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ABSTRACT 

The black soldier fly (Hermetia illucens, BSF) has emerged as a promising 
biological platform for converting organic waste into recoverable 
resources, including insect protein, lipids, frass fertilizer, biodiesel 
precursors, and biomaterials. Although previous reviews have described 
BSF larvae as efficient agents of waste reduction or alternative feed 
production, fewer have integrated larval–microbial bioconversion 
mechanisms with product quality, contaminant fate, environmental 
performance, economic feasibility, and regulatory readiness. This review 
addresses that gap by evaluating BSF-mediated waste management as a 
decision-oriented circular bioeconomy system. We synthesize evidence on 
how feedstock composition, larval physiology, gut-associated microbiota, 
environmental conditions, and substrate pretreatments influence 
bioconversion efficiency and downstream product value. We further 
examine how these biological and operational variables interact with 
greenhouse gas mitigation, frass fertilizer performance, biodiesel and 
chitosan production, techno-economic constraints, and safety concerns 
related to pathogens, heavy metals, microplastics, and per- and 
polyfluoroalkyl substances. By distinguishing well-supported applications, 
such as clean organic waste and manure valorization, from emerging or 
uncertain pathways, this review clarifies the current readiness of BSF 
technologies and identifies areas where claims remain insufficiently 
validated. The resulting synthesis provides a framework for linking 
ecological principles with applied engineering, risk assessment, and policy 
considerations, thereby advancing BSF systems from descriptive promise 
toward safe, scalable, and evidence-based implementation. 
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INTRODUCTION 

Food and organic waste represent a major global environmental 
challenge because they contribute to resource loss, landfill demand, and 
greenhouse gas emissions during decomposition. Approximately one third 
of food produced for human consumption is lost or wasted globally, with 
substantial consequences for climate mitigation, nutrient cycling, and 
sustainable waste management [1,2]. As a result, biological approaches 
that recover value from organic waste streams are increasingly important 
within circular bioeconomy and sustainable resource-management 
frameworks. 

Black soldier fly larvae (Hermetia illucens, BSF) have received growing 
attention as biological agents for organic waste bioconversion. BSF larvae 
can consume diverse organic substrates, including food waste, some 
agricultural residues, and some industrial organic by-products, while 
converting a fraction of these materials into larval biomass and residual 
frass [3,4]. Larval biomass can be processed into protein meal, lipids, and 
other products, while frass may serve as an organic soil amendment. 
These outputs link BSF systems to multiple sustainability goals, including 
waste diversion, nutrient recovery, alternative feed production, and 
reduced reliance on conventional fertilizers. 

Despite this promise, BSF-based waste management should not be 
evaluated only by waste-reduction capacity or product generation. Its 
performance depends on how biological and operational conditions 
interact across the full system, from feedstock selection and larval 
development to substrate pretreatment and downstream processing. 
These conditions shape bioconversion efficiency, product quality, 
emissions, contaminant transfer, pathogen reduction, economic feasibility, 
and regulatory acceptance. Clean food and agricultural residues may 
support relatively straightforward resource recovery, whereas 
contaminated substrates can introduce biological and chemical risks that 
limit safe reuse of larvae or frass. 

Much of the current literature treats BSF systems in separate parts, 
with one body of work focused on larval biology, another on waste 
reduction or feed production, and others on frass, environmental impacts, 
economics, or regulation. This separation makes it difficult to evaluate BSF 
as an integrated environmental technology. Existing reviews have often 
emphasized biological efficiency, alternative feed potential, or individual 
product streams, but fewer have considered how system performance, 
contaminant fate, emissions, product safety, market feasibility, and 
regulatory constraints interact. As a result, it remains difficult to 
distinguish applications that are ready for implementation from those that 
still require validation. 

This review addresses that gap by positioning BSF-mediated organic 
waste valorization as a decision-oriented circular bioeconomy system 
rather than a general waste-reduction tool. This review contributes the 
integration of substrate suitability, larval-microbial mechanisms, product 
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recovery, contaminant risk, environmental performance, economic 
feasibility, regulatory acceptance, and emerging technological readiness 
within a single evaluative framework. By asking which BSF applications 
are currently actionable, which remain conditional, and which require 
further validation, this review provides a targeted synthesis for assessing 
safe and scalable deployment rather than another broad overview of BSF 
biology or product potential. 

REVIEW APPROACH AND CONCEPTUAL FRAMEWORK 

This review was designed as a critical, decision-oriented synthesis 
rather than a systematic meta-analysis. The literature was selected to 
represent factors that determine whether BSF-mediated organic waste 
valorization is likely to be safe, scalable, and environmentally defensible. 
These factors include substrate suitability, larval-microbial bioconversion 
mechanisms, process efficiency, product recovery, contaminant fate, 
environmental performance, economic feasibility, regulatory constraints, 
and emerging technological applications. 

Literature was identified through keyword-based searches focused on 
BSF-mediated organic waste valorization. Search terms included “black 
soldier fly,” “organic waste,” “waste management,” “food waste,” “frass,” 
“bioconversion,” “BSF microbiome,” “heavy metals,” “and microplastics.” 
Approximately ten recently published or newly identified papers were 
screened each month to capture emerging work relevant to BSF-mediated 
waste valorization. Earlier foundational studies were also retained when 
they provided essential background, benchmark data, or widely cited 
methodological context. Priority was given to peer-reviewed studies and 
recent reviews that provided experimental data, comparative 
performance metrics, life cycle or techno-economic analysis, contaminant 
assessment, or regulatory and implementation context. 

Because studies differ widely in substrate type, rearing conditions, 
larval density, treatment duration, and performance metrics, quantitative 
values were interpreted as reported benchmarks rather than directly 
pooled estimates. This approach allows comparison across studies while 
avoiding overgeneralization from systems that are not methodologically 
equivalent. 

The conceptual framework used in this review evaluated BSF systems 
across three linked questions: whether substrates can be converted 
consistently under reported rearing conditions, whether recovered 
products meet safety expectations for their intended end use, and whether 
applications have enough supporting evidence to justify responsible 
deployment beyond laboratory-scale proof of concept. In this context, 
“reliable” refers to repeated evidence or larval survival, growth, waste 
reduction, and biomass or frass production across relevant substrates and 
operating conditions; “safe” refers to evidence that pathogens, heavy 
metals, microplastics, PFAS, or other contaminants are absent, reduced or 
controlled at levels compatible with intended feed, fertilizer, fuel or 
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biomaterial uses; and “sufficiently developed” refers to applications 
supported by experimental performance data together with some 
consideration of scalability, product quality, economic feasibility, or 
regulatory acceptance. This framing distinguishes applications with 
comparatively high implementation readiness from applications that 
remain conditional or exploratory. Applications were considered to have 
higher readiness when multiple studies reported consistent conversion 
performance, recoverable product value, manageable safety risks, and at 
least some evidence of scalability, economic feasibility, or regulatory 
acceptance. Applications were treated as conditional or exploratory when 
evidence was limited to laboratory-scale studies, depending on narrow 
substrate or processing conditions, involved unresolved contaminant or 
safety concerns, or lacked clear end-use pathways. In this review, 
“actionable” refers to BSF applications that have enough evidence to 
support cautious pilot-scale or operational deployment whereas 
“additional validation” refers to the need for further testing or 
performance, contaminant fate, product quality, economic feasibility, or 
regulatory acceptability before broader implementation. Using this 
approach, selected food waste and manure valorization were treated as 
comparatively mature applications, while contaminated substances, high-
value biomaterials, prevision rearing technologies, and bioregenerative 
life-support systems were evaluated as more conditional or emerging 
pathways. By organizing the review around evidence strength and 
implementation readiness, this framework clarifies where BSF 
technologies are currently actionable and where additional validation is 
still needed. The readiness categories and evaluative criteria used to 
organize this synthesis are summarized in Table 1. 

