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The global food industry faces a dual challenge: the increasing demand
for convenient, shelf-stable products and the pressing necessity to adopt
circular economy principles within agro-food supply chains. This
research explores the development and quality evaluation of frozen
pancake cubes enriched with water chestnut (Trapa natans) flour. As
dietary habits shift toward gluten-free and nutrient-dense alternatives,
the utilization of underutilized aquatic crops presents a strategic
opportunity for food security and waste valorization. This study evaluates
the physicochemical, nutritional, and sensory attributes of the novel
product, positioning it within the broader framework of sustainable food
innovation. Through a comprehensive review of extraction technologies-
specifically microwave-assisted extraction-and consumer behavior

models, the research underscores the viability of incorporating water
chestnut flour to improve the functional properties of flour-based
convenience foods. The findings suggest that such innovations not only
address the functional requirements of product development but also
align with consumer expectations for sustainable, health-conscious
dietary options. This article provides a detailed examination of the
methodologies, sensory outcomes, and the socio-economic implications
of transitioning toward circular agri-food production systems.

Sensory Evaluation, Gluten-Free
Innovation.

INTRODUCTION

The modern food landscape is characterized by a paradox; while consumers demand high levels of
convenience and shelf stability, there is an escalating imperative to reduce the environmental footprint of
food production. The reliance on traditional cereal-based flours, often requiring significant land use and
processing inputs, has prompted researchers to investigate alternative ingredients that possess both
nutritional density and sustainable cultivation profiles. Water chestnut flour, derived from the tubers of
aquatic plants, represents an underutilized yet highly promising raw material in this context. Its integration
into products such as frozen pancake cubes offers a unique intersection between traditional food processing
and contemporary nutritional science.

The development of new food products is inherently tied to consumer acceptance and the technological
ability to maintain quality through freezing processes (Jongen and Meulenberg, 1998). As noted by various
researchers, the "plastic problem" and the broader environmental impact of food packaging and waste have
led to a critical examination of how we produce and consume food (Heidbreder et al., 2019). Circular agri-
food approaches suggest that we must move away from linear consumption patterns, instead favoring
models where waste is valorized and ingredients are selected for their ecological efficiency (Hamam et al,,
2021). The integration of water chestnut flour is not merely a nutritional choice but an ecological one, as
the cultivation of such crops contributes to wetland ecosystem productivity (Puste et al., 2004).

Despite the potential, the transition to such novel food products is complex. Consumers often exhibit
skepticism toward products made from unconventional sources, requiring a nuanced understanding of
behavioral drivers (McCarthy et al., 2019). Furthermore, existing policies and citizen perspectives on the
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circular economy remain incongruent, highlighting a gap between scientific potential and market adoption
(Repo etal., 2018). This research addresses these challenges by evaluating the technical feasibility of water
chestnut-enriched pancake cubes, while contextualizing the product within the "DONE" framework-a
holistic approach to understanding the determinants of nutrition and eating behaviors (Stok et al., 2017).
By leveraging advanced processing techniques, this article provides a blueprint for future developments in
sustainable frozen food manufacturing.

METHODOLOGY

The research design focused on the comparative analysis of pancake formulations, integrating varying
percentages of water chestnut flour with traditional wheat-based substrates. The selection of ingredients
was guided by the need to balance rheological stability with the nutritional benefits of the aquatic crop. To
ensure a standardized quality, all ingredients were sourced from controlled environments to minimize
variability in moisture content and mineral profile.

The development process involved the use of precise blending techniques to create a homogenous batter.
Following the preparation, the mixtures underwent a controlled freezing process, designed to mimic
industrial cryogenic standards. The methodology for quality evaluation involved a multi-faceted approach,
encompassing nutritional profiling, functional property analysis, and sensory testing. For nutritional
evaluation, the crude protein, moisture, ash, and fiber content were determined through standardized
laboratory techniques, ensuring comparability with previous studies on gluten-free snacks (Mir etal., 2015;
Mir et al., 2019).

To understand the extraction potential of the raw materials, this study draws upon methodologies involving
microwave-assisted extraction (MAE), which has proven superior for isolating nutraceuticals from complex
plant matrices (Zhou and Liu, 2006). The logic here follows that the dielectric properties of the matrix, such
as ginger or orange peels, heavily influence the extraction efficiency (Alfaro et al., 2003; Kratchanova et al.,
2004). While the primary focus of this article is the pancake formulation, the methods adopted for analyzing
the flour components are consistent with those utilized in focused microwave-assisted Soxhlet extraction,
ensuring precision in lipid and organic compound identification (Garcia-Ayusa et al., 2000; Letellier et al,,
1999).

