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Abstract

Agricultural and agri-food systems generate substantial side-streams containing
carbohydrates, proteins, lipids, minerals, fibre, and other valuable components that often
remain underutilised or discarded. The yellow mealworm, Tenebrio molitor, offers an
opportunity to convert selected side-streams into insect biomass and nutrient-rich frass,
thereby linking resource recovery with food, feed, and crop production. This narrative
review synthesises a practical circular sequence in which side-streams are characterised and
screened for safety, formulated as mealworm substrates, converted into insect biomass and
frass, processed into food or feed products, and returned to agriculture through frass-based
soil and crop applications. The review examines how nutrient balance, moisture, fibre,
digestibility, palatability, inclusion level, and contaminants influence larval performance,
biomass quality, and product safety. It further evaluates mealworm-derived products and
the effects of frass on soil nutrient availability, microbial activity, and crop performance.
The central contribution is a connected side-stream-to-crop framework showing how
mealworm biomass and frass can be managed as complementary outputs within one circular
agricultural pathway. Evidence from Africa, including Kenya, remains limited, highlighting
the need for locally validated substrates, safety standards, field evaluation of frass, whole-
chain economic assessment, and enabling markets.
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INTRODUCTION
Background

Sustainable food and agricultural systems must increase productivity and improve resource-
use efficiency while conserving natural resources, supporting livelihoods, and strengthening
resilience to climate change and market volatility (FAO, 2014). Crop production, food
processing, and agro-industrial activities generate substantial quantities of side-streams
containing potentially valuable constituents, including carbohydrates, proteins, lipids,
minerals, fibre, cell-wall materials, and bioactive compounds. Although some of these
materials are used as livestock feed, compost, bioenergy substrates, or soil amendments, many
remain underutilised, poorly managed, or discarded. Their further valorisation is often
constrained by seasonal availability, susceptibility to microbial deterioration, and limited
industrial utilisation, resulting in the loss of valuable nutrients and other useful compounds
(Schieber, 2017). The challenge is therefore not merely to minimise agricultural waste, but to
develop safe, practical, and economically viable strategies that convert underutilised
agricultural side-streams into valuable products and resources.

Circular agriculture promotes the recovery and continued use of biomass, nutrients, and other
resources within interconnected production systems (Pena et al., 2026). Outputs from crop
production, food processing, and biological conversion can become inputs for other agricultural
activities, although implementation depends on technical capacity, resource availability, and
economic feasibility (Madau et al., 2020; Selvan et al., 2023). Insects have attracted increasing
attention within these systems because selected species can act as bioconverters, transforming
suitable organic by-products into insect biomass that may be used for food and feed. However,
bioconversion performance depends on insect species and substrate composition; therefore,
insect-based conversion should not be regarded as a universal solution for agricultural residues
(van Broekhoven et al., 2015; van Huis, 2020).

The yellow mealworm, Tenebrio molitor L. (Coleoptera: Tenebrionidae), is one of the most
relevant insects bioconverter species because its larvae can utilise selected agricultural and
agri-food side-streams to produce biomass for food and animal-feed value chains, while
simultaneously generating nutrient-rich frass for potential use as a soil amendment (Debache,
2026; van Huis, 2020). Potential substrates include selected cereal, brewing, baking, potato-
processing, and other agro-industrial by-products. However, their suitability cannot be
determined solely by availability or classification as agricultural waste. Substrate composition
and formulation influence larval development, survival, feed conversion, and biomass
composition; therefore, candidate materials should be evaluated under defined rearing
conditions (Oonincx et al., 2015; van Broekhoven et al., 2015; Musembi et al., 2024).

Mealworm production can therefore generate two complementary outputs: larval biomass for
food and feed applications and frass for agricultural nutrient recovery. Under controlled
experimental conditions, mealworm frass has supported barley growth and nutrient uptake and
stimulated soil microbial activity, demonstrating its potential beyond larval biomass production
(Houben et al., 2020). Nevertheless, frass responses depend on application rate, soil
characteristics, environmental conditions, and crop species. Controlled experiments should
therefore be complemented by comparisons with appropriate soil amendments or fertiliser
treatments before frass is considered for field-scale application (Houben et al., 2020;
Zunzunegui et al., 2024; Baldacchino & Lamaj, 2025).
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These considerations are particularly important in Africa, especially East Africa, where cereal,
potato, horticultural, and food-processing value chains generate diverse agricultural side-
streams that could serve as substrates for insect production. Insect farming offers opportunities
to connect suitable organic side-streams with food and feed production, nutrient recovery, and
additional uses for residual materials. Realising these opportunities requires attention to
production technologies, processing, markets, regulation, and economically viable value chains
(Madau et al., 2020; Tanga et al., 2021). However, their extent will depend on local substrate
availability, appropriate production practices, product safety, the agronomic value of frass, and
the economic viability of resulting products. A comprehensive assessment should therefore
reat substrate formulation, larval biomass production, food and feed applications, residual
frass, and agricultural resource recovery as interconnected components of one circular
production system.

