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Large amounts of plant-based waste are generated by the food industry. Their bioconversion into valuable products (e.g., insect flours or biofertilizer) through insect farming is a promising solution to reduce their negative environmental and economic impacts. Insect rearing represents an innovative and scalable system for producing alternative proteins for food and feed applications, while simultaneously integrating the valorisation of waste streams and by-products from local agri-food supply chains. This study evaluated a rearing system insect with Tenebrio molitor larvae (TML) were growth using both a conventional wheat bran-based diet and alternative diets formulated with agri-food by-products, including brewer’s spent grains (BSG), cocoa bean shells (CBS) and banana peels (BP). The adopted approach demonstrates the feasibility of using waste-derived matrices as productive inputs, contributing to waste reduction and the closure of material cycles.
The results demonstrated that the use of agrifood by-products as a substitute for the conventional feed can reduce the cost in a rearing insect and of final products in a bioeconomy perspective, contributed to environmental sustainability, reduced food production cost and increases the resources use, in the perspective of the circular economy

1. Introduction
The rise in the global population leads to increased demand for food, especially animal proteins. The current food system, primarily built on intensive cattle, pig, and poultry farming, is unsustainable over the long term because of its significant environmental effects: excessive water and soil use, high greenhouse gas emissions, pollution, and deforestation (Espinosa-Marron et al., 2022). 
Due to the increase in the world population, it is becoming increasingly urgent to produce food in larger quantities and in a more sustainable way to reduce the gap between supply and demand. In a circular bioeconomy perspective, insects receive great attention as a sustainable alternative to meet food and nutritional needs. Current average meat consumption in Europe exceeds 65 kg per capita per year (ourworldindata.org/grapher/per-capita-meat-eu28), with significant contributions from beef, pork, and poultry. This trend is associated with critical sustainability challenges, including high greenhouse gas emissions, extensive land occupation, biodiversity loss, freshwater depletion, and vulnerability to market volatility and feed-resource competition. In parallel, the consumption of protein-rich flours from plant sources (e.g. wheat, soy, pea, and lupin flours) has increased markedly, driven by the expansion of plant-based foods and flexitarian diets. While plant protein flours generally exhibit lower environmental footprints than animal proteins, their large-scale adoption raises concerns related to monoculture practices, land-use change, dependence on imported raw materials (particularly soy), and variable protein quality and digestibility (Hertzler et al., 2020). Within this context, insect-derived protein flours have emerged as a promising complementary solution, offering high nutritional density, elevated edible fractions, and favourable environmental and economic performance. Edible insects are a highly diverse and nutritionally rich source of macronutrients and micronutrients, receiving increasing attention as a sustainable alternative source of protein for food and feed (Ordonez-Araque and Egas‑Montenegro, 2021) with high production efficiency, lower environmental impact, high nutritional value, and less waste.

Table 1. Environmental, compositional and processing indicators per kg of edible protein (FAO, Poore and Nemecek, 2018, Halloran et al., 2017, Smetana et al., 2019, and van Huis et al.2020.)
	
	GHG emissions
(kg CO₂-eq/kg protein)
	Water use (m3/kg protein)
	Land use (m²·year/kg protein)
	Edible fraction (%)
	Protein content (g/100 g edible fraction)

