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Smart Solutions for Food Waste: Harnessing Near-Infrared Spectroscopy in Fruits and Vegetables 
ABSTRACT
Fruits and vegetables are highly perishable, resulting in significant wastage along supply chains. Near-Infrared (NIR) Spectroscopy offers a promising as non-destructive methods for mitigating losses by providing rapid, accurate, and real-time analysis of the quality and composition of produce and products. It also enables early detection of spoilage, ripeness, and nutrient levels in food industry. This review addresses the gap between controlled validation and real-world deployment by proposing an interdisciplinary framework that integrates food science with supply chain management. The study focuses the importance of integrating NIR spectroscopy into the agricultural industry to move beyond basic quality control toward optimum storage conditions and improved distribution. By synthesizing these perspectives, this study offers a strategic guide to use NIR spectroscopy to monitor food quality, mitigate waste and strengthen food security.
Keywords: Near-Infrared, Spectroscopy, Food security, Post-harvest losses, Non-destructive methods, Shelf life extension.
INTRODUCTION
Fruits and vegetables play a fundamental role in global food security by providing essential nutrients and contributing significantly to a balanced and healthy diet. Over the past few decades, considerable research attention has been directed towards the development and application of non-destructive sensing technologies for quality evaluation in horticultural produce (Li et al., 2025). According to Zude et al. (2006), non-destructive techniques for assessing fruit parameters offer substantial advantages, particularly in enabling the evaluation of a larger number of fruits individually while simultaneously facilitating the monitoring of fruit maturity and quality at the individual fruit level.

Near Infra-red (NIR) spectroscopy has emerged as a highly effective analytical tool for enhancing transparency within the fresh produce supply chain and minimising food losses and waste (Scott, 2020). The technology also plays a crucial role in monitoring and controlling quality changes throughout different stages of the supply chain. Consequently, NIR spectroscopy has been widely employed for fruit quality assessment over many years due to its rapid, reliable, and non-invasive analytical capabilities (Scott, 2020).

Nicolai et al. (2014) reported that agricultural applications of NIR spectroscopy originated with the pioneering work of Norris (1964), who initially utilised the technique for determining moisture content in grains. Since then, NIR spectroscopy has been extensively applied for the rapid analysis of moisture, protein, and fat contents across a broad range of agricultural and food products (Prempeh et al., 2025). O’Brien and Alamar (2025) further observed that early horticultural applications primarily focused on evaluating the dry matter content of onions, soluble solids content (SSC) in apples, and water content in mushrooms, before expanding to numerous additional applications in fruit and vegetable quality assessment.

As emphasised by Bureau et al. (2009), the quality of fruits and vegetables is generally determined based on attributes such as size, colour, firmness, surface appearance, and other important sensory characteristics, including soluble solids concentration and acidity. Hernández-Hierro et al. (2022) noted that, in recent decades, benchtop NIR devices have predominantly been employed to develop at-line qualitative and quantitative analytical methods. Nevertheless, the broader adoption of these methods has been constrained by the chemical and physical heterogeneity of horticultural samples, particularly those characterised by high moisture content as well as pronounced seasonal and regional variability (Hernández-Hierro et al., 2022).
While there exists a substantial body of literature on the use of NIR spectroscopy as a laboratory-based means for quality assessment, its application in commercial contexts remains rather underexplored. The current study seeks to use the literature review methodology to fill this critical gap by shifting the focus from isolated quality metrics to a holistic, interdisciplinary framework that integrates food science with logistical operations. Driven by current advancements in miniaturized, high-speed sensing technology, we provide a roadmap for the transition of NIR from the laboratory to the commercial distribution center, offering a scalable solution to the urgent global challenge of food waste. The study inclusion criteria focused on peer-reviewed journal articles, conference proceedings, or book chapters especially studies validating non-destructive spectral predictions against traditional destructive methods. The timeline of reviewed studies reflected the evolution of this technique from the late 1990s when the technique was catalogued for few model crops to present day where there are current state-of-the-art portable NIR spectrometry. The purpose of this review is to discuss the applicability of NIR Spectroscopy technology as a potential way to reduce the waste of fruits and vegetables. The study shows the relevance of NIR Spectroscopy, its basic concepts, its technology advancements, and application processes of how it can reduce waste.