Rationale, Scope and Review Question

Research on 7. molitor spans production biology, alternative rearing substrates, nutritional
composition, food and feed applications, product safety, processing, and frass utilisation.
However, these areas are often considered separately, limiting an integrated understanding of
the connections among substrate inputs, insect biomass, food and feed products, and
agricultural nutrient recovery (van Huis, 2020; Zunzunegui et al., 2024).

This narrative review examines these connections by synthesising evidence on production
biology, agricultural and agri-food side-stream utilisation, substrate formulation, larval
biomass composition, food and feed applications, safety, processing and storage, and frass
utilisation in soil management and crop production. It also considers economics,
commercialisation, and African perspectives, with particular attention to Kenya and East
Africa. Stored-product pest biology and pest management fall outside the review’s scope. The
guiding question is: To what extent can 7. molitor production using agricultural and agri-food
side-streams provide an integrated pathway linking insect biomass production, food and feed
manufacture, frass nutrient recovery, and crop production within circular agricultural systems?

Literature Search and Information Sources

A narrative review approach was adopted because published studies differ substantially in
substrate composition, feed formulation, insect stage, stocking density, environmental
conditions, processing methods and outcome measures. Narrative synthesis is therefore
appropriate for integrating evidence from biological, nutritional, technological, agronomic and
socioeconomic studies (van Huis, 2020; Zunzunegui et al., 2024).

Literature was identified through scholarly databases, publisher platforms and reference lists
using combinations of Tenebrio molitor, yellow mealworm, mealworm production, alternative
substrates, agricultural by-products, agri-food side-streams, food waste, food, feed, safety,
processing, storage, frass, soil, plant growth, crop production, circular bioeconomy, consumer
acceptance, commercialisation, Africa, Kenya and East Africa.

The search emphasised literature from 2016-2026 while retaining earlier seminal studies on
mealworm production, nutrition, feed conversion, food safety and processing. Peer-reviewed
articles, reviews, books and chapters, and selected authoritative institutional or regulatory
sources were considered.
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METHODOLOGY
Eligibility Criteria

Studies were considered eligible if they addressed Tenebrio molitor production, agricultural
and agri-food side-stream utilisation, nutritional composition, food and feed applications,
safety, processing and storage, frass, soil properties, crop performance, economics, consumer
acceptance, commercialisation, or African production systems. Eligible sources included
original experimental and observational studies, field and controlled-environment trials, and
relevant review articles. Books, book chapters, and authoritative institutional or regulatory
publications were also considered where they provided relevant scientific or regulatory
information.

Only English-language publications were included. Studies from all geographical regions were
considered, with particular attention to Africa, East Africa, and Kenya. The review emphasised
publications from 2016 to 2026 while retaining earlier seminal studies on mealworm
production, nutrition, safety, and processing. Studies concerned primarily with stored-product
pest biology or pest management were excluded.

Substrate Relevance and Classification

Studies investigating agricultural and agri-food side-streams, including cereal and milling
residues, potato-processing waste, fruit and vegetable residues, brewery by-products, and other
agro-industrial materials were prioritised. Studies using conventional feed ingredients or non-
agricultural substrates were considered when they provided relevant comparative evidence on
mealworm growth, nutritional composition, safety, or substrate suitability.

Mixed waste streams were included when their composition and relevance to agricultural side-
stream utilisation could be established. Findings from poorly characterised or predominantly
non-agricultural waste mixtures were not used to draw conclusions specifically about
agricultural side-streams. This distinction prevented outcomes from being attributed to
agricultural residues without sufficient supporting evidence.

Thematic Synthesis

Evidence was synthesised through thematic analysis, involving iterative reading and coding of
the included publications according to their objectives, methods, and reported outcomes.
Publications were assigned to one or more themes: production biology and substrate
formulation, nutritional composition and insect biomass utilization, food and feed safety,
processing, and storage, frass utilisation and soil health, crop performance, economics and
commercialization, consumer acceptance and African production systems.

Findings were compared within and across themes to identify consistent patterns, contrasting
results, knowledge gaps, and factors influencing outcomes. Studies addressing multiple stages
of the production pathway were examined across themes to explore relationships among side-
stream characteristics, mealworm performance, biomass quality, frass generation, and potential

Interpretation and Limitations

The synthesis was narrative rather than quantitative. Meta-analysis was not undertaken because
studies differed substantially in substrate composition, experimental design, rearing conditions,
insect developmental stage, and outcome measures. These differences were considered when
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comparing findings, and conclusions were restricted to the conditions and outcomes supported
by the available evidence.

RESULTS AND DISCUSSION
Biology and Production Management

Tenebrio molitor undergoes complete metamorphosis through egg, larval, pupal, and adult
stages, with larvae constituting the principal harvested biomass (Kroncke et al 2020).
Production therefore requires coordinated management of breeding adults, egg collection,
larval rearing, harvesting, and post-harvest processing. Temperature, relative humidity,
substrate characteristics, stocking density, and moisture availability influence development
and productivity. Excessive substrate moisture can promote clumping and microbial
deterioration, whereas insufficient moisture may restrict larval development. Stocking density
also affects growth, survival, and feed conversion, requiring a balance between biological
performance and efficient use of rearing space (Ribeiro et al., 2018).