	Beef (cattle)
	250–350
	100–150
	200–300
	~40
	26

	Pork
	55–75
	40–60
	50–70
	~55
	27

	Poultry
	35–50
	30–45
	35–50
	~70
	23

	Rabbit
	40–60
	35–50
	40–60
	55–60
	21

	Wheat flour
	5–15
	3–5
	5–10
	~100
	10–13

	Soy flour
	10–25
	4–8
	10–20
	~100
	45–50

	Pea flour
	5–10
	3–6
	6–12
	~100
	22–25

	Lupin flour
	5–12
	2.5–5
	6–10
	~100
	35–40

	Insect flour
	10–30
	4–10
	15–30
	80–90
	50–65



In table 1 are highlighted substantial differences among protein sources when environmental impacts, edible fraction, and protein density are jointly considered. Beef shows the highest greenhouse gas emissions, land occupation, and water demand per kilogram of edible protein, largely due to its low edible fraction and inefficient biomass conversion. Pork, poultry, and rabbit meats exhibit progressively improved performance, reflecting higher edible yields and better feed conversion ratios, although they remain constrained by anatomical waste fractions.
Plant-based protein flours benefit from complete edibility and relatively low environmental impacts; however, their lower protein density (particularly for both wheat and pea flours) requires larger quantities of raw material to deliver equivalent protein levels. Soy and lupin flours represent more protein-dense plant options but are associated with land-use and sourcing concerns, especially in regions dependent on imports.
Insect flours uniquely combine high edible fraction with exceptional protein density, resulting in low environmental burdens per functional unit and competitive production costs. This combination positions insect-derived proteins as a strategic bridge between animal and plant protein systems, capable of mitigating sustainability pressures while maintaining high nutritional efficiency. In the framework of the European Green Deal and the Circular Economy Action Plan, this paper evaluates the transition from conventional waste management to advanced resource recovery for three high-potential side-streams as banana peels (BP), brewer’s spent grain (BSG), and cocoa bean shells (CBS). 

2. MATERIAL AND METHODS 
2.1 Tenebrio molitor rearing
Insect farming was conducted at ENEA Trisaia Research Centre in Rotondella (MT, Italy). Tenebrio molitor larvae (TML) fed both on a standard diet based on wheat bran (control) and on alternative diets derived from agri-food by-products (such as spent brewer's grains, banana peel and cocoa bean shell) for 4-week period. To ensure the proper water intake, prickly pear cladodes (Opuntia ficus indica, OFI) was supplied is supplied twice a week. During an initial period of around 6 weeks (45 days), all larvae were fed with the control diet consisting of wheat bran.
TML about 2 months old, were all raised on a standard diet consisting of wheat bran and animal feed yeast (95% and 5%, respectively) and simultaneously, they were raised on alternative diets derived from agri-food by-products BSG, BP and CBS. All substrates were provided dried, homogenized by a grinder and provided ad libitum 
Effects of dietary supplementation with agrifood by-products on mealworms, including aspects such as their survival, growth, feed conversion, and nutrient composition were evaluated. The tests were conducted in a controlled chamber room under standard temperature conditions (27±1°C), humidity (65±5%) and darkness. Various diets formulated to be isoproteic to standard diet were followed with different percentages of the various substrates, considering the different protein content of the matrices. The experimental trials were conducted in duplicate (n = 2), and the results obtained from the two replicates were highly consistent and largely overlapping.

2.2 Chemical characterization
The analytical procedures applied to the matrices enabled the determination of moisture and ash content, protein, total carbohydrates and total lipids (Table 2). Moisture content was determined according to ISO 712 by drying the samples in a ventilated oven at 105 °C for at least 2 h until constant weight was achieved. Ash content was assessed following UNI EN ISO 2171 by incineration of the samples in a muffle furnace at 550 °C for a minimum of 4 h.
Prior to protein determination, samples were finely ground using a Retsch PM 200 ball mill for 1 h at 650 rpm and subsequently sieved to obtain a particle size below 0.5 mm. Protein content was measured by the Kjeldahl method in accordance with UNI EN ISO 20483:2014, using 0.5–1 g of sample, and calculated by applying a nitrogen-to-protein conversion factor of 6.25.
Total carbohydrate content was quantified using the phenol–sulphuric acid method, based on a colorimetric reaction measured spectrophotometrically. Calibration curves were constructed with D(+)-glucose standard solutions at concentrations of 20, 40, 60, 80, 100, and 150 mg L⁻¹, and absorbance values were recorded at 485 nm for both standards and samples.

Table 2. Chemical characterization of feed used (control and industrial side-strems)
	
	Proteins
 (wt. %)
	Carbohydrate 
(wt. %)
	Lipids 
(wt. %)
	Humidity
 (wt. %)
	Ash (wt. %)

	wheat bran (WB)
	15.0
	n.a.
	n.a.
	n.a.
	n.a.