Basic Concepts of Near Infrared Spectroscopy
The NIR spectroscopy was originally developed for field quality control applications (Hindle, 2008). Most times, the NIR Spectroscopy is used laboratory purposes of analyzing agricultural components like the moisture, protein, fat, starch, sugar, fiber, and ash content analysis. Its spectral range is described as wavelengths between 750 nm and 2,500 nm. NIR radiation was first detected and examined by the astronomer Friedrich Wilhelm Herschel in 1800 (Hindle, 2008; Davies, 2000). 
Principles of Near Infrared Spectroscopy in Agriculture

The theoretical potential of Near-Infrared (NIR) spectroscopy in agriculture has been recognized for decades, its practical adoption has historically been hindered by bulky, expensive, and stationary equipment. Nevertheless, in the past five years, there has been a paradigm shift through the development of highly advanced inline NIR sensors that are small, hand-held, and ultra-fast. The technological development has finally brought together laboratory accuracy with robustness and high speeds, which are required by the harsh environment of the industry. It is now the time to critically assess the implementation of NIR into the mainstream industry.

This paper presents an interdisciplinary research framework, which combines insights from the food sciences, particularly those focused on physiological quality and nutritional integrity along with supply chain management. Considering the fruits and vegetables as more than mere commodities but assets in the supply chain allows for real-time information-driven decisions about dynamic routing and proper storage of the fruits and vegetables to reduce post-harvest losses. When radiation hits a sample, the incident radiation may be reflected, absorbed or transmitted, and the relative contribution of each phenomenon depends on the vibrations of the chemical constitution and physical parameters of the sample (Ren et al., 2025). The vibrations’ frequencies of the compounds decide the parts of the infrared spectrum that they can absorb, transmit, or reflect because of their unique spectral signature. From the spectral signature, it is possible to obtain data about the size, shape, and the bonding of atoms and molecules (Kas et al., 2023). Brielmann et al. (2006) reported that information regarding the structural composition of compounds is essential for identifying the chemical makeup of compounds and plant materials. Furthermore, based on the interaction between light and matter, it is possible to determine the concentration of these compounds quantitatively. Consequently, infrared light has become highly valuable for investigating the composition and concentration of various chemical constituents in plant tissues (Johnson et al., 2023). In addition, plants do not utilise the infrared region of the electromagnetic spectrum for photosynthesis or other physiological processes, thereby minimising spectral interference during the acquisition of spectral signatures (Kinhal, 2022). This characteristic enhances the reliability and accuracy of infrared-based analytical techniques in plant and agricultural studies.
How Near-Infrared (NIR) Works
Pandiselvam et al. (2022) stated that the near-infrared (NIR) region of the electromagnetic spectrum is particularly suitable for the detection and analysis of organic compounds because chemical bonds such as carbon–hydrogen (C–H), oxygen–hydrogen (O–H), and nitrogen–hydrogen (N–H) exhibit strong absorption characteristics within the NIR wavelength range. Since organic compounds constitute the primary components of living tissues in both plants and animals, NIR spectroscopy is highly applicable in agricultural and biological studies. Furthermore, NIR radiation possesses a greater penetration depth into samples compared with other regions of the infrared spectrum, thereby enabling more effective internal analysis of biological materials (Beghi et al., 2017; Kinhal, 2022). These properties have contributed significantly to the increasing adoption of NIR spectroscopy in agricultural quality assessment and monitoring applications.
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Fig 1: Spectrum of light showing the NIR region and its wavelength.
Non-Destructive Measurements
Owino et al. (2024), in their study on cactus pear fruits, demonstrated that non-destructive analytical methods are essential for assessing important quality parameters such as pH, sugar content, firmness, and related physicochemical attributes. Their findings are consistent with those of Alhamdan et al. (2019), who emphasised that effective quality control systems require measurement techniques to be non-destructive in order to minimise postharvest losses of fruits and vegetables.

Conventional analytical methods, including oven or microwave-oven techniques for dry matter determination and refractometric methods for sweetness assessment, are not only destructive in nature but are also labour-intensive and time-consuming. Furthermore, these methods often require specialised training to conduct chemical analyses accurately (Phindile et al., 2022). In addition, traditional laboratory-based procedures necessitate sample preparation and dedicated laboratory space, which may limit their efficiency and large-scale application.

Scott (2020) highlighted that NIR spectroscopy technology has undergone substantial miniaturisation and is now available in compact, portable, and user-friendly devices that can be operated with minimal technical expertise. These portable systems provide rapid and instantaneous results while maintaining high levels of precision and consistency. Moreover, the analytical outcomes are less affected by variations in laboratory conditions, thereby improving the reliability and reproducibility of quality assessment measurements (Kinhal, 2022).
NIR Spectroscopy Scanner Measurements

 Gullifa et al. (2023) explained that NIR spectroscopy has been integrated into a wide range of handheld instruments and benchtop devices, thereby expanding its applications across numerous scientific and industrial fields. The versatility and adaptability of these systems have contributed to their increasing adoption over time. In scanner-based devices, a beam of NIR light within a specified wavelength spectrum is directed towards the target object or sample. The resulting absorbed, reflected, and transmitted spectral responses vary according to the chemical composition of the sample and the concentrations of the constituent compounds present (Johnson et al., 2023). These spectral responses are subsequently captured and recorded by the scanners incorporated within the instruments.