Table 1. Comparative substrate-specific bioconversion efficiencies of black soldier fly larvae. 

Substrate (as tested) Metric (definition) Value 
Poultry sector wastes (hatchery/farm/slaughter) [5] BCR % 31.84% 

Brewer’s Spent Grains (BSG) [6] BCR % 11.83% 
BSG + brewer’s yeast (BY) [6] BCR % 17.22% 
Spent Coffee grounds + BY [6] BCR % 6.25% 

BSG+ spent coffee grounds + BY [6] BCR % 14.16% 
Catering “swill” (mixed food waste) [7] WRI (index) 11.30% 

Pig manure-solid [7] WRI (index) 7.60% 
Pig manure liquid + chicken feed [7] WRI (index) 9.30% 

Olive pulp [7] WRI (index) 1.70% 
Silage grass [7] WRI (index) 4.00% 

Reported values for bioconversion rate (BCR) and waste reduction index (WRI) across a range of organic substrates. BCR 
(%) is commonly calculated as: BCR = (larval biomass produced/substrate supplied) (×100) Although precise formulas 
may vary among studies. WRI is a daily reduction index (unitless), where higher values indicate faster substrate 
degradation. Metrics are presented as reported by the original authors without recalculation to preserve methodological 
context. Variability reflects differences in substrate composition, rearing conditions, and analytical methods. Sources 
correspond to peer-reviewed studies as cited in the table. 
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SUBSTRATE SUITABILITY, LARVAL-MICROBIAL BIOCONVERSION, 
AND PROCESS EFFICIENCY 

Black soldier fly larvae (Hermetia illucens, BSF) are useful for organic 
waste bioconversion because their larval stage combines rapid feeding, 
high substrate consumption, and the accumulation of protein- and lipid-
rich biomass [3,8]. These traits allow BSF larvae to convert suitable organic 
substrates into recoverable biomass and residual frass, but performance 
is strongly conditional on substrate composition and rearing conditions. 
The basic BSF life cycle is summarized in Figure 1, while the main text 
focuses on substrate suitability and process performance. BSF 
development and feeding activity are influenced by temperature, 
moisture, larval density, and nutrient availability, which together 
determine survival, growth rate, waste reduction, and biomass yield [3,9–
12]. 

Although BSF larvae are often described as capable of processing 
diverse organic wastes, substrate suitability is not universal. The strongest 
evidence supports nutrient-rich substrates such as food waste, selected 
livestock manures, and some agro-industrial byproducts [4,9,13–15]. In 
contrast, low-nutrient or highly lignocellulosic residues, including 
untreated crop straw, generally do not support efficient larval growth 
unless they are pretreated, blended with more digestible materials, or 
otherwise conditioned before use [10,13,16]. This distinction is important 
because overgeneralizing BSF substrate range can lead to unrealistic 
claims about waste-management readiness [4,10]. 

 
(A) 
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(B) 

Figure 1. Life cycle of the black soldier fly (Hermetia illucens, BSF) and schematic representation of the 
bioconversion process. (A) The complete developmental cycle of BSF comprising the egg stage (clusters of 
500–900 eggs; hatching in approximately 4 days), the neonate stage (characterized by high feeding activity), 
five successive larval instars (1st–5th instar; total duration 13–18 days under optimal conditions), the 
prepupal stage (larvae cease feeding and darken in color; ~7 days), the pupal stage (10 days to several 
months, dependent on temperature and humidity), and the adult stage (5–8 days, dedicated to mating and 
oviposition). (B) Overview of the BSF bioconversion process, in which organic biowaste substrates are used 
for larval rearing, yielding mature larvae and residual compost. Post harvest, larvae can be dried and 
processed into BSF larvae meal for use as animal feed or subject to mechanical or chemical extraction to 
obtain BSF larvae oil. Extracted oil can subsequently be converted into biodiesel via transesterification, 
providing an additional value-added product. 

Larval-Microbial Mechanisms and Process Efficiency 

BSF-mediated bioconversion is driven by both larval feeding and 
microbial activity within the substrate and larval gut. Gut-associated 
microbes contribute to the breakdown of complex organic compounds and 
can influence nutrient availability, larval growth, and product 
composition. Because the gut microbiome responds strongly to substrate 
composition, differences among feedstocks help explain why 
bioconversion efficiency varies across studies and production systems 
[13,17–21]. 
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Substrate composition is therefore one of the main controls on BSF 
performance. Moisture content, digestible carbohydrate availability, 
protein content, fiber level, and nutrient balance all affect larval survival, 
growth rate, waste reduction, and biomass yield. These factors also 
influence the residual frass, including its nutrient profile and suitability as 
a soil amendment. As a result, reported outcomes are not always directly 
comparable across studies because experiments often differ in substrate 
preparation, larval density, rearing duration, temperature, and the 
metrics used to define conversion efficiency [22–24]. Recent food-waste 
studies further show that specific substrate properties can alter BSF larval 
performance and microbial dynamics. For example, fermented food-waste 
can also change larval yield and intestinal microbial composition, with 
fermented substrates dominated by Lactobacillus and larval gut 
communities commonly dominated by Enterococcus and Klebsiella [25]. 
More broadly, substrate properties influence gut microbiota and 
bioconversion efficiency, reinforcing that BSF performance is closely tied 
to feedstock properties, pretreatment history, and nutrient balance rather 
than larval activity alone [26]. 

Pretreatment can improve performance when substrates are 
physically or chemically difficult for larvae and microbes to use. Data have 
shown that fermentation, ammonia treatment, size reduction, heat 
treatment, and nutrient blending may improve substrate accessibility or 
digestibility under some conditions [16,27,28]. However, these 
interventions add cost and complexity, and their benefits are substrate 
specific. Pretreatment should therefore be evaluated not only by whether 
it increases larval growth, but also by whether it improves whole-system 
performance, including waste reduction, product quality, safety, and 
economic feasibility. 

Overall, BSF bioconversion should be evaluated as a substrate-
dependent process rather than a universally efficient waste-treatment 
method. High larval growth alone is not sufficient evidence of successful 
waste valorization. A suitable BSF system must achieve meaningful waste 
reduction, produce safe and useful outputs, and operate under conditions 
that are technically and economically realistic [10,13,29]. 

APPLICATIONS, PRODUCT RECOVERY, AND CONTAINMENT 
CONSTRAINTS 

BSF systems are most defensible when the selected substrate, target 
product, and risk profile are considered together. Food waste, selected 
livestock manures such as pig, poultry, and cattle manure, and nutrient-
rich agro-industrial byproducts such as fruit and vegetable residues, 
brewery byproducts, and oilseed or cereal-processing residues provide the 
strongest basis for current applications because they are relatively 
digestible, nutrient-rich substrates that can support larval growth while 
producing recoverable biomass and frass [3,13–15,30,31]. However, 
product recovery cannot be separated from contaminant risk. Substrates 
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that contain pathogens, heavy metals, microplastics, per- and 
polyfluoroalkyl substances (PFAS), pesticide residues, or other persistent 
contaminants may compromise the safety of larvae, frass, or downstream 
products. Therefore, BSF applications should be evaluated according to 
both conversion performance and the suitability of recovered outputs for 
feed, fertilizer, fuel, or biomaterial uses. In fact, data have shown that 
substrate-associated risks can carry through the BSF process: heavy metals 
such as cadmium, lead, and zinc may be accumulated, excreted, or 
redistributed by larvae depending on exposure conditions, while 
microplastics and PFAS may persist or partition among larvae, frass, and 
residual substrate rather than being degraded [32–38]. 