	Zootechnical yeast (ZY)
	46.0
	n.a.
	n.a.
	n.a.
	n.a.

	BP
	6.8
	9.5
	n.a.
	15.1
	21.1

	BSG
	18.0
	9.7
	n.a.
	6.6
	5.2

	CS
	18.0
	9.6
	n.a.
	7.8
	12.2



2.3 Experimental setup
TML approximately two months old, were used in the trial. The larvae were fed with four different diets: a conventional wheat bran (WB) diet used as control, and three experimental diets in which the main component consisted of BP, BSG, or CBS. 
All diets were supplemented with different amounts of zootechnical grade yeast (ZY) to ensure an adequate protein supply. The detailed composition of each diet is reported in Table 3.

Table 3. The composition in percentage for the different diets is reported. WB: wheat bran, ZY: zootechnical yeast; BP: banana peel; BSG: brewer’s spent grain; CS: cocoa shell. 
	Diet
	Components (%)

	
	WB
	ZY
	Banana 
	Brewer’s 
	Cocoa 

	Control diet
	95.0
	5.0
	-
	-
	-

	Diet 1-BP
	18.1
	17.5
	51.6
	12.9
	-

	Diet 2-BSG
	16.7
	3.3
	16.7
	63.2
	-

	Diet 3-CBS
	16.7
	3.3
	16.7
	-
	63.2



WB and ZY were purchased dried from the market while dried CBS and fresh BSG were kindly provided by local agro-industrial companies. BP was collected fresh from the local cafeteria. BSG was dried in a oven at 60°C for 24 hours, while BP were freeze-dried for 24 hours. After drying, all diet components were finely ground to ensure homogeneity before being administered to the larvae. TML growth was conducted in a controlled chamber room under standard temperature conditions (27±1°C), humidity (65±5%) and darkness. The experiment lasted 28 days and at the end of the experiment growth performances such as the weight increase, the feed intake and feed residual were evaluated. Then TML are starved for 48h for empty the gut and a boiling procedure in water at 100°C for 3’ is performed. Finally, the larvae are dried in the oven at 60° for 24h and grinded to meal (Figure 1).

Figure 1. Flow chart diagram of TML step from feed supply to harvesting.Feed supply
Rearing using a climatic chamber in the darkness at constant temperature (28.0 ± 0.1 °C) and humidity (60 ± 5%)
TML are starved for 48h to empty their gut. Then are washed and boiled in water at 100°C for 3 min. Successively, larvae are dried at 60°C for 24h. Finally, larvae are grinded
 28 days

BP

CBS
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2.4 Feed Conversion Ratio (FCR) Determination
The FCR is a fundamental parameter for evaluating both the biological efficiency and the economic performance of insect-rearing systems. It expresses the quantity of feed required to produce a given increase in body mass and therefore provides an indication of how effectively insects transform dietary inputs into harvestable biomass. Lower FCR values reflect greater conversion efficiency, whereas higher values indicate that larger amounts of feed are necessary to achieve comparable growth.
Assessment of FCR enables comparison among dietary treatments and rearing strategies, supporting the identification of formulations that minimise feed losses while maximising weight gain. Because feed inputs represent a major component of production costs, this index is also closely linked to economic outcomes: improved feed efficiency translates directly into reduced feed requirements per unit of biomass produced and, consequently, into lower overall production costs and environmental impacts.
FCR was calculated as the ratio between the total amount of feed consumed (FD, fed diet) and the corresponding weight gain (WG), expressed using the same units in order to generate a dimensionless indicator that can be readily compared across experimental conditions, production systems, or farms.