Li et al. (2023) further noted that, in spectrometer-based systems, the generated spectral signature is utilised in numerous pre-programmed vegetation indices designed for qualitative and quantitative analysis. Most vegetation indices are primarily based on reflectance measurements; however, certain indices also incorporate absorbance data to improve analytical accuracy and sensitivity. The integration of spectral signatures with vegetation indices has significantly enhanced the capability of NIR spectroscopy for agricultural monitoring, plant analysis, and quality assessment applications.
Fig 2: A set-up of NIRS technology (Non-destructive) (Felix Applied Food Science Instruments, 2026)
Some NIR spectroscopy devices in the market.

The F-750 Produce Quality Meter
Felix Applied Food Science Instruments’ NIR quality meters (e.g., the F-750 Produce Quality Meter and the F-751 series) are designed to estimate internal fruit quality attributes non-destructively using near-infrared (NIR) spectroscopy. In this application domain, NIR sensing provides a rapid and contact-based optical measurement of reflected or scattered radiation from the fruit surface, which is then transformed into quantitative predictions through chemometric calibration models (Xu, et al., 2024). Because the measured NIR spectra contain information related to water and solute composition (and thus to physiological state), the devices are able to infer maturity- and quality-linked parameters that traditionally require destructive laboratory assays (Pan et al., 2015).

In the general-purpose case of the F-750 Produce Quality Meter, the instrument is positioned as a multi-crop platform for fruits and vegetables, enabling the estimation of dry matter, soluble solids content (SSC), titratable acidity, and color (Goisser et al., 2021). Operationally, the meter is typically used by positioning the optical measurement window against the fruit surface under a standardized geometry, thereby minimizing measurement variability driven by differences in skin thickness, surface roughness, and optical scattering properties (Goisser et al., 2021). Once the spectrum is acquired, the device applies an onboard regression framework is built from calibration datasets that relate spectral features to reference laboratory measurements which generate predicted values (Donis-González, et al., 2020; Goisser et al., 2021) . In reality, however, these variables are used as indicators of the maturity and flavor of the fruits: dry matter and soluble solid content are related to changes in the water content and sugar accumulation; titratable acidity relates to the conversion and break down of the organic acid; and color is added for a further optical property that may relate to the maturity of the fruit (Lado et al., 2014). The technique allows for rapid screening of the fruits when harvested or handled in packaging houses, where they can be sorted to minimize variation in sensory quality (Lado et al., 2014; Shewfelt, 2014.).
The F-751 Avocado Quality Meter 
The F-751 Avocado Quality Meter takes the same approach to sensing, but applies it with the addition of specific calibration strategies, according to the Haas avocado application (Becerra-Sanchez et al.,2024; El Kayal et al., 2025). Although dry matter remains the key interpretive parameter, the device is also able to measure Brix, with this information being provided as input into maturity evaluation based on oil content maturation level (Fortes et al., 2011;Jaywant et al., 2022;).. Avocados experience dramatic changes in their metabolically driven composition changes during the process of ripening; this entails both compositional changes related to the amount of moisture and soluble compounds present (Fortes et al., 2011; Becerra-Sanchez et al., 2024; El Kayal et al., 2025). As such, different stages of ripening will exhibit specific spectral characteristics in the near-infrared region; for this reason, operation of the quality meter involves a similar non-destructive process to the F-750 meter, but the resulting model will be adjusted to account for the spectral and composition characteristics of the Haas avocados (Núñez-Lillo et al., 2024).. Specifically, the process is one where spectral measures are converted to measures of composition related to maturity, which can then be utilized to determine when harvesting should occur to ensure appropriate ripening processes and uniformity in terms of texture and taste properties (Niu et al., 2014)..