Key production indicators include survival, development time, individual larval weight,
biomass yield, feed intake, feed conversion ratio, and bioconversion efficiency. Comparisons
across studies require caution because results may be reported on a fresh- or dry-matter basis,
and methods for estimating feed consumption and accounting for residual substrate differ (van
Broekhoven et al., 2015; Oonincx et al., 2015). Breeder management is also essential for
maintaining a continuous larval supply, as adult age and sex influence reproductive
performance (Resconi et al., 2026a).

At commercial scale, productivity and profitability depend on more than larval growth and
feed conversion. Labour, housing, environmental control, substrate procurement, harvesting,
processing, storage, and market access also influence production costs and returns. Economic
assessments should therefore consider the complete production system rather than
extrapolating commercial viability from laboratory performance alone (Niyonsaba et al.,
2021).

Agricultural and Agri-Food Side-Streams as Formulated Substrates

Wheat bran is widely used as a rearing substrate for 7. molitor, but agricultural and agri-food
side-streams are increasingly investigated as partial or alternative feed ingredients. These
include cereal and seed-cleaning residues, rice-processing by-products, brewery materials,
fruit and vegetable residues, legume by-products, and potato-processing wastes (Oonincx et
al., 2015; van Broekhoven et al., 2015; Rumbos et al., 2021). However, these materials should
not be regarded as interchangeable. Their suitability depends on nutrient composition,
moisture, fibre content, digestibility, palatability, physical characteristics, and inclusion level.
Availability and low cost alone therefore do not establish their value for mealworm production.

Experimental evidence shows that alternative substrates can support larval development,
although performance varies among materials and formulations. Food and organic by-product
diets have affected development, survival, feed conversion, and insect composition (Oonincx
et al., 2015; van Broekhoven et al., 2015). Selected seed-cleaning residues have also supported
mealworm production, although their suitability differed among materials (Rumbos et al.,
2021). Similarly, responses to broccoli by-product, tigernut pulp, and grape pomace varied
with inclusion level while Vrontaki et al. (2024) identified differences in the suitability of
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agricultural by-products. Collectively, these findings indicate that substrate suitability should
be assessed against a reference diet using growth, survival, development time, and conversion
efficiency, rather than larval survival alone.

Nutritional and physical differences help explain these contrasting outcomes. A residue may
contain substantial protein or carbohydrate yet provide an imbalanced diet, contain poorly
digestible fibre, or have physical properties that restrict feeding. Increasing its inclusion level
may dilute other nutrients or alter substrate moisture and structure. Resconi et al. (2026b)
highlighted the importance of physical characteristics alongside nutritional composition when
evaluating rice-processing by-products. Thus, proximate composition alone may not
adequately predict performance; particle size, texture, moisture retention, and accessibility
also warrant consideration.

Experimental conditions further complicate comparisons. Larval developmental stage,
stocking density, temperature, relative humidity, and trial duration can influence measured
outcomes. Feed conversion and bioconversion estimates may also differ according to whether
calculations use fresh or dry matter and how feed consumption and residual substrate are
accounted for. Apparent differences among substrates may therefore reflect both biological
responses and methodological variation. Clearly defined calculations, consistent reporting
bases, and comparisons against reference diets are necessary for meaningful interpretation.

Substrate selection also influences the characteristics of harvested biomass. Jankauskiené et
al. (2024a) and Jankauskiené et al (2024b) reported differences in the nutritional composition
of larvae reared on different sustainable substrates. Such variation matters for food and feed
formulation because protein, lipid, and other compositional characteristics affect suitability for
particular applications. Nevertheless, differences among studies cannot automatically be
attributed to diet: developmental stage, rearing conditions, processing, and analytical methods
may also contribute. Substrate evaluation should therefore consider both production efficiency
and the intended characteristics of the final product.

Moisture-rich potato, fruit, and vegetable residues present additional handling considerations.
Their water content can increase transport requirements, complicate storage, and promote
deterioration if handling is inadequate. Drying, milling, or blending may improve consistency
and storage stability, but these operations introduce energy, labour, and equipment costs. Their
value should therefore be assessed against demonstrated improvements in larval performance,
safety, and product quality rather than assumed to be economically advantageous.

Kenyan evidence illustrates the potential of locally available materials. Musembi et al. (2024)
investigated wheat bran and Irish potato waste, providing a locally relevant example of side-
stream utilisation in mealworm production. However, findings from individual trials should
not be generalised to all potato-processing residues because composition may vary with
cultivar, processing, storage, and handling. Local validation is needed to establish suitable
inclusion levels and determine whether processing or blending improves production outcomes.

Safety assessment must accompany nutritional and physical characterisation. Depending on
their origin and handling, side-streams may require screening for pesticide residues,
mycotoxins, heavy metals, and other relevant contaminants (Meyer et al 2021) Detection in a
substrate does not, however, demonstrate transfer to or accumulation in larvae. Such
conclusions require paired measurements of substrates and harvested biomass, appropriate
analytical methods, and concentrations expressed on comparable reporting bases.
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Overall, agricultural and agri-food side-streams are best treated as variable ingredients within
formulated diets, rather than universally suitable replacements for conventional substrates.
Their evaluation should combine material characterisation, safety assessment, inclusion-level
trials, comparison with a reference diet, and analysis of collection, processing, and storage
costs. This integrated approach avoids assuming that all available residues provide equivalent
biological, nutritional, or economic benefits. Table 1 summarises selected studies examining
agricultural and agri-food side-streams as substrates for 7. molitor production.

