et al. (2022) [74] 

Carbon Sequestration 
Enhances soil organic matter and carbon sequestration, reducing greenhouse 

gases emissions 
Baker et al. (2007) [6] 

Reduced Dependency on Chemical 

Inputs 

Reduce the cost and energy associated with synthetic fertilizers; avoid the 

acidification of the soil 
Gomiero et al. (2011) [24] 

Promotion of Integrated Farming 

Systems 

Promotes recycling of on-farm waste and recirculation between livestock and 

crops to reuse resources 
Parr et al. (2020) [55] 

 
Table 2: Comparative Benefits of Organic vs. Synthetic Fertilizers 

 

Parameter Organic Fertilizers Synthetic Fertilizers 

Nutrient Release Slow release; appropriate for rates of plant growth Fast; may cause leaching of nutrients 

Soil Structure Enhances consolidation and porosity Can lead to material fatigue 

Microbial Activity Increases microbial biodiversity and enzyme activities It commonly suppresses microbial ecology 

Environmental Impact Mitigates pollution and enhances carbon sequestration Induces water contamination and greenhouse gas emission 

Long-term Soil Health Builds soil organic matter and fertility May result in acidification of soil and imbalance of nutrients 

Economic Sustainability Uses farm waste and lowers the cost of external inputs Strong reliance on manufacturing output 

Compatibility with IFS Well-adapted to agroecological and integrated system Less suitable for diversification with crop production 
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Table 3: Major Challenges in the Use of Organic Fertilizers 
 

S. No. Challenge Description References 

1. 

Variable Nutrient 

Content and Slow 

Nutrient Release 

Composition and release rate of nutrients in organic fertilizers depends on the 

sources and processing, and is often variable. This couples with the inability to 

calculate exact rates of application and can lead to deficiencies at early stages of 

development of fast growing plants 

Pradhan et al. (2021) [57]; Lal 

(2021) [41] 

2. 
Bulkiness and High 

Transportation Costs 

Moisture content is high and bulky, so transportation and handling costs are 

high. This restricts access, particularly for smallholder farmers in rural locations 

or where production facilities are dispersed 

Sharma and Singh (2020) [67]; 

Tonfack et al. (2019) [79] 

3. 
Risk of Pathogens 

and Contaminants 

Animal-derived organic fertilizers have the potential to contain pathogenic (e.g., 

E. coli, Salmonella). If not properly processed, fertilizers made from waste 

materials can contain heavy metals or industrial waste. 

Goss et al. (2020) [25]; Kumar 

et al. (2022) [38] 

4. 
Labor-Intensive 

Application Process 

Spreading, turning and composting manure is labor intensive, adding to the cost 

and the time, particularly for small farms or those with a limited labor pool 

Singh and Prasad (2021) [73]; 

Rahman et al. (2021) [60] 

5. 

Nutrient Imbalance 

and Limited Nutrient 

Availability 

Some organic fertilizers can contain high levels of nitrogen but insufficient 

amounts of phosphorus or potassium. Deficiency of micronutrients such as Zn, B 

and Fe is common and causes imbalance in plant nutrients in crops 

Gupta and Ramasamy (2020) 
[26]; Yadav et al. (2021) [84] 

6. 

Lack of 

Standardization and 

Quality Control 

Variations in quality of raw material and processes result in non-homogenous 

products. Lack of quality control or certification diminishes the trust of the 

farmers and their profits 

Sharma and Singh (2020) [67] 

7. 
Lower Immediate 

Crop Yields 

Organic fertilizers such as manures and composts release nutrients more slowly 

and result in lower initial yields than synthetic fertilizers. The benefits of the 

long term are a matter of years 

Liu et al. (2018) [48]; Muller et 

al. (2019) [52] 

8. 
Knowledge and Skill 

Gaps 

Ignorance, training, and technical directives constitute major bottlenecks to its 

proper application. Extension services were limited and education of farmers 

still more so 

Saravanan et al. (2021) [63]; 