The F-751-Mango Quality Meter
The F-751-Mango Quality Meter is another example highlighting the necessity for cultivar or variety-specific approaches by offering a specialized measurement platform, which calculates estimates of dry matter content, Brix or sweetness, and acidity (Praiphui et al.,. 2023). The case of mango exemplifies the way in which cultivar specificity does not only manifest itself in the physical features of the produce but also in internal biochemical pathways, thus rendering any generalized calibration strategy inadequate for obtaining the necessary level of accuracy for quality classification purposes (Téllez-García et al., 2025). On a practical note, when using the Mango Quality Meter one needs to select the appropriate variety model, whether it will be Ataulfo, Tommy K, Kent, Keitt, Calypso, or Honey Gold for performing the chemometric conversion from absorbance spectra to estimates of dry matter content, soluble solids, and acidity (Praiphui et al.,. 2023).. Upon completion of measurements according to the specified geometry, the instrument returns estimates of dry matter, soluble solids (expressed either in Brix units or equivalent soluble solids), and acidity (Praiphui et al., 2023; García et al., 2025). Together, these measurements constitute a multi-dimensional parameter set used to characterize fruit quality: its potential sweetness is estimated through soluble solids, balance of flavors can be assessed for acidity, while dry matter is utilized as a criterion for fruit maturity, allowing subsequent sorting and storage (Kader et al., 1996; Prasad, 2018). 
The F-751 Kiwi Quality Meter 
The F-751 Kiwi Quality Meter uses a similar NIR-based prediction method for kiwis, aiming at determining maturity and ripeness factors throughout the “whole supply chain (Titeli et al., 2023). Despite being a multifaceted attribute, ripeness in practice often comes down to compositional criteria, physiological readiness for consumption, and other such characteristics, which are what this instrument is designed to predict using spectral information on the basis of internal biochemistry changes that occur while a fruit is ripening (Titeli et al., 2023: Becerra-Sanchez et al.,2024). Methodologically, it is important to maintain uniformity in measurements, because, among other reasons, near infrared reflectance is sensitive to moisture content, skin conditions, and the thermal state of a fruit, all of which are subject to variation between different measurement scenarios (Becerra-Sanchez et al.,2024). With respect to supply chain operations, ensuring this consistency will allow for consistent results and comparison of predictive outputs across different nodes of the supply chain. The key advantage of using this method over other maturity testing procedures (frequently involving firmness testing and visual inspection or destructive sampling), is that it provides an easy, nondestructive way of predicting ripening progress and synchronizing harvest times (Li,et al., 2018).

For each of the models discussed above, the operation of such device is based on a close loop involving three major components: (i) fast spectral analysis of a product using NIR, (ii) conversion of measured spectra to parameters using chemometric models built on reference data, and (iii) interpretation of the results as far as grading criteria and harvest time are concerned. While the nature of outputs differs among different types of fruits, e.g. estimation of such generic parameters as SSC and acidity in case of the F-750 instrument, evaluation of oil maturity in Haas avocados on the F-751, and calibration for multiple varieties of mango, the main idea behind their operation is the same NIR spectra which allows for capturing changes in internal composition associated with maturity and quality of the produce.
The use of NIR spectroscopy in Food Supply Chain

Saechua et al. (2023) reported that NIR spectroscopy is a well-established analytical technique for evaluating quality and maturity indicators in fresh produce, particularly parameters such as dry matter content and total soluble solids (TSS). Dry matter content at harvest is considered an important predictor of postharvest fruit quality and ripening behaviour. However, numerous physiological and environmental changes occurring before and after harvest can further influence the overall quality of fresh produce.

Following harvest, fruits and vegetables undergo several postharvest handling processes, including washing, sorting, packaging, distribution, and preparation before ultimately reaching retail markets for consumer purchase (Paul et al., 2024). Since fruits and vegetables remain living biological materials after harvest, their physicochemical and sensory qualities continue to change throughout these stages. Consequently, NIR spectroscopy serves as a valuable non-destructive quality control tool that can be applied across the entire supply chain to monitor these changes effectively.

Alhamdan and Atia (2017) demonstrated that the ripeness of Barhi dates can be evaluated using parameters such as °Brix values, crunchiness, hardness, and the development of yellow colouration. Similarly, Elamshity and Alhamdan (2025) confirmed the effectiveness of NIR techniques for identifying ripening stages in dates through the assessment of soluble solids content (SSC) and moisture content. In contrast, colour-based assessment was found to be comparatively less reliable for distinguishing the five ripening stages. The integration of these measurable quality characteristics enables the effective sorting and classification of dates according to maturity and quality levels (Alhamdan and Atia, 2017).

