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Food dehydration is a foundational technology in the food chain, enabling longer shelf life,
reduced transport costs and year-round availability of seasonal commodities. Over
centuries, drying evolved from simple sun and shade practices to sophisticated engineered
processes that deliver predictable, safe and uniform products. With rising consumer demand
for minimally processed foods that retain color, aroma, nutrients and functional bioactives,
traditional high-temperature drying processes have become less acceptable for many product
categories. Refractance Window Drying (RWD) has emerged in this context as an innovative,
intermediate technology that combines rapid moisture removal, mild thermal exposure and
relatively low energy consumption to produce dried products with superior retention of
sensory and nutritional attributes. RWD’s significance rests on three interlinked outcomes:
preservation of quality, operational efficiency and scalability across a range of food matrices.
The method offers a pragmatic alternative to freeze drying for many applications, and a
quality upgrade relative to standard convective dryers for heat-sensitive materials. This article
examines RWD from principles through practical implementation, compares it to other
drying methods, explores quality metrics and economic and environmental considerations,
and outlines current research directions that may shape its broader adoption.

Historical Context and Rationale for Adoption

The modern search for improved drying techniques has been driven by the twin pressures of
product quality expectations and sustainability concerns. Sun drying remained common until
industrialisation made controlled thermal technologies available. Hot-air drying provided
scalability but often compromised colour, flavour and nutrients. Spray drying became
indispensable for low-viscosity liquid concentrates and dairy powders, yet it is not suitable
for thick purees without substantial modification. Freeze drying preserved labile constituents
but at considerable energy and capital cost, limiting its wider use. These tensions created
demand for a technique that could process viscous, particulate or puree systems while
minimizing thermal damage and energy input. Refractance Window Drying was developed to
address these specific gaps. By enabling rapid heat transfer while regulating thermal exposure
through a moisture-dependent windowing effect, RWD reduces the time and temperature
stresses that typically drive quality loss. The method first gained attention in pilot studies and
university laboratories, and over the last two decades has been increasingly evaluated for
industrial applications ranging from fruit and vegetable powders to herbal extracts and
speciality ingredient production. Its development reflects broader trends in food engineering
toward technologies that reconcile product integrity with feasible manufacturing economics.

Principles of Heat Transfer and the Refractance Window Phenomenon
Refractance Window Drying employs a thin, food-grade, transparent polymer film that floats
on the surface of heated water; typical films are polyester films such as Mylar® with high
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tensile strength and thermal stability. The food material is applied as a thin, uniform sheet to
the film. Heat flows from the water through the film and into the wet food layer by a
combination of conduction and radiative transfer. The process benefits from the large surface
area of thin layers, which shortens moisture diffusion paths and accelerates evaporation.
Critically, the refractance window effect hinges on the optical and dielectric properties of the
wet food layer: when sufficiently hydrated, the layer permits efficient infrared transmission
and hence effective heat coupling. As drying progresses and the product’s moisture content
drops, the layer’s ability to transmit infrared radiation diminishes and radiative heat flux is
naturally reduced. This self-regulation mitigates the risk of overheating or burning and
provides a protective effect for thermolabile compounds such as vitamins, phenolics and
aromatic volatiles.

From a thermodynamic perspective, RWD operates with a high heat-flux density at
the initial stages, rapidly removing surface moisture and creating a favorable moisture
gradient that promotes internal diffusion. Because the water reservoir maintains thermal
mass, the system exhibits more stable temperature control and lower convective losses than
open hot-air dryers. The combination of short residence times and moderated peak product
temperatures is central to the technology’s advantage in preserving product quality.