Food Waste and Manure Valorization 

Food waste and selected livestock manures are among the most 
developed substrates for BSF-mediated bioconversion because they are 
nutrient-rich, relatively digestible organic streams that have been 
repeatedly evaluated for larval growth, waste reduction, biomass 
production, and frass recovery [13–15,30,31]. These materials contain 
relatively high organic and nutrient loads, and under controlled 
conditions, larvae can reduce substrate mass while converting part of the 
material into larval biomass and residual frass. Manure valorization is 
especially relevant because untreated manure presents management 
challenges related to odor, pathogens, nitrogen loss, and greenhouse gas 
emissions [14,15]. Recent comparative work of Cheng et al. further 
emphasizes that manure type should be matched to the most suitable 
bioconversion strategy because nutrient-upcycling potential differs 
among livestock manure streams and treatment pathways [30]. For 
example, Cheng et al. found that monogastric manure was better suited to 
feed-first bioconversion, increasing nitrogen upcycling potential by 20%–
40% and net income by 1.8–4-fold compared with fertilizer-first 
bioconversion, whereas ruminant manure was better suited to fertilizer-
first bioconversion, increasing nitrogen upcycling potential by 5%–14% 
and reducing economic costs by more than 80% relative to feed-first 
bioconversion [30]. 

Evidence also suggests that BSF treatment can reduce odor-associated 
compounds and microbial hazards in some manure systems. Studies using 
chicken, pig, and cow manure have reported reductions in volatile fatty 
acids and pathogen indicators following larval treatment [14,31]. However, 
manure-derived larvae and frass require careful safety assessment before 
use in feed or soil applications. Regulatory frameworks often restrict 
manure-based substrates because of concerns about pathogens, chemical 
contaminants, and traceability. As a result, manure valorization should be 
viewed as promising but conditional rather than universally ready for all 
production systems. 
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Product Recovery and Byproduct Readiness 

BSF larvae generate multiple recoverable product streams, including 
protein- and lipid-rich biomass for feed applications, residual frass for 
potential soil amendment use, and smaller quantities of chitin-containing 
biomass that may be processed into chitosan [3,8,39–42]. These outputs 
support the circular bioeconomy value of BSF systems, but their readiness 
varies substantially by product type. Protein meal and frass are the most 
developed applications because they are directly tied to waste diversion, 
nutrient recovery, and existing feed or fertilizer markets. In contrast, 
biodiesel, chitosan, and bioactive compounds remain more specialized or 
emerging. The estimated market value and primary applications of major 
BSF-derived products are summarized in Table 2. 

Larval biomass is the primary commercial output of BSF bioconversion 
and is most evaluated for animal feed and aquaculture applications 
because BSF larvae contain substantial protein and lipid fractions that 
support their use as alternative feed ingredients [8]. Recent mixed-food-
waste research further links insect protein production to shifts in gut 
microbiota, suggesting that protein yield and biomass quality should be 
evaluated alongside microbial responses to substrate composition [43]. Its 
value depends on larval protein and lipid content, both of which are 
shaped by feedstock composition, rearing conditions, harvest timing, and 
processing method [44,45]. However, biomass quality must be evaluated 
alongside safety concerns, particularly when larvae are reared on 
heterogeneous or higher-risk substrates. 

Frass is the main residual byproduct of BSF treatment and has potential 
value as an organic soil amendment. Its nutrient profile varies with larval 
diet, substrate chemistry, and post-treatment conditions. Nitrogen, 
phosphorus, and potassium values reported across different frass sources 
are summarized in Figure 2. Frass may improve soil fertility, crop growth, 
and microbial activity, but its agronomic value should not be assumed to 
be uniform across production systems [39,40]. Substrates rich in nitrogen 
or organic carbon can generate frass with different fertilizer properties, 
while contaminated or poorly managed substrates may introduce 
pathogens, heavy metals, or other residues. Therefore, frass use requires 
substrate screening, stabilization, and quality assessment before 
agricultural application. 

The lipid fraction of BSF larvae can be converted into biodiesel through 
transesterification, and experimental studies suggest that BSF-derived 
biodiesel can meet relevant fuel-property benchmarks under some 
conditions [46,47]. However, the economic feasibility of BSF-derived 
biodiesel remains uncertain. Experimental studies show that lipids 
extracted from BSF larvae can be converted into biodiesel with 
measurable fuel properties, [46,47], but available evidence does not yet 
demonstrate that biodiesel should be the primary end use for larval lipids. 
Its feasibility depends on substrate cost, oil yield, lipid extraction 
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efficiency, transesterification requirements, processing infrastructure, 
and competition with higher-value uses of larval lipids. 

Table 2. Estimated market value and primary applications of black soldier fly (BSF)–derived products. 

BSFL Product Primary Use Average Revenus 
(USD/metric ton) 

Larval Protein Meal [48] Poultry, aquafeed $2160–3250 
Larval Oil [49] Animal feed, pet food, potential biofuel feedstock $1500–3000 

Frass Fertilizer [50] Organic agriculture $1792–13,890 
Chitosan (from exoskeleton) [50] Packaging, pharmaceuticals $1,000,000 * 

Summary of major commercial product streams obtained from Hermetia illucens biomass, including larval protein meal, 
larval oil, frass fertilizer, and chitosan extracted from the exoskeleton. Reported average revenues (USD per metric ton) 
are based on recent market analyses and reflect approximate 2023 values; prices vary according to product quality, 
processing method, and regional market conditions. Primary uses include animal feed (poultry, aquaculture, swine), 
organic fertilizers, and high-value biomaterials for pharmaceutical and packaging applications. Sources correspond to 
publicly available market reports and peer reviewed literature, as indicated in the table. *Chitosan revenue depends on 
scale, purity, and application area. Industrial use is still emerging. 

BSF-derived chitin and chitosan represent another emerging product 
stream. Chitin is a structural polysaccharide found in the insect 
exoskeleton, and chitosan is the deacetylated derivative, which is more 
soluble and easier to functionalize for applied uses. Chitosan has potential 
applications in agriculture, packaging, and biomaterials because of its 
biodegradability and antimicrobial properties [41,42]. Early studies 
suggest that insect-derived chitosan provides a non-crustacean alternative 
source, but commercial readiness remains limited and depends on 
extraction efficiency, product purity, scale, and market demand [41,42]. At 
present, chitosan should be considered a promising secondary product 
rather than a mature driver of BSF waste-management economics. 
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Figure 2. Selected reported nutrient values for nitrogen, phosphorus, and potassium in black soldier fly (Hermetia illucens) frass derived from different larval 
substrates. Bar charts illustrate study-specific reported values for nitrogen, phosphorus, and potassium in frass dry matter, while the accompanying table lists 
the corresponding substrate, nutrient value, and source. These values should be interpreted as selected literature observations rather than fixed nutrient 
concentrations for BSF frass. Where only single values were reported in the original studies, the values are shown as study-specific observations and should not 
be generalized across substrates or production systems. Differences among studies reflect variation in feedstock composition, larval density, rearing duration, 
post-treatment handling, stabilization, and analytical methods. The symbol “--” indicates that the nutrient was not reported for that substrate in the cited source. 