Despite the broad applicability of NIR spectroscopy, its adoption is not uniform across all categories of fresh produce. Vallone et al. (2019) reported that the effectiveness and applicability of spectrometric techniques depend largely on the plant species being analysed as well as the specific quality parameter under investigation. This indicates that calibration models and analytical approaches often need to be tailored to individual commodities and target attributes to achieve reliable and accurate results.
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Fig 3: NIR spectroscopy can predict the color far more accurately than firmness in the case of table olives (Source: Vallone et al., 2019). 
Significance in Fruit Ripening

To reduce wastage, the soluble sugar content (SSC), titratable acidity, internal color, and firmness are the parameters of interest in gauging ripeness in fruits.

Soluble sugar content (SSC): Of all these parameters, SSC is the one that is the industry standard. Besides reflecting fruit physiology, SSC content has proven to be a good indicator of consumer preference (Zude et al., 2006). So, NIR is used in assessing fruit ripeness in apple, pear, plum, tomatoes, citrus fruit, kiwi, melon, cherry, etc.

Titratable acidity: Sweetness represents only one of several important attributes influencing taste perception and consumer preference in fruits. In many cases, an appropriate balance between sugars and organic acids is considered essential for achieving optimum flavour quality. Consequently, the titratable acidity of fruits is commonly measured alongside sugar content in order to determine the sugar-to-acidity ratio, which serves as an important indicator of flavour acceptability and eating quality (Peirs et al., 2002).

NIR spectroscopy has demonstrated considerable effectiveness in the non-destructive assessment of acidity and related quality parameters in various fruits, including apples, oranges, tomatoes, peaches, nectarines, and pineapples. The ability of NIR technology to simultaneously evaluate multiple internal quality attributes rapidly and accurately has enhanced its usefulness in fruit quality monitoring, grading, and postharvest management applications.
Firmness: NIR can detect the ideal firmness of ripe fruits in the case of mangoes, tomatoes, and apples (Zude et al., 2006). However, it is less effective in the case of table olives.
Color: Internal and external color development is essential to monitor. Here, NIR is suitable for table olives, apples, mango, and tomatoes (Zude et al., 2006).

Nutrient Content of Fresh Produce: A growing number of fresh produce commodities are gaining recognition as nutraceutical foods due to their high content of bioactive phytochemicals, including antioxidants, vitamins, polyphenols, and pigments such as carotenoids. In this context, near-infrared (NIR) spectroscopy has been widely applied to evaluate and quantify the concentration of these nutritional compounds in various fruits and vegetables (Nadimi and Paliwal, 2024). Commonly studied produce in this regard includes blueberries, raspberries, strawberries, bananas, carrots, oranges, potatoes, eggplants, and olives, among others.

Ripeness assessment represents another critical application of NIR spectroscopy within postharvest supply chains, where quality parameters are repeatedly evaluated to facilitate the classification of fruits at different maturity stages. Alvin et al. (2026) confirmed that NIR-based technologies are effective tools for sorting fresh produce according to ripeness indicators. This is particularly important in reducing postharvest losses; for instance, mixed and unsorted tomatoes may result in approximately 10% harvest loss. Moreover, ripe or decaying tomatoes release ethylene gas, which can accelerate the ripening of adjacent unripe produce within the same packaging, thereby increasing spoilage and further reducing yield quality.

To mitigate such losses, sorting is routinely performed not only at harvest but also during storage and retail stages to remove spoiled or overripe produce. This process enhances supply chain efficiency by enabling the early marketing of ripe fruits while allowing unripe products to be sold later based on their maturation stage (Gidado et al., 2026).
Applications of Near Infrared Spectroscopy in Fruits and Vegetables
Applications of NIRS scanner measurements and imaging at various stages in agriculture supply chain as listed by Cattaneo and Stellari (2019) are;
Measurement of Nutritional Status of Crops

NIR scanners are increasingly recognised as effective tools for assessing multiple aspects of plant physiology that are closely related to the nutritional status of crops. Specifically, NIR-based instruments can provide valuable information regarding the concentration, deficiency, or excess of essential macronutrients such as nitrogen, phosphorus, and potassium through the analysis of chemical compositions in plant leaves (Zahir et al., 2024). This capability enables rapid and non-destructive nutrient diagnostics, thereby reducing reliance on conventional laboratory-based analytical procedures.

In this regard, NIR spectroscopy has the potential to replace traditional, labour-intensive, and time-consuming analytical methods. For example, Pérez-Marín (2019) reported that NIR techniques are frequently employed as an alternative to the Kjeldahl method, which is widely used but comparatively complex, for quantifying nitrogen content in plant tissues. Through such applications, NIR-based assessments enable farmers and agronomists to identify nitrogen deficiencies in crops more efficiently, including through indirect evaluation of photosynthetic activity.