Bharadwaj and Singh (2021) 
[8] 

 

Technological Innovations in Organic Fertilizers 

A. Bio-based Fertilizer Development 

Studies are being conducted on bio-fertilizers for these and 

related reasons, such as they contribute to keeping the soil 

healthy, giving nutrients to plants, and fostering eco-friendly 

farming. Novel bio-fertilizers such as microbial inoculants, 

biochar and vermicompost can enhance soil and crop 

productivity. Here is a brief rundown of these fertilizers and 

what they do: 

 

1. Microbial Inoculants 

Microbial inoculants are made up of a beneficial population 

of microorganisms such as nitrogen-fixing bacteria, 

phosphate-solubilizing bacteria, and mycorrhizal fungi (Das 

and Sengupta, 2024) [15]. These entered into symbiotic 

relationships with plants and enhance nutrient and water 

availability to plants. 

 

Availability of Nutrient and Soil Health: Nitrogen-fixing 

bacteria (NFB) (e.g., Rhizobium, Azospirillum), which are 

involved in the conversion of atmospheric nitrogen to plant-

available form, have also been a key factor in reducing the 

reliance on nitrogen fertilizer derived from chemicals and 

administered in bulk. Phosphate solubilizing bacteria 

(Bacillus, Pseudomonas and Rhizobium species) were also 

reported to enhance the availability of phosphate to the plant 

by solubilizing phosphate ions from the insoluble soil 

phosphorus complexes. 

 

Targeted nutrient feeding: Microbial inoculants provide a 

controlled release of nutrients and operate as during plant 

management a slowly-releasing fertilizer. This balances the 

soil around the roots, so when chemical nutrients are 

minimal, organic farmers apply microbial inoculants to 

reduce their dependence on chemical fertilizers (Schutz et 

al., 2018; dos Reis et al., 2024) [65, 19].  

 

2. Biochar 

Biochar is a solid material rich in carbon that is produced 

during the thermal decomposition of organic wastes in an 

oxygen-limited environment. Upon soil application, biochar 

functions as a soil conditioner that improves water holding 

capacity, cation exchange capacity, and microbial activity 

(Singh et al., 2022; Ferreira et al., 2024) [74, 20]. 

 

Soil Fertility and Nutrient Availability: Because of its 

porous structure, biochar can hold nutrients and water, 

which (i) decreases nutrient leaching (Laird et al., 2010) [39] 

and (ii) enhances soil fertility. Biochar also promotes 

beneficial soil microbes, potentially leading to enhanced 

nutrient cycling and soil health (Lehmann and Joseph, 

2019) [45]. 

 

Focused Nutrient Delivery: Because of the biochar’s 
structure, and high surface area, it can hold on to nutrients 

and release them slowly, so it can also be used as a carrier 

for the focused nutrient delivery. By taking up and releasing 

fertilizers or nutrients gradually, biochar makes the nutrient 

availability in organic agriculture (which are naturally 

slower to release nutrient sources) more stable (Brassard et 

al., 2016; Yao et al., 2012) [11, 86].  

 

3. Vermicompost 

Vermicompost is the result of the digestion and 

decomposition of organic materials by the action of 

earthworms (Atiyeh et al., 2000) [4]. Vermicompost contains 

a balanced spectrum of macro-and micro-nutrients and is an 

excellent source of nutrients available to the plants, enzymes 

and beneficial microbes (Sinha et al., 2010) [75]. 

 

Nutrient Availability and Soil Health: Vermicompost 

provides nutrients to the plant in an available form 

(nitrogen, phosphorus, potassium, calcium, and 

magnesium), as well as growth promoting hormones 

(Arancon and Edwards, 2019) [2], and the microbial activity 

of vermicompost also contributes to the enhancement of soil 

biodiversity and the formation of good soil structure. 
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Targeted Nutrient Supply: The gradual release of nutrients 

from vermicomprest ensures the availability of nutrients to 

the plants all through the crop duration. In organic farming 

systems, the harmoniously matched and sustained nutrient 

supply empowers the plant and enhances soil organic 

matter that is responsible for holding nutrients and shielding 

plants from environmental stressors (Sinha et al., 2018; Lim 

et al., 2015) [76, 46].  