2.5 Economic evaluation for Tenebrio growth processes
Langström et al. (2023) reported that a minimum selling price of about 4.3 k€ t⁻¹ is required to ensure net profitability, and that feed costs account for roughly 20% of total production expenses. On this basis, the revenue attributable to larval biomass excluding feed costs can be estimated at approximately 3.44 k€ t⁻¹ that represents the baseline for cost production for each diet (BC).
Based on the average costs of agro-industrial by-products, an economic evaluation was carried out by adding the feed cost—calculated according to the feed conversion ratios (FCR) obtained for each diet to the agro-industrial waste cost (AWC) for each diet production cost, as reported below:




3. RESULTS AND DISCUSSION
Wheat bran is conventionally used as a substrate for Tenebrio molitor larvae because of its balanced nutrient profile and high digestibility; however, it represents one of the most expensive components of mealworm diets, with prices ranging from approximately €200 to €300 per tonne (Rumbos et al., 2021, Langston et al, 2023). In contrast, banana peels, when sourced as agro-industrial waste streams, generally incur negligible costs, typically between zero and €50 t⁻¹ (Mohamed et al, 2023), whereas brewer’s spent grain (BSG) is commonly available at €35–50 t⁻¹ in many markets due to chronic oversupply and low disposal value. Cocoa by-products such as cocoa bean shell are moderately priced, usually ranging between €100 and €200 t⁻¹.
According to Niyonsaba et al. (2023), the average production cost of TM reared on wheat bran is approximately 14.2 k€ t⁻¹ of fresh larvae.
Based on the compositional results obtained in the present study, together with the market prices of the different substrates and the experimentally determined feed conversion ratios (FCR) for T. molitor, production costs were estimated for each dietary treatment, as reported below.
Table 4. Tenebrio molitor cost production for diet
	Substrate
	FCR
	keuro/tonne

	Diet 1-BSG
	1.00
	3,48

	Diet 2-CBS
	0.90
	3,57

	Diet 3-BP
	1.19
	3,49



The commercial production of Tenebrio molitor is commonly benchmarked against conventional feeding regimes composed of approximately 95% wheat bran and 5% zootechnical yeast, which provide reliable growth performance and predictable yields. Recent techno-economic analyses indicate that, under such conventional systems, a selling price of around 4.3 k€ € t⁻¹ of fresh larvae is required to ensure net profitability, while the production cost excluding feed components is close to 3.4 k€ t⁻¹. This reference framework offers a useful basis for assessing the economic potential of alternative substrates derived from agro-industrial by-products.
When the three experimental diets—brewer’s spent grain (Diet 1-BSG), cocoa bean shell (Diet 2-CBS), and banana peels (Diet 3-BP)—are considered, estimated production costs range narrowly between 3.48 and 3.57 k€ t⁻¹, with associated FCR spanning from 0.90 to 1.19. These figures remain closely aligned with the conventional benchmark, suggesting that partial substitution of wheat bran with low-value residues does not substantially undermine economic feasibility at the assumed scale of production.
Diet 1-BSG, characterized by an FCR of 1.00 and a production cost of 3.48 k€ t⁻¹, appears particularly promising from a market perspective. Its near-equivalence to the wheat-bran reference in both biological and economic terms, combined with the typically low market price and wide availability of brewer’s spent grain, supports its potential for industrial adoption—especially in regions with dense brewing activity and short supply chains.
Diet 2-CBS displayed the most favorable biological performance, achieving the lowest FCR (0.90), yet it resulted in the highest estimated production cost (3.57 k€ t⁻¹). This outcome highlights a key economic trade-off: gains in feed efficiency do not necessarily translate into lower production costs when substrate procurement remains relatively expensive. Nevertheless, CBS-based diets could be attractive in cocoa-processing clusters where by-products are locally abundant and disposal costs can be internalized within circular-economy supply chains.
In contrast, Diet 3-BP produced the least efficient conversion of feed into biomass (FCR 1.19) but still achieved a production cost (3.49k€ t⁻¹) comparable to that of the BSG-based formulation. This reflects the extremely low market value of banana peels and underscores the strategic role of very inexpensive residues in offsetting inferior biological performance. In tropical regions or areas with extensive fruit-processing industries, such substrates could therefore contribute to cost containment, provided that challenges related to moisture content, seasonal availability, and storage stability are effectively managed.
Overall, comparison with the conventional wheat-bran/yeast system indicates that agro-industrial by-products can sustain production costs compatible with current market selling prices for T. molitor larvae. Although the present scenarios do not yet demonstrate a dramatic reduction in absolute production costs, their integration into industrial feeding strategies could enhance resilience to cereal-price volatility, strengthen sustainability credentials, and support branding opportunities linked to waste valorisation—factors that are increasingly influential in feed markets.
In the medium to long term, the combination of low-cost substrates, improved FCR through diet optimization, and process intensification via automation and scale-up is expected to be critical for narrowing the price gap between insect-derived proteins and conventional feed ingredients such as soybean meal and fishmeal. Within this context, the valorisation of agro-industrial residues emerges as a central pillar for the economic sustainability and market expansion of T. molitor production (López‑Gámez et al., 2024).