Table 1: Selected evidence on agricultural and agri-food side-streams for Tenebrio molitor

production

Study Side-stream or Main outcomes Principal Implication for
substrate evaluated evidence production

Oonincx et al. Food- Survival, Diets supported  Substrate

(2015) manufacturing  development, insect suitability
by-products feed conversion production, but  should be

ratio, and insect  performance evaluated for
composition varied among the target insect
formulations species and diet
and species. formulation.
Van Organic by- Growth, Diet Alternative
Broekhoven et  products survival, composition substrates
al. (2015) development, affected larval should be
and feed growth, nutritionally
conversion survival, characterised
efficiency development, and formulated
and feed rather than used
conversion. as direct
replacements.
Rumbos et al. Seed-cleaning Survival, Selected cereal ~ Seed-cleaning
(2021) by-products development, and legume residues offer
growth, and processing potential feed
feed utilisation  residues ingredients,
supported subject to
mealworm performance
production, with evaluation.
differences
among
materials.
Vrontaki etal.  Agricultural by- Larval Production Candidate
(2024) products production performance materials
performance differed among  require
agricultural by-  screening
products. before adoption.
Jankauskiené et  Sustainable by-  Nutritional Substrate source Substrate safety
al. (2024a) product-derived composition influenced and product
substrates and safety larval quality should
parameters nutritional form part of diet
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composition formulation.
and selected
safety
parameters.
Jankauskiené et  Sustainable Nutritional Diet influenced  Substrate
al. (2024b) substrates composition the nutritional selection affects
value of both production
mealworm performance
larvae. and biomass
quality.
Musembi et al. ~ Wheat bran Growth, Selected potato- Provides locally
(2024) blended with survival, waste inclusion  relevant
Irish potato bioconversion,  levels improved evidence for
waste and nutritional ~ growth and incorporating
composition feed-conversion potato-
outcomes processing
relative to sole  waste into
wheat-bran or mealworm diets
potato-waste in Kenya.
diets.
Resconi et al. Rice-processing  Growth, Performance Substrate
(2026b) by-products survival, varied with the  assessment
development, nutritional and  should consider
feed conversion physical nutrient
ratio, characteristics composition
bioconversion,  of rice side- alongside
and protein streams. particle size,
conversion texture,
moisture
retention, and
accessibility.
Errico et al. Agricultural by- Evaluation of Investigated Supports
(2026) products suitability as agricultural by-  continued
sustainable products as evaluation of
larval feed potential feed alternative
sources sources for T. substrates;
molitor rearing.  specific
performance
outcomes
should be
reported
according to the
original study.
Meyer et al. Insects reared Chemical food- Identified Safety
(2021) on different safety hazards chemical assessment
substrates, hazards relevant should consider
including to insects substrate origin
potentially intended for and relevant
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contaminated food and feed. contaminants,

materials alongside the
safety of
harvested
larvae.

Biomass Composition and Food and Feed Applications

Mealworm biomass contains protein, lipids, minerals, and chitin, although its composition
varies with substrate, developmental stage, rearing conditions, and post-harvest handling
(Rumpold & Schliiter, 2013; Jankauskien¢ et al., 2024a, 2024b). Differences among studies
may also reflect analytical methods, larval maturity, sample preparation, and whether results
are expressed on a fresh- or dry-matter basis. Meaningful nutritional comparisons therefore
require consistent sampling, analytical procedures, and reporting.

For food applications, larvae may be marketed whole or processed into dried products,
powders, meals, and fractionated ingredients. Their suitability depends on nutritional
composition, sensory characteristics, functional properties, and storage stability, including
flavour, colour, particle size, water-holding capacity, protein functionality, and susceptibility
to lipid oxidation (Rumpold & Schliiter, 2013). For feed applications, mealworms may be used
as whole dried larvae, meals, or partially defatted ingredients. Their nutritional value depends
on digestibility, amino-acid composition, lipid profile, chitin content, and the requirements of
the target animal species, while production and processing costs influence commercial
feasibility (Syahrulawal et al., 2023).

Substrate selection should therefore balance productivity with end-use suitability. A
formulation that increases larval growth or biomass yield does not necessarily produce the
most desirable nutritional profile for a particular application. Changes in lipid content or other
compositional characteristics may affect ingredient value, processing requirements, and
storage stability, while nutritional benefits may be offset by safety concerns or additional
processing costs. Growth performance should consequently be assessed alongside biomass
quality, safety, and intended use rather than treated as the sole criterion for substrate selection.

Food and Feed Safety, Processing and Storage

Food and feed safety must be addressed throughout the mealworm production chain, from
substrate sourcing and rearing to harvesting, processing, and storage. Studies of edible insects
have investigated microbial hazards and hygiene indicators, including Salmonella,
Staphylococcus aureus, Enterobacteriaceae, and spore-forming bacteria such as members of
the Bacillus cereus group (Klunder et al., 2012; Garofalo et al., 2017; Fasolato et al., 2018).
However, findings from particular insect species, samples, or products should not be
generalised to all mealworm products. Results require interpretation in relation to production
conditions, processing treatments, sampling procedures, and microbiological methods.