Advantages of Bio-Based Fertilizers in Organic Systems 

Improved Nutrient Use Efficiency: The biofertilizer 

products are formulated to mimic nutrient cycles in nature, 

sequestering nutrients in a natural form and timing as 

aurester as attainable, which is said to facilitate plant 

systems in the absorption of nutrients and lowers the 

potential for loss (Singh et al., 2020; Schutz et al., 2018) [72, 

65]. 

 

 
 

Soil Microbiome and Biodiversity Protection: 
Application of biofertilizers has positive effect on soil health 

by increasing microbial biodiversity and play vital role in 

nutrient cycling, disease suppression and overall ecosystem 

resilience. This microbial stimulation is critical to organic 

systems that rely on natural nutrient sources and biological 

soil management (Rillig et al., 2019) [62]. 

 

Enhanced Soil Structure and Water Holding Capacity: 
Organic matter in the soil derived from bio-fertilizers 

sources such as vermicompost and biochar improves soil 

structure by improving the aggregation and water retention 

of soil (Abel et al., 2013) [1]. This enhancement inhibits soil 

erosion and facilitates sustainable crop production, that is 

even more crucial in the organic system which disallows the 

use of chemical soil additives (Glaser and Birk, 2019) [23]. 

 

B. Precision Agriculture for Organic Fertilization 

Precision agriculture technologies, until now predominantly 

used in conventional agriculture, are also being adapted to 

the management of organic manuring (Oliver et al., 2013) 
[53]. With real-time information on soil and crop conditions, 

these technologies help farmers apply organic fertilizers 

more efficiently, resulting in increased nutrient 

management, healthier soil and less waste. Soil sensors, 

drone mapping, and data analytics are transforming how 

organic farms operate (Getahun et al., 2024) [22].  

1. Soil Sensors 

A multitude of soil parameters, including moisture, 

temperature, pH, and nutrient concentration, can be 

measured by soil sensor directly in situ. As a result of 

gathering uninterrupted data, soil sensors provide farmers 

with real-time advises on when to conduct and how much of 

the organic fertilizer (Lee et al., 2020; Soussi et al., 2024) 
[44, 77]. 

 

Improved Efficiency and Less Waste: The release of 

nutrients from input sources such as compost or manure is 

slower and less predictable in organic production systems, 

and soil sensors can be used for refinement of timing and 

rate of application. Certain nutrient deficiencies or soil 

characteristics may be identified by sensors in real-time to 

apply nutrients in a site-specific manner that minimizes 

nutrient leaching and wastage (Mulla, 2013) [51]. 

 

Example in organic systems: Soil sensors allow the 

organic fertiliser to be applied in closer proximity to the 

root zone, because it senses nutrient demand on very small 

areas within a field, enabling avoidance of the potential 

over-application and run-off of that fertiliser into the 

environment. This level of precision is especially useful in 

organic farming where the flow of nutrients needs to be 

closely controlled in order to maintain soil health and meet 

organic requirements (Wheeler et al., 2021) [83]. 
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2. Drone Mapping and Remote Sensing 

Multispectral and hyperspectral cameras attached to drones 

take aerial photos that display the condition of crops, 

available nutrients and soil conditions across the whole 

field. Along with the remote sensing data, the images are 

used to generate maps of in-field variability at a relatively 

high spatial resolution (Zhang and Kovacs, 2012) [87]. 

 

Greater Efficiency and Less Waste: Drones map farmers 

fields, enabling them to apply fertilizers selectively and not 

uniformly in areas where the nutrients are depleted. 