Substrate (larval diet) Nitrogen (%) Phosphorus (%) Potassium (%) 
Fresh okara (soy pulp) [39] 5.1 -- -- 
Gainesville diet [39] -- 5.2 -- 
Kitchen waste [39] -- -- 4.5 
Bovine slurry-derived frass [51] 2.1 1.16 0.17 
Experimental Household organic waste (mixed food scraps/fish/meat/veg) (EHOW) [52] 2.16 0.05 0.07 
Biosolids (sewage sludge) [53] 4-5 -- -- 
Food waste (mixed municipal food waste) [53] 2 -- -- 
Wheat bran [53] 2 -- -- 
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BSF larvae also produce antimicrobial peptides and other bioactive 
compounds with potential pharmaceutical or veterinary relevance. These 
compounds have shown activity against selected microorganisms in 
experimental settings, but clinical or commercial applications remain 
preliminary [54,55]. Because this pathway is less directly connected to 
organic waste management and environmental performance, it should be 
treated as an emerging co-product area rather than a central justification 
for BSF deployment. 

Contaminant Constraints and Substrate Screening 

The presence of plastics, microplastics, PFAS, heavy metals, and other 
persistent contaminants can limit the safe deployment of BSF systems. 
Plastics are especially relevant for mixed food waste because packaging 
residues and plastic fragments can enter organic waste streams and may 
persist through bioconversion. This creates concern not only for larval 
biomass, but also for frass, because organic fertilizers can act as a pathway 
for microplastic entry into agricultural soils [32]. Experimental BSF studies 
suggest that larvae may ingest or interact with plastic particles, but the 
available evidence does not support BSF treatment as a stand-alone plastic 
remediation strategy. For example, exposure to PVC microplastics has 
been shown to affect both larvae and plastic particles without 
demonstrating complete degradation, while more recent work indicates 
that microplastic size and shape influence ingestion and egestion 
dynamics [34,35]. Other studies suggest that plastics can alter the BSF gut 
microbiome and select for microbial functions associated with plastic 
transformation, but microbiome shifts should not be interpreted as 
evidence of reliable detoxification or mineralization [33]. Together, these 
findings indicate that plastic-contaminated substrates require source 
separation, physical screening, and post-treatment monitoring rather than 
reliance on larvae to remove or degrade plastic residues. 

Similar caution is needed for PFAS-contaminated substrates. Unlike 
some biodegradable organic compounds, PFAS are persistent and may 
partition into biological or residual material rather than being degraded 
during larval treatment. Screening work on resource-recovery insects 
indicates that trace organic contaminants with bioaccumulative potential 
can raise feed and food safety concerns, and related experimental work 
suggests that PFAS compounds such as PFOA and PFOS may accumulate or 
partition in ways that could affect larval biomass or frass safety [36,37]. 
This distinction is important because sequestration or redistribution is not 
equivalent to detoxification. If PFAS-contaminated substrates are used, 
BSF systems could concentrate contaminants in larval biomass, frass, or 
residual substrate and create downstream exposure risks. Therefore, 
PFAS-contaminated feedstocks should be treated as high-risk inputs unless 
contaminant fate, product safety, and regulatory acceptability are clearly 
established [36,37]. 
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Other contaminants also require compound-specific evaluation. BSF 
treatment has been associated with measurable reductions in selected 
pharmaceutical residues, including tetracyclines and sulfonamides, 
suggesting that larval–microbial activity may help transform some organic 
contaminants [56]. However, evidence for one contaminant class should 
not be generalized to others. Heavy metals require particular caution 
because they cannot be biologically degraded. Elements such as cadmium, 
lead, and zinc may be tolerated, excreted, or accumulated depending on 
concentration, exposure duration, substrate chemistry, and larval 
development stage [38,57]. 

Overall, BSF applications are strongest for relatively clean organic 
residues and selected manure streams. Their use with contaminated 
substrates remains more uncertain and should be guided by input 
screening, contaminant monitoring, post-treatment validation, and 
regulatory constraints [36,38,58,59]. 

ENVIRONMENTAL PERFORMANCE, ECONOMIC FEASIBILITY, AND 
IMPLEMENTATION READINESS 

BSF systems are often promoted for their ability to reduce organic 
waste volumes while generating recoverable products such as larval 
biomass and frass. These benefits are most relevant when BSF treatment 
diverts relatively clean organic residues from disposal pathways with 
higher environmental burdens, such as landfilling, unmanaged manure 
storage, or conventional composting. However, environmental and 
economic benefits are not automatic. They depend on feedstock quality, 
rearing efficiency, energy inputs, product substitution effects, 
contaminant control, and the availability of reliable end markets. 

Greenhouse Gas Reduction 

BSF bioconversion can reduce greenhouse gas emissions relative to 
some conventional organic waste management pathways, particularly 
when it limits methane generation from anaerobic decomposition or 
reduces emissions associated with manure storage and composting. 
Reported comparisons suggest that BSF treatment may lower carbon 
losses and reduce emissions of CO2, CH4, and N2O under controlled 
conditions [60–62]. A side-by-side comparison of global warming potential 
across selected treatment pathways is shown in Figure 3. 

These reductions are important for evaluating BSF systems as climate-
relevant waste-management technologies, but they should be interpreted 
cautiously. Emission outcomes vary with substrate type, larval density, 
aeration, moisture, temperature, residue handling, and system 
boundaries used in life-cycle assessment. In addition, downstream 
processing of larvae and frass may introduce energy demands that offset 
some benefits. Therefore, BSF systems are most defensible when 
greenhouse gas reductions are evaluated across the full treatment chain 
rather than inferred from waste reduction alone.
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Waste Management Method GWP (CO2 eq per ton of organic waste) 
BSFL treatment [63] 17.36 kg CO2 eq 

Composting (windrow) [64] 41 kg CO2 eq 
Incineration (WtE) [65] 95 kg CO2 eq 

Figure 3. Comparing environmental impacts of BSF larvae treatment versus conventional waste 
management methods. The bar chart (top) compares the GWP, expressed as kilograms of CO2 equivalent per 
ton of organic waste processed, for BSF larvae treatment, windrow composting, and waste-to-energy 
incineration (WtE). The accompanying table (bottom) lists the reported GWP values and corresponding 
literature sources. BSF larvae treatment shows the lowest GWP (17.36 kg CO2 eq), followed by windrow 
composting (41 kg CO2 eq) and WtE incineration (95 kg CO2 eq), based on peer-reviewed life cycle assessment 
studies. Variation in reported BSF values reflects differences in feedstock composition, system design, and 
geographical context. 

Circular Economy Value 

BSF bioconversion aligns with circular economy principles by 
converting organic residues into products that may substitute for 
conventional feed, fertilizer, or other bio-based materials. Larval biomass 
can contribute protein and lipids for feed applications, while frass may 
return nutrients and organic matter to soils when it meets safety and 
quality standards [66,67]. Comparative nutrient-recovery studies show 
that BSF larval treatment can retain meaningful fractions of carbon, 
nitrogen, and phosphorus in larval biomass, while anaerobic digestion 
may recover carbon primarily as methane, underscoring that the 
preferred treatment pathway depends on whether the management goal 
is energy recovery, nutrient recovery, or feed production [68]. BSF systems 
may also contribute to nutrient cycling through frass production and 
residue stabilization, but these benefits depend on substrate quality post-
treatment handling, and validated end use. These substitution effects are 
central to the environmental value of BSF systems because the benefits 
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depend not only on waste treatment, but also on whether BSF-derived 
products replace more resource-intensive alternatives. 

However, circularity should not be assumed simply because waste is 
converted into products. A circular BSF system requires safe input streams, 
traceable production, validated product quality, and appropriate end uses. 
Contaminated substrates, unstable product markets, or poorly 
characterized frass can weaken the circular economy value of the system. 
Thus, BSF technologies should be evaluated according to both material 
recovery and the safety of product reintegration into feed, soil, or 
industrial supply chains. 