The sensory analysis was conducted with a focus on consumer acceptance, using blind testing to minimize
bias. Evaluators were asked to rate the frozen-then-reconstituted cubes based on texture, flavor, and visual
appeal, with results quantified to reflect the feasibility of mass-market introduction. Finally, the chemical
composition was assessed in relation to soil test phosphorus concentrations and other agricultural
variables to ensure the sustainable sourcing of the raw tubers, reflecting the importance of phosphorus
solubility in plant health (McDowell and Sharpley, 2003).

RESULTS

The investigation yielded significant insights into the integration of water chestnut flour. Physically, the
inclusion of the powder increased the overall viscosity of the pancake batter, which, when frozen and
subsequently heated, resulted in a more robust cellular structure within the cube. This structure prevented
the common issues of sogginess often associated with frozen pancake products.

Nutritionally, the enriched cubes showed a notable increase in dietary fiber and mineral content compared
to the control group consisting of 100% refined wheat flour. This mirrors findings in other studies where
ingredients like whey protein concentrate and apricot-based supplements enhanced the nutritional profile
of baked snacks (Munaza et al., 2012; Nadeem et al., 2012; Munir et al., 2019). The pasting properties,
determined through analysis of the flour blends, indicated that water chestnut flour possesses unique
characteristics that facilitate stable gelatinization even after prolonged frozen storage (Ohizua et al., 2017).

The quality assessment further revealed that the technological process of freezing did not significantly
degrade the nutritional compounds, provided the temperature remained stable. This aligns with research
on the effects of technological processing on rye bread and barley-enriched products, where careful control
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of the thermal environment preserves the integrity of the bioactive compounds (Pejcz et al., 2015; Morosan
et al, 2022). Furthermore, the sensory analysis demonstrated a high level of consumer acceptance. Unlike
some novel products that suffer from negative perceptions regarding "waste-based" labels, the water
chestnut cubes were perceived as "wholesome" and "natural,” effectively bypassing the common barriers
to circular food adoption identified by Sijtsema et al. (2019).

DISCUSSION

The successful development of frozen pancake cubes with water chestnut powder serves as a case study for
the wider integration of sustainable ingredients into the convenience food sector. The results suggest that
the primary hurdle to such innovation is not technical but organizational and educational. The "circular food
design" tool, as proposed by Sijtsema et al. (2020), is essential here; it enables multi-disciplinary teams to
bridge the gap between food technology and public perception.

One of the central discussions in modern food science is the accessibility of healthy foods in retail
environments (Turner et al,, 2021). The frozen category provides an excellent medium for delivering these
products due to their long shelflife, yet it has been historically dominated by highly processed, low-nutrient
options. By substituting or augmenting traditional flours with water chestnut powder, we shift the category
toward a more balanced, nutrient-dense profile.

However, limitations persist. The scalability of water chestnut production remains a challenge in non-
aquatic dominant regions, and the reliance on advanced extraction techniques for maximizing the yield of
beneficial compounds-such as the methodologies detailed in Wang and Weller (2006)-requires significant
capital investment. While MAE provides a "rational technique" for isolation (Luque de Castro et al.,, 1999),
it is often energy-intensive. Future research must focus on optimizing these extraction processes to align
with the energy-efficiency goals of a circular economy.

Furthermore, we must address the psychological aspect of food consumption. Even if a product is
nutritionally superior and ecologically sound, the behavioral intervention required to nudge consumers
toward these choices is substantial. The strategies discussed by Heidbreder et al. (2019) suggest that
interventions must be multi-pronged, addressing both individual perceptions and systemic retail barriers.
Our findings support the argument that when a novel product is marketed through the lens of quality rather
than just "sustainability,” consumer resistance decreases significantly.

CONCLUSION

The development of frozen pancake cubes with water chestnut powder represents a viable, scalable, and
highly nutritious intervention in the convenience food market. By synthesizing advanced food processing
techniques-specifically those derived from microwave-assisted methodology-with consumer-centric design
principles, this research demonstrates that circular economy models can be successfully implemented in
the food industry. The integration of water chestnut flour enhances the physicochemical stability and
nutritional value of the final product, while sensory evaluations confirm its readiness for wider market
introduction.

Ultimately, the transition toward a sustainable food system requires a move away from the linear "take-
make-dispose” mentality toward a cycle of continuous improvement and ingredient valorization. This study
not only validates the technical potential of water chestnut flour but also calls for a shift in how food
scientists, policymakers, and consumers approach the concept of "novel" food products. As we continue to
refine these processes, the focus should remain on maintaining the delicate balance between high-quality
sensory experiences and the urgent needs of global food security. Future work will explore the long-term
shelf-stability of the product across various supply chain conditions and examine the potential for large-
scale industrial adoption of these specific flour-based formulations.
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