Precision application reduces the amount of applied 

fertilizer and increases nutrient uptake of crops, and 

therefore leading to the better utilization of organic input 

and less pollutant waste (Huang et al., 2018) [31]. 

 

Sample in Organic Systems: In organic Systems, where 

crops are diversified and mixed cropping is common, drone 

mapping enables farmers to tailor fertilizer treatments to the 

needs of each crop, promoting uniform growth and reducing 

heat stress in the nutrient competition. They also aid in 

monitoring how crops react to fertilization, so farmers can 

adjust the regimens to produce the best results (Lamb et al., 

2021) [42].  

 

3. Data Analytics and Machine Learning 

Data analytics and machine learning run on huge datasets 

gathered from sensors, drones, and historical field record to 

deliver insights and recommendations for efficient use of 

organic fertilizers. These insights may lead to predictions 

on the nutrient needs of crops, best application times, and 

likely responses of crops to fertilization (Shamshiri et al., 

2018) [66]. 

 

Better Efficiency and Less Wastage: Farmers are 

counseled by data science to make better decisions about 

when to apply organic fertilizers, which reduces guesswork 

and increase nutrient-use efficiency in one go. The nutrient 

release curves of organic fertilizers under environmental 

conditions can be predicted by using machine learning 

techniques, which allow farmers to adapt the application 

rates to the local conditions in order to prevent nutrient 

shortages or surpluses (Khanna and Harms, 2020) [34]. 

For instance in Organic: Organic farming systems reap the 

most benefits from such knowledge as organic fertilizers 

have a slower and more variable nutrient release rate than 

synthetic fertilizers. Conversely, ML algorithms can also be 

applied to model the mineralization rates of organic 

fertilizers to allow farmers to more closely match fertilizer 

application timing with crop nutrient demand (Cambouris et 

al., 2019) [13].  

 

Benefits of Precision Agriculture for Organic 

Fertilization 

Environmental Footprint Reduced: Precision agriculture 

reduces the environmental impact of organic fertilizers 

because the nutrients are delivered very specifically where, 

when and in what amount needed. This also prevents 

nutrient leaching, reduces the emission of greenhouse gases 

related to over-fertilization, and prevents contamination of 

bodies of water near farmlands (Bongiovanni and 

Lowenberg-DeBoer, 2004) [9]. 

 

Increased Crop Yields and Soil Quality: Management for 

real-time nutrient application and resulting healthier plants 

and higher yields is especially important in organic 

production, where yields routinely fall below those of 

conventional production. Balanced nutrient management 

also improves soil health leading to greater sustainability 

and better pest and disease resistance over time. 

 

Cost-Benefit and Energy Use Optimization: The 

precision technology use helps to increase the utilization 

efficiency of organic fertilizer and reduce the amount of 

input. This is good news for organic farmers, who generally 

face higher input costs and have less access to synthetic 

options (Dikshit and Lal, 2020) [18].  

 

C. Controlled-Release Organic Fertilizers 

The idea of controlled-release technology, which has been 

extensively applied in synthetic nitrogen fertilizers, is now 

being extended to organic materials with the introduction of 

controlled-release organic fertilizers (CROFs). CROFs The 

nutrient release from these fertilizers is a slow release and 

This slow nutrient release has the advantage of neutralize an 

important limitation in the organic agriculture: the uncertain 
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time when nutrients can be absorbed Two major drawbacks 

of organic fertilizers are their short period of effectiveness 

and the unpredictability of their nutrients availability. 

Utilizing new materials such as bio-polymers, and new 

building-block encapsulation techniques, CROFs provide a 

more predictable nutrient release that more closely align 

with crop growth needs, improving nutrient-use efficiency 

and reducing impact on the environment.  

 

1. Bio-Polymers for Controlled Nutrient Release 

Bio-polymers are organic polymers scientifically derived 

from sustainable resources like starch, bio-polymers act as 

coatings for organic fertiliser pellets. They are environment 

friendly and can undergo bio-degradation, i.e., they get 

broken down naturally in soil along with the nutrients. 