Economic Feasibility and Market Development 

The economic potential of BSF systems is linked to their ability to 
generate multiple revenue streams from waste treatment, larval biomass, 
frass, and co-products. Economic assessments suggest that small- and 
medium-scale BSF systems can be viable under favorable conditions, 
particularly where low-cost organic residues are available, and local 
markets exist for larvae or frass [69,70]. These systems may also create 
employment opportunities in waste collection, insect rearing, processing, 
and product distribution. 

Nevertheless, profitability is highly context dependent. Key constraints 
include feedstock logistics, labor, facility design, biosecurity, drying and 
processing costs, regulatory compliance, and competition with established 
feed and fertilizer products. Market projections for insect protein indicate 
growing commercial interest, but such projections should be treated as 
market context rather than evidence of project-level feasibility. In 
addition, the scaling of insect-based production should be evaluated not 
only through technical efficiency and market demand, but also through 
governance, ownership, labor, and equity considerations that shape who 
controls and benefits from emerging insect value chains [71]. For BSF 
systems to scale, economic benefits must be demonstrated under realistic 
operating conditions and linked to verified environmental performance. 

Emerging Technologies and Future Production Systems 

Emerging technologies are likely to shape the next stage of BSF 
production by improving monitoring, process control, and product 
consistency. Current BSF systems often rely on periodic manual 
measurement of larval growth, substrate reduction, temperature, 
moisture, and harvest timing. As production scales, these approaches may 
become insufficient because larval performance can change rapidly in 
response to substrate heterogeneity, microbial activity, heat accumulation, 
density, and moisture conditions. Sensory networks, automated weighing 
systems, machine vision, and environmental monitoring platforms could 
improve real time decision making by allowing producers to detect 
deviations in larval development, substrate condition, and rearing 
environment before they reduce system performance. Recent work on 
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automated BSF rearing systems and image-based larval monitoring 
supports the potential value of these approaches, although most 
applications still require validation under commercial production 
conditions [72,73]. 

Artificial intelligence and machine-learning approaches are also 
emerging as tools for precision insect farming, although BSF-specific 
applications remain early-stage. Manduca et al. used a convolutional 
neural network combined with optical-flow analysis to detect BSF 
developmental stages, including larvae, prepupae, and pupae, 
demonstrating that image-based deep learning can support automated 
stage identification for feeding, harvest timing, and production 
monitoring [73]. Other automated-rearing work has used sensor-equipped 
“smart bin” systems with aeration control, thermal imaging, and computer 
vision to monitor larvae in real time; in experimental testing, the 
automated system produced larvae comparable to manual rearing while 
reducing labor-intensive monitoring [72]. Together, these studies suggest 
that AI, machine vision, and sensor-based monitoring could improve 
process control and product consistency, but the tools still require 
validation across commercial-scale facilities, heterogeneous substrates, 
variable lighting conditions, and different larval densities. 

BSF systems are also being explored in more specialized future 
applications, including controlled-environment agriculture and 
bioregenerative life-support systems. In space or closed-loop habitats, 
insects could potentially contribute to organic waste recycling, nutrient 
recovery, and production of edible for feed-grade biomass [8,74]. Early 
work on BSF survival and pupation in lunar regolith simulant further 
suggests that insect-based bioconversion may have relevance for 
sustainable controlled habitats beyond conventional terrestrial waste 
management [75]. These applications remain preliminary, but they 
highlight the importance of containment, automation, safety, resource 
efficiency, and system reliability in future BSF technology development. 

Regulatory and Implementation Readiness 

Regulatory oversight is central to BSF deployment because larvae can 
convert organic waste into products that may re-enter feed, fertilizer, or 
biomaterial supply chains. Safety therefore depends on clear rules for 
allowable substrates, contaminant monitoring, facility hygiene, 
traceability, post-processing, and labeling. These safeguards are especially 
important when larval biomass is used as animal feed or when frass is 
applied to agricultural soils. 

Regulatory frameworks vary substantially by region, which affects how 
quickly BSF systems can move from experimental or pilot-scale use to 
commercial deployment. In the European Union, insect-derived proteins, 
including BSF, have been progressively authorized for selected animal 
feed applications, but substrate use remains tightly controlled [58,59]. 
Manure, catering waste, and post-consumer waste are generally excluded 
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because of concerns about pathogens, chemical contaminants, and 
traceability. In the United States, BSF feed approvals have developed 
incrementally through AAFCO ingredient definitions and federal-state 
feed regulatory processes; current definitions include dried black soldier 
fly larvae for use in finfish, poultry, and swine feed, as well as adult dog 
food, with use generally limited to larvae raised on feed grade materials 
[76,77]. Singapore provides another model in which selected food-waste 
streams may be used while higher-risk substrates such as manure remain 
restricted [78,79]. Together, these examples show that regulatory 
readiness depends not only on the insect species or product type, but also 
on the origin and risk profile of the substrate. Across jurisdictions, the 
central challenge is balancing innovation with risk control. BSF systems 
can reduce organic waste and generate useful products, but unsafe 
substrates may introduce pathogens, heavy metals, persistent organic 
pollutants, microplastics, or other contaminants into larvae, frass, or 
downstream products. Facility-level controls are also important because 
cross-contamination can occur during substrate handling, larval rearing, 
harvesting, drying, storage, or blending with conventional feed 
ingredients. Allergenicity represents an additional consideration because 
BSF proteins may share structural similarities with other arthropod 
allergens, including shellfish allergens. 

Overall, the scalability of BSF technologies depends on clear, science-
based frameworks that define acceptable substrates, product safety 
standards, monitoring requirements, and permitted end uses. 
Harmonized guidance would support trade and technology transfer, but 
regulation should remain sufficiently stringent to prevent contaminated 
substrates from undermining the environmental and public health 
benefits of BSF-mediated waste valorization. Future deployment will 
therefore depend on aligning environmental performance, economic 
feasibility, product safety, and regulatory acceptance rather than 
demonstrating waste reduction alone. 

CONCLUSIONS 

BSF larval-based waste management is best understood as an 
integrated bioconversion platform rather than a single waste-treatment 
method. Its value depends on whether biological performance can be 
linked to measurable environmental benefits, economic feasibility, and 
regulatory acceptance. The strongest evidence supports BSF use with 
relatively clean organic residues, where larvae can reduce waste mass 
while generating recoverable biomass and frass. In contrast, low-nutrient 
or highly lignocellulosic residues, such as untreated crop straw, are poorly 
suited to direct BSF treatment unless they are pretreated, blended, or 
otherwise conditioned. 
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The broader synthesis of this review indicates that BSF deployment 
should be evaluated through a readiness-based framework. Applications 
involving clean organic residues, controlled manure streams, larval feed 
production, and frass recovery are the most actionable, provided that 
product safety and quality are verified. By contrast, applications involving 
contaminated substrates, microplastics, PFAS, heavy metals, high-value 
biomaterials, biodiesel, or pharmaceutical compounds remain more 
conditional. These pathways may add value in specific contexts, but they 
should not be treated as mature waste-management solutions without 
stronger evidence on contaminant fate, system boundaries, processing 
requirements, and end-use safety. 

The novelty of this review lies in positioning BSF-mediated waste 
valorization as a decision-oriented circular bioeconomy system rather 
than a broadly beneficial technology. Larval growth and waste reduction 
are necessary but insufficient indicators of success. Feedstock quality, 
larval–microbial interactions, greenhouse gas outcomes, frass 
performance, contaminant transfer, economic feasibility, and regulatory 
acceptance jointly determine whether BSF systems can move from 
experimental promise to reliable implementation. This integrated 
perspective helps distinguish applications that are currently scalable from 
those that require more cautious interpretation. 

