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Abstract 

Measuring nitrogen and protein content plays a crucial role in agriculture, food science, and environmental 

studies. For more than a century, the Kjeldahl method has been the go-to technique for such analyses because 

of its reliability. However, it is slow, chemical-intensive, and not suited for large-scale or field-based 

applications. With the rise of data-driven technologies, artificial intelligence (AI) and machine learning 

(ML) are offering new, efficient, and safer approaches. These systems can analyze spectral or imaging data 

to predict nitrogen and protein levels without destructive lab procedures. This paper explores how AI and 

ML are transforming nitrogen estimation, reviewing their principles, applications, and advantages over 

conventional methods. Case studies from wastewater management and crop monitoring illustrate how AI 

can provide faster, cleaner, and more accurate alternatives for nitrogen analysis. 
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Introduction 

Nitrogen and protein estimation form the foundation of numerous studies in agriculture, food science, 

biotechnology, and environmental management. Nitrogen, being a fundamental building block of life, plays 

a pivotal role in plant metabolism, enzyme synthesis, chlorophyll formation, and the overall nutritional value 

of crops. Understanding how much nitrogen or protein is present in a biological sample helps scientists, 

farmers, and industries make informed decisions related to crop management, fertilizer application, and 

food processing. In the context of global food security and sustainable agriculture, accurate nitrogen 

measurement has become more crucial than ever. 

For more than a century, the Kjeldahl method, developed in 1883 by Johan Kjeldahl, has been the standard 

technique for estimating total nitrogen content in organic samples (Sáez-Plaza et al., 2013). Its reputation 

for accuracy and reproducibility made it the benchmark in laboratories across the world. However, as 

scientific and industrial applications expanded, its shortcomings also became apparent. The process is 

lengthy, relies on strong acids and catalysts, and generates hazardous waste that must be disposed of 

carefully. In addition, it is not adaptable to large-scale, high-throughput, or field-based analysis where quick 

and non-destructive methods are required (Muñoz-Huerta et al., 2013). 

In modern agricultural research and food quality assessment, there is a growing demand for rapid, cost-

effective, and environmentally responsible analytical methods. The increasing availability of digital 

http://www.ijcrt.org/


www.ijcrt.org                                               © 2025 IJCRT | Volume 13, Issue 11 November 2025 | ISSN: 2320-2882 

IJCRT2511693 International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org f866 
 

technologies, advanced sensors, and computational tools has opened new possibilities for achieving this 

transformation. One of the most promising directions is the application of Artificial Intelligence (AI) and 

Machine Learning (ML) to predict nitrogen or protein levels without relying on conventional chemical 

digestion or titration procedures. 

AI and ML represent a new paradigm in scientific analysis. Instead of measuring nitrogen directly through 

chemical reactions, these approaches use data-driven modeling to infer nitrogen content based on 

measurable patterns, such as leaf color, reflectance spectra, or other optical properties. For instance, plants 

with higher nitrogen content typically show distinct reflectance characteristics in specific regions of the 

electromagnetic spectrum. By training ML algorithms with such data, systems can learn to “recognize” 

nitrogen levels automatically — often in real time and without harming the sample. 

Researchers like Gallegos et al. (2024) have demonstrated that AI and ML algorithms can process large sets 

of spectral or imaging data to predict nitrogen with remarkable precision. Similarly, Singh et al. (2022) used 

Explainable Artificial Intelligence (XAI) frameworks to improve interpretability and trust in model 

predictions, showing which wavelengths or variables most strongly influence nitrogen estimation. This not 

only increases analytical accuracy but also helps scientists understand the biological or physical basis behind 

the predictions. 

The integration of AI and ML into nitrogen estimation also aligns well with broader global trends in 

precision agriculture and digital sustainability. Precision agriculture focuses on optimizing resource use — 

applying the right input, at the right place, at the right time. With AI-enabled nitrogen monitoring, farmers 

can reduce fertilizer waste, minimize environmental pollution, and enhance crop yields sustainably. At the 

same time, industries such as food processing and wastewater treatment benefit from faster, safer, and 

scalable analysis methods that lower operational costs. 

However, the shift from traditional chemistry-based approaches to intelligent data-driven systems is not 

without challenges. Concerns remain regarding data quality, model generalization across regions and crops, 

and the initial cost of adopting AI infrastructure. Despite these, the advantages of AI and ML—such as 

speed, safety, scalability, and non-destructiveness—make them attractive candidates to complement or even 

replace conventional techniques in the near future. 

This paper explores the transition from the traditional Kjeldahl method to modern AI- and ML-based 

nitrogen estimation techniques. It discusses the scientific basis of nitrogen estimation, the limitations of 

conventional methods, and how AI and ML can provide practical, reliable, and sustainable alternatives. 

Through case studies and recent research findings, the paper highlights how these emerging tools are 

redefining the way nitrogen and protein are measured across disciplines. 

Why Nitrogen Estimation Matters 

Scientific Perspective 

Nitrogen (N) is one of the three essential macronutrients that plants require, alongside phosphorus and 

potassium (Mishra et al., 2020). It is the foundation of many biological molecules—chlorophyll for 

photosynthesis, amino acids for proteins, enzymes that drive metabolism, and nucleic acids that make up 

DNA and RNA. In crops such as wheat, nitrogen directly affects growth rate, leaf greenness, grain yield, 

and quality. 