 

Controlled Release of Nutrients Predictable: The 

availability of nutrients is retarded by bio-polymer coatings, 

which serve as a semi-permeable membrane. This film 

forms a water-resistant barrier, slowly penetrates water, 

gradually dissolves the fertilizer core, and the release pattern 

of nutrients is controlled to more closely match crop 

demand (Shi et al., 2019) [70]. 

 

Arg of Use in CROFs: For instance, starch-based coatings 

were found to effectively control the release of nitrogen in 

organic fertilizers. The thickness of the coating and other 

aspects can be customized to a specified release pattern, 

which can supply nutrients at a steady rate, minimizing the 

loss of nutrients and enhancing the efficiency of the use of 

nutrients in organic system (Kumar et al., 2021) [36, 37].  

 

2. Encapsulation Techniques 

Encapsulation is the wrapping of particles of organic 

fertilizer in a layer or matrix that changes the release of 

nutrients. Encapsulation methods are generally based on 

alginate, chitosan, and other organic certifiable materials 

(Yan et al., 2020) [85]. 

 

More Precise Nutrient Delivery: Encapsulation enables a 

controlled release of the nutrients as the coating inhibits 

leaching and the rapid dissolution of the fertilizer. As a 

consequence, nutrients can be released at a slow rate 

triggered by environmental signals such as moisture, 

temperature or microbial activity, making it especially 

interesting in organic farming where managing availability 

of nutrients is difficult (Tzeng et al., 2021) [80]. 

 

Example in CROFs: Encapsulation of sources of nitrogen 

and phosphorus fertilizer in alginate beads has been used 

and such fertilizers may release nutrients slowly as per the 

plant nutrient uptake. This technique enhances not only the 

availability of nutrients but also reduces the chance of 

nutrient loss which is very crucial for the system of organic 

production that focuses on sustainable manner (Majeed et 

al., 2021) [49].  

 

3. Layered Coating Methods 

Multi-layer coatings approaches are based on the successive 

application of several coating layers of biopolymers with 

different functionalities to gain enhanced control on the 

nutrient release pattern. This method is particularly 

appropriate for organic fertilizers that must be provided in 

small but constant quantities. 

Customizable Release Patterns: The multi-layer coating 

technology allows the dissolution of each coating layer to 

occur at a different rate, which results in a staggered nutrient 

release that corresponds to crop growth stages. Such a 

decay-like nutrient release alleviates the nutrient losses and 

ensures a steady nutrient supply, which is of great 

significance in long-season crops, and even more in organic 

systems (Shaviv, 2005) [68]. 

 

Example in CROFs: Layered coatings can be applied to 

organic sources of nutrients such as bone meal or compost, 

enabling nitrogen, potassium and phosphorus to be released 

at a slow pace. This flexibility is especially relevant since it 

enables farmers to tailor nutrient release patterns to specific 

crop and environmental needs (Corradini et al., 2020) [14].  

 

4. Hydrogel-Based Release Systems 

Hydrogels are cross-linked hydrophilic polymers that can 

hold water and encapsulate fertilizers to release nutrients 

according to moisture condition. Hydrogels, when applied 

as a layer or blended in fertilizer granules/pellets, swell by 

absorbing water and provide nutrientsdue to dehydration. 

Release of nutrients in response to moisture regulation in 

organic farming availability of nutrients based on soil 

moisture could be affected by algae hydrogels. This also 

renders them appropriate in drought-prone regions since 

they deliver nutrients only in the presence of moisture, 

thereby reducing the potential for nutrient loss during dry 

periods. 

 

Example in CROFs: Hydrogel-based CROFs have been 

applied to increase nitrogen retention in the soil with a slow 

release of nutrients even in adverse weather conditions. 

Hydrogels also aid in retaining soil moisture which 

improves soil health and promotes higher resistance of 

plants (Rafiee et al., 2021) [59].  