Future research should prioritize standardized, application-specific 
evaluation. Studies should report enough detail on substrates, larval 
performance, frass quality, contaminant fate, emissions, and life-cycle 
boundaries to allow meaningful comparison across systems. Long-term 
field trials are also needed to determine whether repeated frass 
application improves soil function and crop productivity without 
increasing contaminant accumulation. Techno-economic analysis and 
regulatory planning should be incorporated earlier in BSF research rather 
than treated as downstream considerations. Strengthening these areas 
will support the safe, scalable, and evidence-based use of BSF systems in 
sustainable organic waste management. 

DATA AVAILABILITY 

No data were generated from the study. 

AUTHOR CONTRIBUTIONS 

Conceptualization, JAS and HRJ; methodology, JAS; formal analysis, JAS; 
investigation, JAS; resources, JAS and HRJ; data curation, JAS; writing—
original draft preparation, JAS; writing—review and editing, JAS and HRJ; 
visualization, JAS; supervision, HRJ; project administration, HRJ; funding 
acquisition, HRJ All authors have read and agreed to the published version 
of the manuscript. 

  



 
Journal of Sustainability Research 19 of 25 

J Sustain Res. 2026;8(3):e260070. https://doi.org/10.20900/jsr20260070 

CONFLICTS OF INTEREST 

The authors declare they have no conflicts of interest. 

FUNDING 

This work was supported by the National Science Foundation through 
the Industry-University Cooperative Research Centers (IUCRC) NSF 
cooperative agreements 2052454, 2052565, and 2052788. Any opinions, 
findings, and conclusions or recommendations expressed in this material 
are those of the author(s) and do not necessarily reflect the views of the 
National Science Foundation or the Industry Advisory Board Members of 
the Center for Insect Biomanufacturing and Innovation. 

ACKNOWLEDGMENTS 

We thank colleagues in the Jordan Lab at Mississippi State for helpful 
discussions. 

REFERENCES 

1. Gustavsson J, Cederberg C, Sonesson U, van Otterdijk R, Meybeck A. Global 
food losses and food waste-extent, causes, and prevention. Rome (Italy): Food 
and Agriculture Organization of the United Nations; 2011. p. 3-10. 

2. Adhikari BK, Barrington S, Martinez J. Predicted growth of world urban food 
waste and methane production. Waste Manag Res. 2006;24(5):421-33. doi: 
10.1177/0734242X06067767 

3. Spranghers T, Ottoboni M, Klootwijk C, Ovyn A, Deboosere S, De Meulenaer B, 
et al. Nutritional composition of black soldier fly (Hermetia illucens) prepupae 
reared on different organic waste substrates. J Sci Food Agric. 
2017;97(7):2594-600. doi: 10.1002/jsfa.8081 

4. Singh A, Kumari K. An inclusive approach for organic waste treatment and 
valorisation using black soldier fly larvae: a review. J Environ Manage. 
2019;251:109569. doi: 10.1016/j.jenvman.2019.109569 

5. Niranjan BH, Govindaiah PM, Yandigeri MS, Gourkhede DP, Fairoze N, V EA, 
et al. Bioconversion and performance of black soldier fly (Hermetia illucens) 
in converting organic poultry waste materials into high value products and 
fertilizers. Waste Biomass Valorization. 2024;15:5559-72. doi: 10.1007/s12649-
024-02542-z 

6. Sideris V, Georgiadou M, Papadoulis G, Mountzouris K, Tsagkarakis A. Effect 
of processed beverage by-product-based diets on biological parameters, 
conversion efficiency and body composition of Hermetia illucens L. (Diptera: 
Stratiomyidae). Insects. 2021;12:475. doi: 10.3390/insects12050475 

7. Veldkamp T, van Rozen K, Elissen H, van Wikselaar P, van der Weide R. 
Bioconversion of digestate, pig manure and vegetal residue-based waste 
operated by black soldier fly larvae, Hermetia illucens L. (Diptera: 
Stratiomyidae). Animals. 2021;11:3082. doi: 10.3390/ani11113082 



 
Journal of Sustainability Research 20 of 25 

J Sustain Res. 2026;8(3):e260070. https://doi.org/10.20900/jsr20260070 

8. Barragan-Fonseca KB, Dicke M, van Loon JJA. Nutritional value of the black 
soldier fly (Hermetia illucens L.) and its suitability as animal feed-a review. J 
Insects Food Feed. 2017;3(2):105-20. doi: 10.3920/JIFF2016.0055 

9. Čičková H, Newton GL, Lacy RC, Kozánek M. The use of fly larvae for organic 
waste treatment. Waste Manag. 2015;35:68-80. doi: 
10.1016/j.wasman.2014.09.026 

10. Pastor B, Velasquez Y, Gobbi P, Rojo S. Conversion of organic wastes into fly 
larval biomass: bottlenecks and challenges. J Insects Food Feed. 2015;1(3):179-
94. doi: 10.3920/JIFF2014.0024 

11. Giannetto A, Oliva S, Riolo K, Savastano D, Parrino V, Cappello T, et al. Waste 
valorization via Hermetia illucens to produce protein-rich biomass for feed: 
insight into the critical nutrient taurine. Animals. 2020;10(9):1710. doi: 
10.3390/ani10091710 

12. Shaboon AM, Qi X, Omar MAA. Insect-mediated waste conversion. In: Waste-
to-energy. Cham (Switzerland): Springer International Publishing; 2022. p. 
479-509. doi: 10.1007/978-3-030-91570-4_16 

13. Gold M, Cassar CM, Zurbrügg C, Kreuzer M, Boulos S, Diener S, et al. Biowaste 
treatment with black soldier fly larvae: increasing performance through the 
formulation of biowastes based on protein and carbohydrates. Waste Manag. 
2020;102:319-29. doi: 10.1016/j.wasman.2019.10.036 

14. Liu C, Wang C, Yao H. Comprehensive resource utilization of waste using the 
black soldier fly (Hermetia illucens (L.)) (Diptera: Stratiomyidae). Animals. 
2019;9(6):349. doi: 10.3390/ani9060349 

15. Parodi A, Gerrits WJJ, van Loon JJA, de Boer IJM, Aarnink AJA, van Zanten 
HHE. Black soldier fly reared on pig manure: bioconversion efficiencies, 
nutrients in the residual material, greenhouse gas and ammonia emissions. 
Waste Manag. 2021;126:674-83. doi: 10.1016/j.wasman.2021.04.001 

16. Ikusika OO, Akinmoladun OF, Mpendulo CT. Enhancement of the nutritional 
composition and antioxidant activities of fruit pomaces and agro-industrial 
byproducts through solid-state fermentation for livestock nutrition: a review. 
Fermentation. 2024;10(5):227. doi: 10.3390/fermentation10050227 

17. De Smet J, Wynants E, Cos P, Van Campenhout L. Microbial community 
dynamics during rearing of black soldier fly larvae (Hermetia illucens) and 
impact on exploitation potential. Appl Environ Microbiol. 2018;84(19):e02722-
17. doi: 10.1128/AEM.02722-17 

18. Zhang X, Zhang J, Jiang L, Yu X, Zhu H, Zhang J, et al. Black soldier fly 
(Hermetia illucens) larvae significantly change the microbial community in 
chicken manure. Curr Microbiol. 2021;78(1):303-15. doi: 10.1007/s00284-020-
02276-w 