Imbalance Issues 

A deficiency in nitrogen leads to yellowing leaves, reduced protein synthesis, and poor crop yields. On the 

other hand, excess nitrogen can delay flowering, make plants top-heavy (lodging), and cause nitrate 

pollution through leaching and nitrous oxide emissions. Managing this delicate balance is therefore essential 

for both productivity and environmental sustainability. 
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Importance in Research and Practice 

Accurate nitrogen estimation underpins precision agriculture—the science of applying the right amount of 

fertilizer at the right time. It also supports sustainable farming by reducing chemical overuse and pollution 

(Silva et al., 2023). With advances in sensing and remote monitoring technologies, nitrogen levels can now 

be assessed in real time, improving both research accuracy and decision-making in the field. 

The Kjeldahl Method: A Brief Overview 

Developed in 1883 by Johan Kjeldahl, this classical method measures total nitrogen in organic materials 

such as plants, soil, and food. It involves three key stages: 

1. Digestion: The sample is heated with concentrated sulfuric acid and a catalyst, converting organic 

nitrogen to ammonium sulfate. 

2. Distillation: The solution is made alkaline with sodium hydroxide, which releases ammonia gas that 

is collected in boric acid. 

3. Titration: The trapped ammonia is titrated with a standard acid to determine the nitrogen content 

(Sáez-Plaza et al., 2013). 

This method has long been used for fertilizer testing, soil fertility evaluation, and food protein analysis. 

Shortcomings of the Kjeldahl Technique 

While the Kjeldahl method has earned its reputation for reliability, it faces major limitations in today’s 

context (Muñoz-Huerta et al., 2013): 

 Time-Intensive: Each analysis takes hours, limiting throughput. 

 Chemical Hazards: The process uses corrosive acids and toxic catalysts, posing safety and disposal 

challenges. 

 Destructive Testing: Samples are destroyed, preventing any further analysis. 

 Limited Information: It only measures total nitrogen, without identifying whether it is organic, 

available, or protein-bound. 

 Not Scalable: The method is unsuitable for large field studies or continuous monitoring. 

These drawbacks make it clear that faster and more sustainable alternatives are needed. 

Artificial Intelligence and Machine Learning Approaches 

Understanding AI and ML 

Artificial Intelligence (AI) is the science of building systems capable of human-like thinking and decision-

making. Machine Learning (ML), a branch of AI, allows computers to learn from data and improve their 

predictions over time. In agriculture, ML has found applications in nutrient estimation, yield prediction, and 

crop health assessment (Gallegos et al., 2024). 
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5.2 How AI/ML Estimate Nitrogen 

Modern sensors, such as hyperspectral or multispectral cameras, can detect the light reflected by plant 

leaves. Since nitrogen levels affect leaf color and reflectance, these data can be used to train ML models 

that predict nitrogen concentration. The process typically involves: 

1. Collecting reflectance data from plant leaves. 

2. Training ML algorithms like Random Forest, SVM, ANN, or KNN using this data and known 

nitrogen values. 

3. Using the trained model to predict nitrogen in new, unseen samples. 

4. Employing Explainable AI (XAI) to understand which wavelengths influence the prediction. 

The result is a quick, chemical-free, and field-ready method for nitrogen assessment. 

Examples of AI/ML in Nitrogen Estimation 

Nitrogen Removal in Wastewater 

Manu and Thalla (2017) applied AI models to predict nitrogen removal efficiency in wastewater treatment 

plants. Using Support Vector Machines (SVM) and Adaptive Neuro-Fuzzy Inference Systems (ANFIS), 

they achieved accurate predictions of Total Kjeldahl Nitrogen (TKN) removal. These computational 

approaches offered a low-cost and efficient alternative to traditional lab analysis, improving operational 

performance and reducing waste. 

Nitrogen Estimation in Wheat 

Singh et al. (2022) combined hyperspectral imaging with ML and Explainable AI to estimate nitrogen in 

wheat crops. Algorithms like Random Forest, SVM, ANN, and KNN were tested for their accuracy. The 

inclusion of XAI, particularly SHAP analysis, helped identify which wavelengths most strongly correlated 

with nitrogen content, increasing both accuracy and interpretability. 

Nitrogen Prediction in Bean Crops 

Tavares et al. (2024) compared different ML models—RF, ANN, KNN, and M5Rules—for estimating 

nitrogen levels in bean leaves using near-infrared (NIR) spectroscopy. The models outperformed traditional 

regression techniques, demonstrating that AI-based systems can handle nonlinear relationships between 

spectral data and nitrogen concentration effectively. 

Benefits of Using AI/ML Approaches 

AI and ML-based nitrogen estimation provide several clear advantages: 

 Non-Destructive and Safe: No chemicals or sample destruction required. 

 Fast and Scalable: Capable of processing large datasets and field applications in real time. 

 Environmentally Friendly: Eliminates chemical waste and safety hazards. 

 Precision-Oriented: Supports targeted fertilizer use, reducing excess and cost. 

 Transparent and Interpretable: Explainable AI adds trust by showing which features drive 

predictions. 
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Challenges and the Road Ahead 

Although these technologies hold great promise, certain challenges remain: 

 Large, high-quality datasets are required for model training. 

 Differences in sensors, crop types, and environmental conditions affect accuracy. 

 Farmers and smaller labs may find access to technology limited. 

Future developments should focus on integrating IoT devices, cloud computing, and shared agricultural 

datasets to make AI-based nitrogen monitoring more accessible and universal. 

Conclusion 

The evolution from the traditional Kjeldahl method to intelligent, data-driven nitrogen estimation marks a 

major step forward in agricultural science. AI and ML bring together speed, sustainability, and precision, 

making it possible to monitor nitrogen levels without hazardous chemicals or lengthy lab procedures. As 

explainable and portable systems become more widespread, they will not only support scientific accuracy 

but also help farmers manage resources more effectively. In essence, the fusion of computational intelligence 

with agricultural science represents a cleaner, faster, and more sustainable future for nitrogen and protein 

estimation. 
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