The systematic reviews by Marzoli et al. (2024) and Yan et al. (2025) provide broader
assessments of the microbiological status of farmed insects and insect-derived products.
Together with studies of marketed insects, they support hygienic production and validated
processing. Microbial outcomes nevertheless vary with substrate hygiene, rearing conditions,
handling practices, initial microbial loads, and processing treatments (Vandeweyer & van der
Fels-Klerx 2025). Safety management should therefore follow a risk-based approach, rather
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than assuming that insect rearing either eliminates microorganisms or inevitably transfers them
from substrates to harvested biomass. Chemical hazards also require assessment according to
substrate origin and handling history. Agricultural side-streams may contain pesticide residues,
mycotoxins, heavy metals, or other contaminants, but their presence should not be assumed in
every material. Testing should reflect the source material, agricultural inputs, storage
conditions, intended application, and applicable food or feed requirements. For example, cereal
materials with a history of unsuitable storage may warrant mycotoxin screening, while
pesticide-use records may inform residue-testing priorities. Figure 1 illustrates the production
pathway, linking substrate sourcing and traceability with rearing, harvesting, processing,
packaging, and product quality control. It highlights the need to manage food and feed safety
throughout the circular production chain.

B .

Traceable side-stream source Supplier identity and
intended-use suitability

|

Substrate characterisation and hazard screening
Nutrient profile, moisture, contaminants and traceability

b *

|

Controlled rearing and hygiene monitoring
Environmental management and process hygiene

|

Hygienic harvesting and validated processing
Killing/blanching, drying and controlled handling

T

Microbiological and chemical testing Verify compliance
before release

|

Labelling, storage and market release Traceability and
market compliance

Figure 1: Safety-control pathway for converting agricultural and agri-food side-streams
into compliant 7. molitor-derived food and feed ingredients

Frass, Soil Health and Crop Production

Mealworm frass comprises insect excreta mixed with varying quantities of residual feed,
exuviae, and other rearing materials. Its nutrient content and physical, chemical, and biological
characteristics depend on substrate composition, mealworm development, rearing conditions,
degree of substrate conversion, and post-harvest handling. Frass should therefore be evaluated
as a variable soil amendment rather than assumed to be a standardised fertiliser with a uniform
nutrient value (Houben et al., 2020; Zunzunegui et al., 2024).

Experimental evidence indicates that mealworm frass can supply nutrients, influence soil
microbial processes, and support plant growth, biomass production, and nutrient uptake. Under
controlled conditions, frass applied to barley at 10 tonnes ha~!' performed comparably to
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nutrient-equivalent mineral NPK fertiliser in improving biomass production and nitrogen,
phosphorus, and potassium uptake. Frass application also stimulated soil microbial activity
(Houben et al., 2020). Similarly, mealworm frass increased ryegrass biomass relative to an
untreated control, although its effectiveness as a nitrogen source depended on the application
rate (Houben et al., 2021). These findings demonstrate potential fertiliser value under defined
experimental conditions, but they do not establish equivalent performance across crops, soils,
or field production systems.

Evidence from horticultural nursery production further illustrates the importance of crop and
application rate. Low concentrations of mealworm frass improved the growth and biomass of
onion, Swiss chard, and broccoli rabe seedlings, whereas higher concentrations could impair
establishment (Baldacchino & Lamaj, 2025). Foscari et al. (2024) likewise reported contrasting
germination responses among cress, lettuce, tomato, and sunflower, while sunflower biomass
under an appropriate frass treatment was comparable with that obtained using mineral NPK
fertilisation. Consequently, an application rate suitable for one crop or experimental setting
may not be appropriate for another. Responses may reflect nutrient availability, amendment
pH, electrical conductivity, moisture, soil properties, environmental conditions, and crop
sensitivity. High nutrient concentrations do not necessarily produce greater nutrient uptake or
improved growth, particularly where excessive application adversely affects growing
conditions (Poveda, 2021; Zunzunegui et al., 2024).

Frass may also influence soil functioning and plant responses beyond direct nutrient supply.
Watson et al. (2021) identified effects on soil microbial communities, soil processes, and metal
bioavailability. Similarly, van de Zande et al. (2024) reported changes in rhizosphere bacterial
communities and plant responses following amendment with insect frass and exuviae. These
findings suggest potential effects on nutrient cycling and plant—soil interactions, although their
mechanisms and agronomic significance require further investigation. Outcomes should also
be attributed to the specific insect-derived material tested rather than generalised to mealworm
frass where other insect species or residual materials were examined.

Blakstad et al. (2023) investigated the potential of frass to prime plant defence, while Karkanis
et al. (2025) reported improved growth and nutritional quality in Sonchus oleraceus following
combined application of frass and inorganic nitrogen fertiliser. However, these benefits may
depend on the material, crop, and treatment conditions. Moreover, pot, nursery, and soil-
incubation studies cannot fully capture field variability, nutrient losses, or long-term effects.
Multi-season field trials are therefore needed to validate these findings and distinguish
improvements in seedling growth and biomass from increases in harvested yield.