19. Heussler CD, Walter A, Oberkofler H, Insam H, Arthofer W, Schlick-Steiner BC, 
et al. Influence of three artificial light sources on oviposition and half-life of 
the black soldier fly, Hermetia illucens (Diptera: Stratiomyidae): improving 
small-scale indoor rearing. PLoS One. 2018;13(6):e0197896. doi: 
10.1371/journal.pone.0197896 

  



 
Journal of Sustainability Research 21 of 25 

J Sustain Res. 2026;8(3):e260070. https://doi.org/10.20900/jsr20260070 

20. Wynants E, Frooninckx L, Crauwels S, Verreth C, De Smet J, Sandrock C, et al. 
Assessing the microbiota of black soldier fly larvae (Hermetia illucens) reared 
on organic waste streams on four different locations at laboratory and large 
scale. Microb Ecol. 2019;77(4):913-30. doi: 10.1007/s00248-018-1286-x 

21. Jeon H, Park S, Choi J, Jeong G, Lee SB, Choi Y, et al. The intestinal bacterial 
community in the food waste-reducing larvae of Hermetia illucens. Curr 
Microbiol. 2011;62(4):1390-9. doi: 10.1007/s00284-011-9874-8 

22. Diener S, Studt Solano NM, Roa Gutiérrez F, Zurbrügg C, Tockner K. Biological 
treatment of municipal organic waste using black soldier fly larvae. Waste 
Biomass Valor. 2011;2(4):357-63. doi: 10.1007/s12649-011-9079-1 

23. Parra Paz AS, Carrejo NS, Gómez Rodríguez CH. Effects of larval density and 
feeding rates on the bioconversion of vegetable waste using black soldier fly 
larvae Hermetia illucens (L.), (Diptera: Stratiomyidae). Waste Biomass Valor. 
2015;6(6):1059-65. doi: 10.1007/s12649-015-9418-8 

24. Ravi HK, Degrou A, Costil J, Trespeuch C, Chemat F, Vian MA. Larvae mediated 
valorization of industrial, agriculture and food wastes: biorefinery concept 
through bioconversion, processes, procedures, and products. Processes. 
2020;8(7):857. doi: 10.3390/pr8070857 

25. Quan J, Wang Y, Cheng X, Li C, Yuan Z. Revealing the effects of fermented food 
waste on the growth and intestinal microorganisms of black soldier fly 
(Hermetia illucens) larvae. Waste Manag. 2023;171:580-9. doi: 
10.1016/j.wasman.2023.10.002 

26. Wang Y, Quan J, Cheng X, Li C, Yuan Z. Relationship of black soldier fly larvae 
(BSFL) gut microbiota and bioconversion efficiency with properties of 
substrates. Waste Manag. 2024;180:106-14. doi: 10.1016/j.wasman.2024.03.030 

27. Peguero DA, Gold M, Endara A, Niu M, Zurbrügg C, Mathys A. Evaluation of 
ammonia pretreatment of four fibrous biowastes and its effect on black 
soldier fly larvae rearing performance. Waste Manag. 2023;160:123-34. doi: 
10.1016/j.wasman.2023.01.033 

28. Humpy B, Kumar S, Mohideen S. Influence of fruits and vegetables waste pre-
treatment on black soldier fly larval growth. J Adv Biotechnol Exp Ther. 
2023;6(1):1. doi: 10.5455/jabet.2023.d100 

29. van Huis A. Cultural significance of termites in sub-Saharan Africa. J 
Ethnobiol Ethnomed. 2017;13:8. doi: 10.1186/s13002-017-0137-z 

30. Cheng M, Xu S, Wang Y, Wu X, Yuan Z. Matching livestock manure with 
suitable bioconversion strategies for efficient nutrient upcycling in China. 
Resour Environ Sustain. 2026;23:100302. doi: 10.1016/j.resenv.2026.100302 

31. Awasthi MK, Liu T, Awasthi SK, Duan Y, Pandey A, Zhang Z. Manure 
pretreatments with black soldier fly Hermetia illucens L. (Diptera: 
Stratiomyidae): a study to reduce pathogen content. Sci Total Environ. 
2020;737:139842. doi: 10.1016/j.scitotenv.2020.139842 

32. Weithmann N, Möller JN, Löder MGJ, Piehl S, Laforsch C, Freitag R. Organic 
fertilizer as a vehicle for the entry of microplastic into the environment. Sci 
Adv. 2018;4(7):eaap8060. doi: 10.1126/sciadv.aap8060 

  



 
Journal of Sustainability Research 22 of 25 

J Sustain Res. 2026;8(3):e260070. https://doi.org/10.20900/jsr20260070 

33. De Filippis F, Bonelli M, Bruno D, Sequino G, Montali A, Reguzzoni M, et al. 
Plastics shape the black soldier fly larvae gut microbiome and select for 
biodegrading functions. Microbiome. 2023;11:205. doi: 10.1186/s40168-023-
01649-0 

34. Lievens S, Poma G, Frooninckx L, Van der Donck T, Seo JW, De Smet J, et al. 
Mutual influence between polyvinyl chloride (micro)plastics and black 
soldier fly larvae (Hermetia illucens L.). Sustainability. 2022;14(19):12109. doi: 
10.3390/su141912109 

35. Planche C, Lievens S, Van der Donck T, Sicard J, Van Der Borght M. Exposure 
of black soldier fly larvae to microplastics of various sizes and shapes: 
ingestion and egestion dynamics and kinetics. Waste Manag. 2025;203:114852. 
doi: 10.1016/j.wasman.2025.114852 

36. Li W, Bischel HN. Are resource recovery insects safe for feed and food? a 
screening approach for bioaccumulative trace organic contaminants. Sci 
Total Environ. 2022;837:155850. doi: 10.1016/j.scitotenv.2022.155850 

37. Li W. In silico, in vitro, and in vivo assessment of trace organic contaminants 
(TrOCs) bioaccumulation and toxicity potential [PhD dissertation]. Davis (CA, 
US): University of California Davis; 2022. 

38. Wu N, Wang X, Xu X, Cai R, Xie S. Effects of heavy metals on the 
bioaccumulation, excretion and gut microbiome of black soldier fly larvae 
(Hermetia illucens). Ecotoxicol Environ Saf. 2020;192:110323. doi: 
10.1016/j.ecoenv.2020.110323 

39. Lomonaco G, Franco A, De Smet J, Scieuzo C, Salvia R, Falabella P. Larval frass 
of Hermetia illucens as organic fertilizer: composition and beneficial effects 
on different crops. Insects. 2024;15(4):293. doi: 10.3390/insects15040293 

40. Beesigamukama D, Mochoge B, Korir N, Ghemoh CJ, Subramanian S, Tanga 
CM. In situ nitrogen mineralization and nutrient release by soil amended with 
black soldier fly frass fertilizer. Sci Rep. 2021;11:14799. doi: 10.1038/s41598-
021-94269-3 

41. Triunfo M, Tafi E, Guarnieri A, Salvia R, Scieuzo C, Hahn T, et al. 
Characterization of chitin and chitosan derived from Hermetia illucens, a 
further step in a circular economy process. Sci Rep. 2022;12:6613. doi: 
10.1038/s41598-022-10423-5 

42. Liew CS, Lock SSM, Mhd Yusof SM, Rawindran H, Mong GR, Lim JW, et al. 
Chitin and chitosan production from black soldier fly larvae (Hermetia 
illucens) as bioresource: current progress, applications, challenges and way 
forwards. Waste Biomass Valor. 2025. doi: 10.1007/s12649-025-03175-6 