Process Parameters and Product Behaviour

The outcome of RWD processing depends on multiple controllable parameters and material
properties. Water temperature is a primary control variable; typical setpoints range between
moderate values that preserve bioactives and higher values that accelerate drying, with most
practical applications operating between roughly sixty and ninety-five degrees Celsius
depending on the product. Layer thickness is crucial because it directly affects diffusion
distances; thin layers ensure uniform drying and reduce the likelihood of partially dried
pockets. Feed viscosity and solids content influence spreadability and film adherence; highly
viscous or particulate materials may require optimized spreaders or pre-treatment to ensure a
uniform film. Formulation constituents such as sugars, pectins and fibers impact glass
transition behavior and stickiness during the intermediate drying stages; such behavior can be
managed through compositional adjustments, the use of carrier agents when appropriate, or
process parameter modulation.

Product behaviour during drying also depends on biochemical stability and matrix
interactions. Pigments like carotenoids and betalains can degrade under oxidative or thermal
stress; RWD’s short exposure helps conserve these molecules. Similarly, volatile aroma
compounds, which are challenging to preserve, are better retained in many RWD products
due to minimized thermal stripping and shorter residence time. Reconstitution performance is
another important quality indicator; powders produced via RWD generally show favorable
solubility, limited clumping and rapid rehydration, factors that matter in functional beverages
and instant formulations.

Quality Outcomes and Measured Benefits

Empirical studies have demonstrated that RWD preserves a broad suite of quality attributes
compared to many conventional dryers. Analyses frequently report higher retention of
vitamin C, carotenoids, phenolic antioxidants and aroma volatiles in RWD products relative
to hot-air and drum drying, while energy use remains markedly lower than freeze drying.
Sensory assessments commonly favour RWD for color vibrancy and perceived freshness.
From a functional perspective, RWD powders tend to exhibit particle morphologies and
microstructures conducive to improved solubility and mouthfeel after rehydration. Such
outcomes have been recorded across matrices including mango puree, tomato paste, beetroot
concentrate, herbal extracts and certain algae-derived powders. These quality benefits
underpin RWD’s attractiveness for value-added ingredient production, where colour, flavour
and bioactivity command a price premium,

oQg'ci o@cticleb ISSN: 2582-9882 Pa.g.e 377

Earde de de e e Ao de o O e Lo e O e dp e O e de e e e e v e e Ao e e e de v Je e Le de e v e e Ao de e D de Ao e e v O O



parde de de de de Ao de Ao Ao Ao e Ae e e Ao e e A Ae e e A e A U U U O Or Ur Ov dv dv dv dv de de de Ao 1o e e dr Or O de de de Ae Ae e e Or

Gaharwariya and Kale (2025) Agri Articles, 05(06): 310-314 (NOV-DEC, 2025)

[ Retention of bioactive J

compounds

Shelf-life More Energy
extension Efficiency

Refractance

Window drying ~
i Less Operatin
Better Product D g
Quality Cost p
"
{ Environment friendly ]
Figure 1. Advantages of Refractance Window Drying (Kalse et al., 2025)
Table 1: RWD Versus Conventional Drying Methods
Sun Drying Low Low Very Low Very Low Poor
HOt'.A" Moderate  Moderate Moderate Moderate Limited
Drying
. Good . . Poor (unless
Spray Drying (liquids) Moderate High High diluted)
Freeze Drying Excellent Very High Very High Very High Good
Refractance \Ver Hidh
Window y g Low-Moderate  Moderate Excellent
: Good
Drying

Table 1 summarises how RWD balances desirable attributes that are often mutually
exclusive in other systems. Where freeze drying provides unmatched quality at great expense,
and spray drying enables rapid throughput for low-viscosity feeds, RWD enables processing
of viscous, particulate, and puree materials while maintaining high quality and moderate cost.

System Configurations and Commercialisation Pathways

RWD systems are available in batch and continuous designs. Batch units are commonly used
for research, pilot production and product development; these configurations offer flexibility
for small lot trials, formulation screening and process validation. Continuous belt systems are
designed for higher throughput and industrial integration. In continuous systems, Figure 2
conveyors move the product layer at controlled speeds across a heated water bath, and
downstream milling and packaging units can be integrated to create a continuous production
line. Automation elements such as thickness control, temperature monitoring and timed
removal aid in achieving uniformity. Equipment suppliers and research groups are
progressively standardizing designs, and hybrid solutions that couple RWD modules with
ancillary heating or renewable energy sources are being piloted to improve energy efficiency
and scalability.