Assessment of agricultural value should combine material characterisation with crop and soil
measurements. Relevant frass properties include nutrient composition, organic matter, pH,
electrical conductivity, moisture, microbiological quality, and potential contaminants (Safitri
et al. 2024). Crop trials should assess germination or emergence, biomass, harvested yield,
nutrient uptake, soil responses, and adverse effects across multiple application rates.
Comparisons should include untreated controls and appropriate mineral fertilisers or other soil
amendments, with clearly reported application rates and, where appropriate, equivalent nutrient
inputs.

Overall, existing evidence supports mealworm frass as a potentially useful nutrient source and
soil amendment, but not as a universal replacement for mineral fertilisers. Its suitability
depends on material composition, nutrient availability, crop requirements, application rate,
and local growing conditions. Within circular agricultural systems, its value therefore rests on
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demonstrating safe and effective nutrient recovery under practical production conditions rather
than on nutrient content alone. Table 2 highlights the key evidence of mealworm frass usage
in agriculture.

Table 2: Evidence of mealworm frass and insect-derived amendments in agricultural

Production

Study Experimental Principal findings  Agronomic
system or scope implications

Houben et al. (2020) Controlled barley Mealworm frass Demonstrates
pot experiment applied at 10 tha™!  nutrient potential

produced biomass
and N, P, and K
uptake comparable
to nutrient-
equivalent NPK
fertiliser and
increased soil
microbial activity.

under controlled
conditions; field
performance
requires validation.

Houben et al. (2021)

Ryegrass pot
experiment

Frass increased
biomass relative to
the untreated
control, but its
effectiveness as an N
source depended on
application rate.

Application rates
should be optimised
for the crop and
growing conditions.

Poveda et al. (2019)

Controlled plant
experiments

Plant responses to T.
molitor frass varied
with the mealworm
diet; frass-associated
microorganisms
contributed to plant
growth and
responses to abiotic
stress.

Frass may provide
biological benefits
beyond nutrient
supply, although
field consistency
remains uncertain.

Watson et al. (2021)

Soil-incubation
studies

Insect frass
influenced soil
microbial
communities, soil
processes, and metal

Effects depend on
frass properties and
soil conditions and
require assessment
for each application

bioavailability. context.
Blakstad et al. Plant experiments Investigated the Suggests a possible
(2023) potential of insect role in plant

frass to prime plant
defence.

protection, requiring
further validation
under field
conditions.

Foscari et al. (2024)

Germination and

Responses varied

Crop-specific
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plant-growth tests
involving cress,
lettuce, tomato, and

among crops and
treatments;
sunflower biomass

responses and
application rates
matter; germination

sunflower was comparable to and biomass
that obtained with outcomes should not
mineral NPK under  be equated with
an appropriate harvested yield.
treatment.
van de Zande et al. Plant-—soil Insect-derived Highlights potential
(2024) experiments amendments altered  interactions between

involving insect
frass and exuviae

rhizosphere bacterial
communities and
plant responses.

insect-derived
materials, soil
microbiota, and
plants.

Zunzunegui et al.

Review of yellow

Examined frass

Supports the need

(2024) mealworm frass composition, for product
nutrient recovery, characterisation and
and potential crop- and rate-
agricultural specific evaluation.
applications.

Baldacchino and Nursery experiments Low frass Application rates

Lamaj (2025) with onion, Swiss concentrations should be optimised

chard, and broccoli
rabe

improved seedling
growth, whereas

to avoid adverse
effects during

higher seedling
concentrations could establishment.
impair
establishment.
Karkanis et al. Sonchus oleraceus Combined Frass may
(2025) grown with frass and application complement mineral
inorganic nitrogen improved plant fertiliser, but
fertiliser growth and treatment
nutritional comparisons should
characteristics. distinguish the
effects of frass from
those of added
nitrogen.

Circularity, Economics and Commercialisation

Circularity should be evaluated across the entire production chain rather than by considering
only the conversion of side-streams into insect biomass. Collection, transport, drying, milling,
storage, environmental control, rearing, harvesting, processing, packaging, and distribution all
require resources and generate costs (Niyonsaba et al., 2021). A system may therefore improve
waste valorisation at the insect-rearing stage while remaining economically or environmentally
constrained elsewhere in the chain.
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The economic value of T. molitor production depends on whether sufficient value is retained
after these inputs are considered. Transporting wet, low-value side-streams over long distances,
or drying them using expensive energy, can substantially reduce profitability. Local production
close to cereal mills, potato processors, seed-cleaning facilities, breweries, or horticultural
processors may reduce these constraints where safe, consistent side-streams are available.
Proximity can lower transport requirements and support more reliable substrate supply, but it
does not re

Figure 2 illustrates the circular pathway linking agricultural and agri-food side-streams with 7.
molitor production, biomass valorisation, frass recovery, and crop production. This pathway
integrates side-stream characterisation and substrate formulation with insect-based food and
feed production and nutrient recovery through frass, which supports crop production and
generates new side-streams for subsequent rearing cycles.