 

Benefits of Controlled-Release Organic Fertilizers in 

Organic Systems 

Enhanced Nutrient-Use Efficiency: CROFs enable release 

of nutrients in a controlled fashion, providing nutrients to 

plants when the need is highest, and reducing nutrient loss 

via leaching or volatilization. The targeted release also 

increases efficiency in the use of nutrients, a critical 

consideration in organic systems that depend on naturally 

slow release sources of nutrients (Ramesh et al., 2022) [61]. 

 

Lower Environmental Impact: CROFs reduce the risk of 

nutrient runoff and leaching, which can result in the 

eutrophication of nearby water bodies. This gradual 

liberation of surpluses of nutrients into the environment is in 

line with the principle of organic agriculture, where the 

maintenance of ecological homeostasis is prioritized 

(Hagemann et al., 2019) [28]. 

 

Healthy Soil and Crop Yields Over Time: With sustained 

nutrient availability, CROFs enable the preservation of soil 

health and productivity. Enhanced nutrient retention may 

also promote better soil microbial activity, which is a 

signature of a good soil system that leads to higher crop 

yield in the organic system (Subedi et al., 2020) [78]. 
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Pilot Projects and Research Initiatives 

Ongoing pilots and research projects across the globe prove 

that innovations in organic fertilizers-such as controlled-

release organic fertilizers, bio-based fertilizers, precision 

agriculture technologies, and more-contribute to higher 

yields, better nutrient-use efficiency, and lower costs for 

organic farmers. These Systems illustrate the possibility to 

upgrade the organic system towards higher performance 

(productivity, sustainability/ecological and economic return) 

hand in hand with the best state of the art organic 

fertilization techniques.  

 

1. Controlled-Release Organic Fertilizers for Sustainable 

Nutrient Management 

A small study by the University of Florida on organic 

vegetable crops evaluated controlled-release organic 

fertilizers. The result was a 15% yield increase over 

conventional organic fertilizers and a 30% reduction in 

nutrient runoff. Bio-polymer-coated organic fertilizers had a 

sustained nutrient release and were well synchronized with 

nutrient requirement of crop plants and also reduced 

leaching loss (Hochmuth et al., 2018) [30]. 

 

Cost-saving and Yield Enhancement: The trial growers 

noted that the controlled-release organic fertilizers required 

fewer applications than traditional forms, so they saved 

money on labor and had more reliable yields. The results 

showed that controlled-release technology may be the 

answer to the nutrient release timing issue in organic 

systems (Lawson et al., 2020) [43].  

 

2. Biochar-Enriched Organic Fertilizers in Field Trials 

The Agriculture Department (USDA) is leading the charge 

in developing a pilot study program for growing organic 

corn and soybeans with biochar-amended organic fertilizers 

in the Midwest. The one was to increase soil health and 

nutrient holding. The findings showed biochar-fortified 

fertilizers can improve soil organic matter and nutrient 

retention, and this effect translated to 10-20% higher yields 

for three consecutive years. Moreover, this approach 

decreased the cost of the nitrogen fertilizer with 25% since 

the biochar extended the nutrient retention in the soil (Laird 

et al., 2017) [40]. 

 

Environmental and Economic Recovery: The project 

results indicated that biochar enhanced soil physical 

properties and nutrient availability, and that a high-yielding 

organic sustainable solution for growers could be obtained 

(Galinato et al., 2018) [21].  

 

3. Precision Agriculture in Using Organic Fertilizer 

In Italy a novel approach, based on drone mapping and soil 

sensors, to adapt applications of organic fertilizers in 

vineyard and olive grove was tested within the action of a 

pilot under the label of "Sustainable Precision Organic 

Farming" (SPOF). By employing soil and crop health 

mapping through drones, the farmers were able to apply the 

fertilizer more precisely, leading to 20% reduction in 

fertilizer use and 12% increase in crop yields (Milella et al., 

2019) [50]. 