Similarly, NIR technology has demonstrated effectiveness in detecting and estimating micronutrients such as iron, magnesium, and zinc in the leaves of cereal crops and other agricultural species. Bao et al. (2024) confirmed that leaf nutrient composition can be successfully assessed in a range of crops, including apple, citrus, alfalfa, sugarcane, and various root crops. When nutrient deficiencies are identified, appropriate fertiliser supplementation can be applied in a targeted manner to restore optimal plant growth conditions. Furthermore, Rawal et al. (2024) highlighted that such precision nutrient monitoring can help farmers avoid excessive fertiliser application, thereby reducing resource wastage and minimising negative environmental impacts associated with agricultural inputs.
Determining Harvest Time

Digman et al. (2024) demonstrated that one of the most widely adopted applications of NIR scanner-based devices is the estimation of dry matter content, which is used to determine optimal harvest timing and to monitor the quality of grains, pulses, fruits, and vegetables. This application is particularly important in precision agriculture, where timely and accurate harvest decisions directly influence postharvest quality and yield outcomes.

Dry matter (DM) refers to the total mass of all solid constituents in plant material after the removal of water content. It is widely recognised as a key quality parameter in crop production systems, as it reflects the true accumulation of biomass and nutritional components within plant tissues. As emphasised by Islam et al. (2024), non-destructive measurement techniques are essential in agricultural practice because crops are often assessed repeatedly during the growing and maturation stages to determine harvest readiness without causing damage to the produce.

In this context, modern NIR-based technologies, particularly compact and cost-effective devices, offer rapid and user-friendly analytical solutions capable of delivering immediate results. These portable systems can be deployed across extensive agricultural fields, enabling efficient sampling and assessment of large crop areas within a relatively short time frame. Consequently, such technologies significantly enhance decision-making processes related to harvest management and quality control in agricultural production systems.
NIR for Fruit Processing

Spectroscopic measurements have a broad range of applications across food processing systems, with near-infrared (NIR) tools being utilised at multiple stages beginning from the farm level (Bec et al., 2025). In the production of fruits intended for processing into products such as juices, wines, and other beverages, sugar content is a critical quality attribute that is highly valued by producers. Accordingly, precise determination of harvest timing is essential to ensure that fruits achieve the desired sugar concentration and processing quality.

In this regard, fruit maturity and ripening are closely monitored in the field to determine the optimal harvest period (Salehin et al., 2025). Dry matter (DM) content is commonly used as a key indicator for selecting harvest dates in climacteric fruits such as apples and mangoes, where postharvest ripening continues after harvest. Conversely, in non-climacteric fruits such as berries and grapes, which exhibit limited ripening after harvest, soluble solids content (SSC) is more frequently monitored to determine harvest readiness. In specific cases, such as blackberries, both sugar concentration and acidity are simultaneously evaluated to ensure balanced quality and optimal flavour characteristics (Gong et al., 2025; Sriti et al., 2025).
There are various NIR applications for sorting and processing fruits and vegetables:

First, the applications of NIR spectroscopy and NIR Imaging for sorting fruits and vegetables include determining a variety of internal and surface-related parameters, such as maturity/ripeness, soluble solids (which are related to sweetness), firmness, bruising/other internal defects, or differences in skin/flesh composition (Walsh et al., 2004; Chandrasekaran et al., 2019). The application of NIR will depend on whether one wants a "spot-check" system (for single-point measurements) or a high-speed imaging method.

For ripeness/quality sorting, the NIR technique can be used to determine the biochemical or physical parameters that vary with ripeness, such as sugar content, water status, or tissue structure (Goh et al., 2025). This will allow the producer to sort out products according to their ripeness, without having to rely only on color-based criteria. For certain produce types, NIR-based sorting will contribute to achieving a more uniform flavor/texture. Finally, it is possible to use NIR for detecting the heterogeneity in a batch and thereby avoid a mixture of under-ripe and over-ripe items (Goh et al., 2025).

For determining firmness/mechanical damage, it is possible to use NIR in order to reveal internal defects that cannot be detected by eye, such as early bruising, softness of tissues, or local damage due to handling or storage (Patel & Pathare, 2024). Because damage affects the optical properties related to light absorption and scattering, NIR sensors can detect those products which seem acceptable from the outside but will most probably fail to withstand the tests at subsequent stages of their shelf-life (Pérez-Marín et al., 2019).

The NIR methods used in safety and quality assessment are incorporated into quality control measures designed to identify proxy indicators of contamination or unusual patterns in compositional change suggesting spoilage progression (Feng et al., 2025). Even though the NIR technology does not represent itself a "microbe detector" comparable to conventional microbial culturing methods, it allows to distinguish spectral fingerprints of deteriorated state, dehydration, or chemical changes in order to avoid potential risks of selling compromised produce (Feng et al., 2025).