0 g’g Agricultural and agri-food side-streams
\% Cereal, potato, fruit and vegetable, and processing residues

* Reuse as a side-stream

B
4;[ ! S Substrate characterisation and formulation T

Nutrients, moisture, particle size, fibre,
and contaminants

v

Tenebrio molitor production
& Survival, development, growth,

feed conversion and biomass yield

Reuse as a side-stream

) P
f Insect biomass Frass
f Protein, lipids, minerals and Organic matter, nutrients, microbes
functional ingredients and other bioactive compounds
J \
N ( * 3
Food and feed products Soil nutrient recovery and crop production
'lQP Whole insects, dried larvae, powders, Nutrient release, soil biology,
e meals and ingredients crop growth and yield
J -
I
Food/feed residue reuse & Crop residue reuse
( .
Recoverable food/feed residues Recoverable crop and processing residues
Safe, permitted and suitable for Safe, permitted and suitable for =
reuse as mealworm substrates reuse as mealworm substrates
< J

Reuse is limited to residues that meet applicable safety, treatment and regulatory requirements.

Figure 2: Circular production pathway for Tenebrio molitor using agricultural and agri-
food side-streams

African Opportunities and Constraints

Africa has substantial potential for insect-based circular agriculture because agricultural and
food-processing systems generate diverse organic side-streams, while farmers face constraints
related to feed costs, soil fertility, and access to external inputs (Kelemu et al., 2015; Tanga et
al., 2021). In this context, T. molitor production could contribute to feed supply, waste
valorisation, and nutrient recovery, provided that production systems are adapted to local
materials, infrastructure, and market conditions.

East Africa has an emerging insect-based food and feed sector, although production, market,
and regulatory challenges remain (Tanga & Kababu, 2023). Potential mealworm substrates
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include cereal bran, potato-processing residues, horticultural materials, fruit and vegetable
side-streams, seed-cleaning by-products, and selected brewery residues. Their availability and
composition vary seasonally and among processors, making substrate sourcing and quality
control important elements of system design.

Kenya is particularly relevant because of its cereal, potato, and horticultural value chains. The
study by Musembi et al. (2024) provides direct evidence that Irish potato-processing waste can
be incorporated into mealworm diets, illustrating the potential for linking food-processing
enterprises with insect production. Such linkages may reduce disposal pressures for processors
while providing a locally available substrate for insect producers. However, practical
implementation requires reliable agreements on substrate supply, collection, transport, storage,
and quality assurance.

African production systems face constraints related to seasonal substrate availability, variable
composition, high moisture, spoilage, drying, storage, transport, access to finance, and
technical skills (Niassy et al 2025). Wet or perishable residues may be difficult to store and
transport, while drying can add cost and energy demand. Local production systems therefore
require dependable substrate-sourcing arrangements, appropriate handling and storage
procedures, and quality-control protocols to reduce variation in larval performance and product
safety.

Kenyan studies indicate that farmers’ knowledge, perceived quality, price, and confidence
influence attitudes towards commercial insect-based feed products (Chia et al., 2020; Okello
et al., 2021). These market factors should be considered alongside biological performance and
production costs. A technically feasible substrate may not support commercial development if
it produces inconsistent products, creates safety concerns, or cannot be supplied reliably at an
acceptable price.

Scaling should therefore involve coordinated development of substrate supply chains, farmer
and producer training, processing facilities, quality assurance, market systems, financing, and
appropriate regulatory frameworks (Kelemu et al., 2015; Tanga & Kababu, 2023). Investment
in one component alone is unlikely to be sufficient: reliable substrate supply must be matched
with production capacity, processing and storage infrastructure, product standards, and access
to buyers.

Future studies should therefore evaluate the linked pathway using consistent measurements of
substrate composition, larval performance, biomass quality, relevant hazards, frass
characteristics, and crop responses. This integrated approach is particularly important for
locally sourced side-streams in Kenya and East Africa, where material composition, processing
infrastructure, and production conditions may differ from those represented in the existing
literature.

RESEARCH GAPS AND IMPLICATIONS FOR RESEARCH AND PRACTICE
Substrate and Production Standardisation

Future studies should consistently report substrate dry matter, moisture, protein, lipid, fibre,
ash, antinutritional factors, particle characteristics, and contaminants. Production performance
should also be reported using standardised indicators, including larval stage, stocking density,
temperature, relative humidity, survival, development time, biomass yield, feed intake, feed
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conversion, and bioconversion efficiency (Ribeiro et al., 2018; Oonincx et al., 2015).
Consistent reporting would improve comparability across studies and support more reliable
identification of substrates and rearing conditions suitable for local production systems.

Greater emphasis should be placed on multi-substrate formulations rather than single-material
substitution. Single side-streams may be nutritionally incomplete, highly variable, or
impractical to supply continuously, whereas blended substrates can balance nutrients, moisture,
and physical properties. Future work should therefore assess biological performance and
economic feasibility simultaneously, rather than treating substrate suitability as a purely
biological question (Resconi et al., 2026b).

Safety and Processing

Full-chain safety research is required for locally available African side-streams. Priority should
be given to microbial pathogens, mycotoxins, pesticide residues, heavy metals, and
allergenicity, with sampling and testing aligned to substrate origin, storage conditions, and
intended product use (Marzoli et al., 2024; Yan et al., 2025). Safety assessment should extend
from incoming substrates through rearing, harvesting, processing, storage, and final products.