 

Implications for Cost and Resource Efficiency:  The 

project suggested that precision agriculture technology 

could offer input reductions with crop yield and quality 

improvements, so that it might be of use for organic farmers 

who need to perform judicious resource management 

(Pisante et al., 2020) [56].  

 

4. Vermicompost Pilot Programs in Developing 

Countries 

ICARDA had carried out pilots in India and Kenya to 

promote vermicomposting among smallholder organic 

farmers. Solid waste applications of vermicompost to 

organic tomato and maize increased yields by 30% and 

enhanced soil microbial activity, according to trials. By 

using farm waste, farmers can produce their own 

vermicompost and thus lessen their reliance on purchased 

inputs (Devkota et al., 2019) [17] and vermicompost 

emerged as a cost-effective input. 

 

Economic Viability of Vermicomposting for Small 

Farmers: Vermicomposting lowers production cost and 

maintains soil fertility, which represents the principles of 

sustainable agriculture and may be a financially sustainable 

approach for small organic farms in resource-limited setting 

(Gurung and Tamang, 2021) [27].  

 

5. Microbial Inoculants in Large-Scale Organic Farming 

A Cornell University-led study examined the application of 

microbial inoculants such as nitrogen-fixing bacteria and 

phosphate-solubilizing fungi in New York organic wheat 

production systems. The project found that inoculants 

increased nitrogen uptake and phosphorus availability by 

15% and 20%, respectively, in wheat. Application of 

inoculants has the potential to reduce the use of 

supplementary phosphorus fertilizers, with financial and 

environmental benefits (DeLuca et al., 2021) [16]. 

 

Yield and Cost Efficiency: The results indicated that the 

microbes have the potential to increase nutrient 

availability/uptake, and thus, organic farmers can be offered 

a financially attractive and environmentally safe substitute 

to synthetic fertilizers (Kassam et al., 2022) [32].  

 

6. Greenhouse Trials with Encapsulated Organic 

Fertilizers 

In the Netherlands, Wageningen University conducted a 

greenhouse trial with tomatoes and lettuce to study the 

impact of the encapsulated organic fertilizer. The 

encapsulation technique applied biodegradable substances 

and modulated the rate of nutrient release. Studies showed 

that the supply of nutrients by encapsulated fertilizers is 

consistent throughout the entire growing period, which gave 

20% higher crop yields and a reduction of 15% in the total 

fertilizer use (Verhagen et al., 2020) [81]. 

 

Environmental implications: The trial demonstrated the 

potential for encapsulated fertilizers to reduce nutrient 

leaching in a soilless system and the environmental benefits 

of controlled-release organic fertilizers in organic systems 

(Hendriks et al., 2021) [29]. 

 

Conclusion 

Advances in organic fertilizer technology have led to 

increased efficiency, sustainability, and productivity of 

organic farming systems. Microbial inoculants, biochar and 

vermicompost are a few kinds of bio‐based fertilizers that 

improve soil structure, microbial activity, and provision of 
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nutrients to the plants. Controlled-release organic fertilizers 

such as bio-polymer coatings, and hydrogel-based systems 

provide a controlled and accurate nutrient delivery, thus 

seem to reduce environmental losses, and contribute in 

maintaining the soil fertility. Soil sensors, drones, and data 

analytics now allow precision agriculture to tailor organic 

fertilizer application in real-time with site-specific 

recommendations. Pilot studies confirm enhanced crop 

yields, better nutrient-use efficiency, and diminished 

environmental impact. Although they have shortcomings, 

including variability of nutrient content, slow nutrient 

release, high transportation costs, and knowledge gaps, these 

innovations offer promising pathways towards sustainable 

and economically feasible organic agriculture. Future 

research is encouraged to capitalize on these technologies, 

overcome logistical and knowledge barriers, and broaden 

uptake for maximizing gains across a range of farming 

systems. 
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