In case of food processing, the main application of NIR sensors consists in process monitoring and adjustment. The technique allows checking whether the composition or maturity of raw materials meet the predetermined standards prior to further processing (e.g., confirming a sufficient degree of maturity in the case of fresh-cut vegetables). Moreover, during processes such as juice extraction, drying, or blanching/pre-heating preparations, the setpoint values can be optimized in accordance with current variations in composition and water content.

With regard to retail and warehousing inspection, NIR technology can help decrease manpower needs as well as the turnaround time by quickly allowing objective categorization of produce (Grassi & Alamprese, 2018). This is useful in tracking the produce and making decisions based on the spectral results associated with criteria like shelf-life extension, acceptance by consumers, or even processing performance.

NIR for Detecting Diseases, Pests, and Toxins

Wang et al. (2025) indicated that NIR spectroscopy can be used to detect diseases before visual symptoms appear in growing crops as well as in stored grains. Stress produced due to pests, diseases, and weeds will change plant composition and can also be detected by NIR spectroscopy. Remotely sensed images use this principle in precision agriculture to grade fields based on infection intensity and extent so that growers can make data-driven treatment decisions (Zhu et al., 2024).

Maina and Oerke (2024) demonstrates that hyperspectral reflectance has successfully detected blast fungus using NIR field tools and thus provide a timely and efficient means of controlling infection to limit the damage. During post-harvest storage, rice is particularly susceptible to fungal infections. The research of Ong et al., (2022) showed that NIR technology has been used to find and quantify fungal infections of Aspergillus producing aflatoxins in rice grain. The fungal infection is identified by detecting the presence of aflatoxin B1 using wavelengths of 950 and 1650 nm.

Reports of Jiang and Wetzel (2025) reveal that NIR technology can also detect insect infestation and cereals’ damage post-harvest by internal compound examination to detect the development of toxins in seeds. For example, the study by Nudel et al. (2024) quantifies amino acid L-canavanine as a toxic compound that can develop in grains and reduce food intake in non-ruminants. The CI-710s SpectraVue Leaf Spectrometer from CID-Science is used to detect plant stress.

NIR for Monitoring Drought

Water has its own unique spectral signature that NIR can detect. Ji et al. (2025) developed models in woody plants for measuring leaf water content which lets farmers and agronomists know if the plants are suffering from water stress. They can then use this information to regulate irrigation schedules. The CI-710s SpectraVue Leaf Spectrometer from CID-Science is also an example of a leaf probe widely used for detecting water stress in plants and soil (CID Bio-Science, 2026). 

NIR for Quality Control

NIR scanners are extensively applied in the sorting, grading, and quality monitoring of fresh produce and processed products throughout storage, transportation, and retail stages. In this context, external attributes such as appearance, colour, and texture are critical determinants of consumer acceptance and satisfaction (Feng et al., 2024). In addition, NIR-based measurements of dry matter (DM) and soluble solids content (SSC) at harvest enable growers to produce fruits that align more closely with consumer preferences and market requirements.

Elsherbiny et al. (2025) reported that NIR imaging systems are capable of detecting over-ripe produce at an early stage, even before the development of visible external symptoms. This early identification facilitates the removal of deteriorating products from the supply chain, thereby reducing spoilage and preventing the spread of ethylene gas, which can accelerate ripening in adjacent fresh produce. Furthermore, commercially available portable NIR cameras can be employed for on-site inspection and spot quality assessments during purchasing processes. Such imaging systems are capable of revealing internal bruising and defects significantly earlier than they become visible to the human eye (Shanthini et al., 2025).

In addition to fruit and vegetable assessment, research is increasingly focusing on the application of NIR hyperspectral imaging for the quality evaluation of nuts such as walnuts, particularly for determining compositional attributes including total fat content as well as the proportions of monounsaturated, saturated, and polyunsaturated fatty acids (Zhao et al., 2025). Similarly, Biswas and Chaudhari (2024) highlighted the importance of NIR scanners in the quality control of diverse products such as honey and edible oils, supporting informed purchasing decisions and ensuring product authenticity.