4. CONCLUSIONS 
This study demonstrates that agro-industrial by-products such as brewer’s spent grain, cocoa shells, and banana peels can be effectively valorised as feed substrates for Tenebrio molitor larvae, supporting productive insect rearing within a circular-bioeconomy framework. By integrating chemical characterisation of feed matrices, controlled rearing trials, feed conversion ratio analysis, and preliminary techno-economic assessment, the work provides a comprehensive evaluation of the technical feasibility and market relevance of replacing conventional wheat-bran-based diets with low-value side streams. The results confirm that these residues, when properly formulated and supplemented with yeast to achieve isoproteic diets, can sustain larval growth and biomass production comparable to conventional systems while contributing to waste reduction and resource efficiency.
Among the alternative substrates investigated, brewer’s spent grain emerged as particularly promising due to its combination of favorable nutritional composition, widespread availability, and low procurement cost, yielding production costs closely aligned with the wheat-bran benchmark. Cocoa shells resulted in the most efficient biological performance in terms of FCR, highlighting their nutritional potential, although their higher market price partially offset this advantage from an economic standpoint. Banana peels, despite producing higher FCR values, maintained competitive production costs owing to their negligible raw-material value, emphasising the strategic importance of ultra-low-cost residues in buffering feed inefficiencies. These contrasting outcomes underline a key conclusion of the study: optimisation of insect farming systems must simultaneously consider biological performance and substrate economics, as improvements in growth efficiency alone do not necessarily translate into lower overall production costs.
From a broader sustainability perspective, the adoption of agro-industrial by-products as insect feed aligns strongly with European policy objectives on waste reduction, resource recovery, and greenhouse-gas mitigation. The high edible fraction and protein density of insect biomass, combined with the capacity to upcycle organic side streams, position T. molitor as a strategic component of future protein systems bridging plant- and animal-based supply chains. The use of locally sourced residues and alternative moisture inputs such as Opuntia ficus-indica cladodes further strengthens the environmental profile of the production system by reducing transport requirements and dependence on conventional feed crops.
Economically, the estimated production costs obtained in this study fall within the range required for commercial viability reported in the literature, suggesting that circular feeding strategies can be integrated into industrial mealworm farming without jeopardising profitability. Although the present scenarios do not yet indicate a dramatic reduction in absolute production costs, they reveal clear opportunities for increasing resilience to cereal-price volatility and enhancing market positioning through sustainability-driven value propositions. In the medium to long term, the combination of low-cost by-product sourcing, diet optimisation to improve FCR, and process intensification through automation and scale-up is expected to be crucial for narrowing the price gap between insect-derived proteins and conventional feed ingredients such as soybean meal and fishmeal.
Overall, this work supports the role of T. molitor farming as a viable platform for the valorisation of agricultural residues and for the development of more sustainable protein supply chains. Future research should focus on long-term rearing trials, assessment of variability in waste-stream composition, life-cycle-assessment-based comparisons with conventional feeds, and large-scale techno-economic modelling to quantify the full industrial potential of these circular systems. Such integrated analyses will be essential for guiding policy, investment, and deployment of insect-based bioconversion technologies in emerging sustainable food and feed markets.
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