Low-cost and energy-efficient processing systems suitable for decentralised production should
also be evaluated. Research should assess their effects on microbial safety, nutritional quality,
shelf life, processing losses, and operating costs (Ribeiro et al., 2024). This is particularly
important where electricity access, drying capacity, cold storage, and quality-assurance
infrastructure are limited.

Frass and Field Validation

Frass characterisation should be standardised so that studies can distinguish effects associated
with nutrient supply from those associated with organic matter, microbial communities, pH,
electrical conductivity, or contaminants. Multi-season field experiments should compare frass
with mineral fertilisers, compost, manure, and integrated nutrient-management approaches
under locally relevant soil and cropping conditions (Houben et al., 2020; Watson et al., 2021;
Zunzunegui et al., 2024).

Research should measure crop yield, nutrient-use efficiency, soil organic matter, microbial
activity, nutrient availability, salinity, nutrient losses, and profitability. Greater attention should
also be given to whether frass derived from different mealworm substrates produces different
agronomic responses. This is essential because substrate composition and rearing conditions
may influence frass quality, while crop responses may vary with soil type, climate, application
rate, and crop species.

Economics, Markets and Policy

Economic studies should assess the complete chain from side-stream acquisition to biomass
and frass marketing. Household, cooperative, processor-linked, and commercial production
models should be compared using consistent measures of substrate and logistics costs,
production performance, processing losses, product prices, and market access (Niyonsaba et
al., 2021; Niyonsaba et al., 2024). Such studies should identify the production scales and
business models most likely to be viable in East African contexts.

Food, feed, protein ingredients, whole insects, and frass should be evaluated separately because
their processing, quality, regulatory, and market requirements differ. Consumer and farmer
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acceptance research should be linked with product quality, price, safety information, and
supply reliability rather than treated as independent from technical development (Chia et al.,
2020; Okello et al., 2021). Policy and regulatory research should likewise address substrate
use, product classification, traceability, quality assurance, and market access.

Review Limitations

This review is narrative rather than systematic and therefore does not provide pooled
quantitative treatment effects. Considerable heterogeneity exists among studies in substrates,
experimental designs, environmental conditions, insect stages, and outcome measures.
Evidence is also geographically uneven, with substantially more research conducted outside
Africa than within African production systems.

Commercial-scale production, full-chain economics, local processing, market development,
and multi-season field validation of mealworm frass remain comparatively under-researched.
Consequently, the conclusions presented here should be interpreted as an evidence-informed
synthesis rather than universal recommendations. Their application should be adapted to local
substrate availability, production capacity, regulatory requirements, and market conditions.

CONCLUSIONS

Tenebrio molitor has potential to contribute to circular agriculture by connecting agricultural
and agri-food side-streams with biomass production for food and feed, and with frass for
agricultural nutrient recovery. However, this potential depends on substrate suitability,
formulation, production management, safety, processing, product quality, markets, and
appropriate use of frass (van Huis, 2020; Zunzunegui et al., 2024). The value of the system
therefore cannot be assessed from larval growth alone; it must be considered across the entire
production and valorisation pathway.

Side-streams should be treated as variable feed resources requiring characterisation rather than
as generic wastes. Appropriate materials can support mealworm production, but nutrient
balance, moisture, fibre, physical properties, inclusion level, and safety remain critical
(Oonincx et al., 2015; Resconi et al., 2026b). Multi-substrate formulations are likely to be more
practical than reliance on a single residue, particularly where side-stream availability and
composition vary seasonally. Insect biomass can be directed towards food or feed markets,
while frass can provide a complementary nutrient and organic-matter resource.

Frass research demonstrates both potential and caution. Beneficial effects on nutrient
availability, soil biological processes, and crop performance have been reported, but responses
vary with application rate, soil properties, and crop species (Houben et al., 2020; Foscari et al.,
2024; Zunzunegui et al., 2024). Frass should therefore be evaluated as part of integrated
nutrient management rather than assumed to universally replace mineral fertiliser. Its
agronomic value depends on consistent characterisation, safe handling, appropriate application
rates, and validation under local field conditions.

For Kenya and East Africa, development should focus on locally adapted and traceable systems
that link reliable side-stream sources with safe insect production, suitable processing,
diversified markets, and validated agricultural use of frass. This requires coordinated attention
to substrate supply, quality assurance, production capacity, processing infrastructure, market
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development, financing, and regulatory compliance. Farmer and consumer acceptance should
also be considered alongside technical and economic performance.

Future research should move beyond isolated assessments of larval growth or substrate
substitution towards integrated evaluation of the complete circular pathway. Such research
should begin with the characterisation and formulation of agricultural and agri-food side-
streams as rearing substrates for 7. molitor production. The resulting insect biomass can then
be valorised as human food or animal feed, while frass can be recovered as a nutrient-rich soil
amendment to support crop production, thereby generating new agricultural and agri-food
side-streams that re-enter the production cycle.

This integrated approach can provide a stronger scientific basis for evaluating the contribution
of yellow mealworm production to resource efficiency, enterprise development, and circular
agricultural systems. In particular, it can help identify which locally available side-streams,
production configurations, and product pathways are both biologically feasible and
economically viable under Kenyan and East African conditions.
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