NIR spectroscopy is also effective in detecting adulteration in high-value products. For instance, by identifying hydrophilic phenolic compounds specific to olives, NIR-based techniques can verify the authenticity of olive oil and detect potential adulteration with other substances (Li et al., 2025). In practical applications, devices such as the F-750 Produce Quality Meter developed by Felix Instruments (2026) are capable of measuring internal colour, firmness, and detecting internal decay in fruits and vegetables, thereby supporting rapid and non-destructive quality assessment in commercial settings.
Alternative Techniques Compared to NIR spectroscopy 

Other techniques that are frequently compared to NIR spectroscopy include FTIR (mid-infrared) spectroscopy, usually giving better and more distinctive features related to chemical absorption; Raman spectroscopy, which can also be utilized for chemical analysis, including certain types of matter or molecular bonds; UV-Vis spectroscopy, which is appropriate in cases where UV/vis absorption is available in connection with certain colors or molecular structures; and far IR spectroscopy or THz spectroscopy in specialized instances (Blanco & Villarroya, 2002). Besides optical techniques, non-spectroscopic, "wet" laboratory reference techniques, such as HPLC, GC, LC-MS, or GC-MS, are typically employed when separation or identification with very high specificity and sensitivity is required (Kumirska, et al., 2010). As for quantitative properties of matter, such as moisture content, standard measurement techniques are frequently considered as those using Karl Fischer titration, gravimetry, or thermal methods such as TGA and DSC. Finally, in special cases when the target analyte needs to be identified fast, electrochemical and biosensor approaches can be applied (Matejtschuk et al., 2016).

ADVANTAGE OF NIR SPECTROSCOPY OVER OTHER METHODS

The greatest strength of NIR spectroscopy is its ability to be compared with numerous analytical methodologies since it provides quick, reliable results while disrupting the sample to a minimum degree possible (Karoui et al., 2010; Beć et al., 2021). Unlike wet chemistry techniques that involve working with reagents, lengthy preparation procedures, and significant turnaround times, the NIR analysis technique does not usually require sample preparation or takes just seconds (Murray & Cowe, 2004; Manley, 2014). As a result, it is much more effective for use in quality control processes and high throughput analysis (Murray & Cowe, 2004; Manley, 2014). Unlike GC/LC techniques, it involves no solvents and processing procedures that take time and resources (Blanco et al., 1998; Agelet & Hurburgh 2010; Manley, 2014; Beć et al., 2022). Moreover, NIR analysis allows for non-destructive analysis, meaning the same sample may be reused several times, while most chemical procedures in the lab involve consuming the sample (Gullifa et al., 2016). The technique is also well suited for predictions related to bulk properties and characteristics associated with sample composition (Manley, 2014)). Finally, combined with reliable multivariate calibration, the data obtained with NIR spectroscopy is capable of containing a vast array of information that is very hard to acquire through single-parameter analysis (Jha, 2010).

Limitations of NIR Spectroscopy

The limitations associated with NIR spectroscopy include the requirements for calibration models that can help correlate the spectra with the property of interest (Agelet & Hurburgh, 2010). The NIR Spectroscopy method has broader absorption characteristics as compared to its mid-infrared counterpart, meaning that it is less specific and thus cannot differentiate between various compounds, making analysis harder at times (Blanco et al., 1998; Agelet & Hurburgh 2010; Manley, 2014). The measurements obtained from NIR spectroscopy are highly sensitive to factors such as particle size and distribution, surface finish, temperature, and presentation of samples (Blanco et al., 1998; Agelet & Hurburgh 2010; Manley, 2014; Beć et al., 2022). Thus, improper sample preparation can significantly affect the reliability of the results obtained using NIR. Furthermore, the presence of water in the near-infrared region of some samples makes it harder to measure the concentration of other components unless this limitation is accounted for (Büning-Pfaue, 2003; Manley, 2014). It should be noted that near-infrared absorption is not effective in certain substances due to low penetration (Aenugu et al., 2011).
CONCLUSION
Near-Infrared Spectroscopy (NIRS) is one promising technique that could help prevent the wastage of fruits and vegetables throughout the whole supply chain process. With its capacity to give quick, non-destructive, and accurate assessments of the attributes of produce, NIRS will contribute towards proactive decision making, process optimization, and even value addition. Through the use of near-infrared spectroscopy technology, farmers or other stakeholders would be able to take steps towards achieving food loss prevention and food security for themselves and succeeding generations. Moving forward, the potential benefits offered by near-infrared spectroscopy could be greatly enhanced through future prospects like AI calibration and prediction, IoT-based monitoring for NIRS assessments of products in transit, and real-time smart agriculture techniques for faster decision making from the farm to the consumer.

By using NIRS as a means to improve the efficiency of the food chain while at the same time minimizing wastage, we will not only improve the current state of the world's food system but also secure its future.
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