Economic and Environmental Considerations

Economically, RWD occupies a moderate cost tier. Capital investment is generally lower
than freeze drying but higher than rudimentary convective setups, while operational costs
benefit from comparatively low energy consumption and high throughput in continuous
setups. Value capture from improved product quality often offsets the moderate capital
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expenditure as dried products fetch higher market prices when they retain color, aroma and
nutritional properties. From an environmental perspective, RWD’s reduced energy
requirement compared to freeze drying contributes to lower greenhouse gas emissions per
unit of dried product, especially when renewable heat sources like solar thermal or waste heat
are integrated. Life cycle assessments suggest that hybridizing RWD with green heat sources
could materially enhance the sustainability profile of dehydrated food production, making it
attractive in circular and low-carbon food system strategies.
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Figure 2. Continuous Refractance Window Drying System (Kumar et al., 2024)
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Regulatory, Safety and Packaging Considerations

Regulatory compliance for RWD facilities aligns with standard food safety frameworks,
including good manufacturing practice, HACCP principles and packaging standards. Because
RWD operates in a partially closed and controlled environment, the risk of environmental
contamination is lower than with open sun drying, but hygiene management remains
essential. Film materials must be food-grade and approved for contact, and post-drying
handling must prevent moisture uptake and oxidative losses. Effective packaging for RWD
powders and flakes typically involves moisture-barrier materials and oxygen scavengers
where antioxidant preservation is critical; appropriate headspace control and desiccants may
be used for long-term stability. Shelf-life studies indicate RWD products exhibit extended
stability when stored under controlled low-moisture, low-oxygen conditions, although final
shelf life is dependent on initial water activity, packaging and storage conditions.

Limitations and Areas for Ongoing Research

Despite its advantages, RWD faces constraints that merit technical and commercial attention.
Film durability and replacement frequency influence operating expense and downtime.
Process standardization and performance benchmarking are still developing, requiring further
peer-reviewed studies across a broader range of products and industrial scales. Scale-up
presents engineering challenges related to maintaining uniform layer thickness, heat
distribution across wider belts, and product removal mechanics. Additional research into
carrier systems, pre-treatments, rheological modifiers and combined drying sequences could
expand the range of products amenable to RWD. Moreover, the economic viability of RWD
for commodity-level low-margin products is still a subject of analysis, though its clear value
proposition is stronger for high-value, functional and specialty ingredients.

Emerging Innovations and Future Prospects

Research interest is converging on integrating RWD with renewable heating methods,
process sensing, and automation. Solar thermal heating has been demonstrated in
experimental setups to provide sufficient and stable heat for RWD, suggesting avenues for
decentralised, low-carbon processing in regions with strong solar insolation. Sensor
integration, including real-time moisture profiling and infrared thermometry, can further
optimize drying endpoints, reduce energy consumption and improve reproducibility.
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Advances in materials science may produce more durable and thermally efficient films that
extend operating life and reduce maintenance. As equipment costs decline and design
standardization progresses, broader industrial adoption is likely, particularly in sectors where
product quality and clean-label credentials justify premium pricing.

Conclusion

Refractance Window Drying represents a compelling advance in food dehydration, marrying
rapid moisture removal with thermal moderation that preserves the quality and functionality
of sensitive materials. By positioning itself between conventional convective approaches and
high-cost freeze drying, RWD provides an accessible route to high-quality powders, flakes
and extracts without incurring prohibitive energy or capital expenditures. Continued technical
refinement, renewable energy integration and rigorous scale-up studies will be critical for
wider adoption. Given current evidence on nutritional and sensory retention, energy
efficiency and flexibility for viscous and particulate systems, RWD is well placed to play a
meaningful role in the future of sustainable, high-quality food processing.
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