43. Li M, Quan J, Liu B, Yuan Z. Insight into insect protein production and gut 
microbiota from mixed food waste bioconversion by black soldier fly 
(Hermetia illucens L.) larvae. Waste Manag. 2026;210:115239. doi: 
10.1016/j.wasman.2025.115239 

44. Rawski M, Mazurkiewicz J, Kierończyk B, Józefiak D. Black soldier fly full-fat 
larvae meal as an alternative to fish meal and fish oil in Siberian sturgeon 
nutrition: the effects on physical properties of the feed, animal growth 
performance, and feed acceptance and utilization. Animals. 2020;10(11):2119. 
doi: 10.3390/ani10112119 



 
Journal of Sustainability Research 23 of 25 

J Sustain Res. 2026;8(3):e260070. https://doi.org/10.20900/jsr20260070 

45. Siddiqui SA, Ristow B, Rahayu T, Putra NS, Widya Yuwono N, Nisa' K, et al. 
Black soldier fly larvae (BSFL) and their affinity for organic waste processing. 
Waste Manag. 2022;140:1-13. doi: 10.1016/j.wasman.2021.12.044 

46. Park JY, Jung S, Na YG, Jeon CH, Cheon HY, Yun EY, et al. Biodiesel production 
from the black soldier fly larvae grown on food waste and its fuel property 
characterization as a potential transportation fuel. Environ Eng Res. 
2021;27:200704. doi: 10.4491/eer.2020.704 

47. Sitepu EK, Perangin-angin S, Ginting GJ, Machmudah S, Sari RN, Tarigan JB. 
Controlled crushing device-intensified direct biodiesel production of black 
soldier fly larvae. Heliyon. 2023;9:e16402. doi: 10.1016/j.heliyon.2023.e16402 

48. Bukchin-Peles S, Baker Lozneva K, Tomberlin JK, Zilberman D. From waste 
management to protein innovation: black soldier fly as an embodiment of the 
circular bioeconomy. Future Foods. 2025;11:100592. doi: 
10.1016/j.fufo.2025.100592 

49. Kullan ARK, Neumann EG, Suresh A, Choi HL. Sustainable solutions for 
entomoremediation organic waste into food and fertilizer using black soldier 
fly larvae. Glob J Environ Sci Manag. 2026;12:409-30. 

50. Manna Insect. Frass–a forgotten business opportunity in insect farming. 
Available from: https://www.mannainsect.com/frass-as-a-business-
opportunity/. Accessed on 2026 Jul 20. 

51. Reswita R, Noli ZA, Rahayu R. Effect of giving frass Hermetia illucen L. on soil 
physical chemical properties, chlorophyll content and yield of upland rice 
(Oryza sativa L.) on ultisol soil. Eduvest - J Univ Stud. 2022;2:335-46. doi: 
10.59188/eduvest.v2i2.320 

52. Kawasaki K, Kawasaki T, Hirayasu H, Matsumoto Y, Fujitani Y. Evaluation of 
fertilizer value of residues obtained after processing household organic waste 
with black soldier fly larvae (Hermetia illucens). Sustainability. 2020;12:4920. 
doi: 10.3390/su12124920 

53. Bohm K, Hatley GA, Robinson BH, Gutiérrez-Ginés MJ. Analysis of chemical 
and phytotoxic properties of frass derived from black soldier fly-based 
bioconversion of biosolids. Sustainability. 2023;15:11526. doi: 
10.3390/su151511526 

54. Van Moll L, De Smet J, Paas A, Tegtmeier D, Vilcinskas A, Cos P, et al. In vitro 
evaluation of antimicrobial peptides from the black soldier fly (Hermetia 
illucens) against a selection of human pathogens. Microbiol Spectr. 
2022;10(3):e0166421. doi: 10.1128/spectrum.01664-21 

55. Lee KS, Yun EY, Goo TW. Antimicrobial activity of an extract of Hermetia 
illucens larvae immunized with Lactobacillus casei against Salmonella 
species. Insects. 2020;11(10):704. doi: 10.3390/insects11100704 

56. Liu C, Yao H, Chapman SJ, Su J, Wang C. Changes in gut bacterial communities 
and the incidence of antibiotic resistance genes during degradation of 
antibiotics by black soldier fly larvae. Environ Int. 2020;142:105834. doi: 
10.1016/j.envint.2020.105834 

57. Diener S, Zurbrügg C, Tockner K. Bioaccumulation of heavy metals in the 
black soldier fly, Hermetia illucens and effects on its life cycle. J Insects Food 
Feed. 2015;1(4):261-70. doi: 10.3920/JIFF2015.0030 



 
Journal of Sustainability Research 24 of 25 

J Sustain Res. 2026;8(3):e260070. https://doi.org/10.20900/jsr20260070 

58. Alagappan S, Rowland D, Barwell R, Mantilla SMO, Mikkelsen D, James P, et 
al. Legislative landscape of black soldier fly (Hermetia illucens) as feed. J 
Insects Food Feed. 2022;8(3):343-56. doi: 10.3920/JIFF2021.0111 

59. Lähteenmäki-Uutela A, Marimuthu SB, Meijer N. Regulations on insects as 
food and feed: a global comparison. J Insects Food Feed. 2021;7(8):849-56. doi: 
10.3920/JIFF2020.0066 

60. Perednia D, Anderson J, Rice A. A comparison of the greenhouse gas 
production of black soldier fly larvae versus aerobic microbial decomposition 
of an organic feed material. Res Rev J Ecol Environ Sci. 2017;5:10-16. 

61. Pang W, Hou D, Chen J, Nowar EE, Li Z, Hu R, et al. Reducing greenhouse gas 
emissions and enhancing carbon and nitrogen conversion in food wastes by 
the black soldier fly. J Environ Manage. 2020;260:110066. doi: 
10.1016/j.jenvman.2020.110066 

62. Xiang F, Han L, Jiang S, Xu X, Zhang Z. Black soldier fly larvae mitigate 
greenhouse gas emissions from domestic biodegradable waste by recycling 
carbon and nitrogen and reconstructing microbial communities. Environ Sci 
Pollut Res. 2024;31:33347-59. doi: 10.1007/s11356-024-33308-8 

63. Ganesan AR, Mohan K, Kandasamy S, Surendran RP, Kumar R, Rajan DK, et al. 
Food waste-derived black soldier fly (Hermetia illucens) larval resource 
recovery: a circular bioeconomy approach. Process Saf Environ Prot. 
2024;184:170-89. doi: 10.1016/j.psep.2024.01.084 

64. Nordahl SL, Devkota JP, Amirebrahimi J, Smith SJ, Breunig HM, Preble CV, et 
al. Life-cycle greenhouse gas emissions and human health trade-offs of 
organic waste management strategies. Environ Sci Technol. 2020;54:9200-9. 
doi: 10.1021/acs.est.0c00364 

65. Obersteiner G, Gollnow S, Eriksson M. Carbon footprint reduction potential of 
waste management strategies in tourism. Environ Dev. 2021;39:100617. doi: 
10.1016/j.envdev.2021.100617 

66. Beesigamukama D, Mochoge B, Korir N, Menale K, Muriithi B, Kidoido M, et 
al. Economic and ecological values of frass fertiliser from black soldier fly 
agro-industrial waste processing. J Insects Food Feed. 2022;8(3):245-54. doi: 
10.3920/JIFF2021.0013 

67. Józefiak A, Nogales-Mérida S, Rawski M, Kierończyk B, Mazurkiewicz J. Effects 
of insect diets on the gastrointestinal tract health and growth performance of 
Siberian sturgeon (Acipenser baerii Brandt, 1869). BMC Vet Res. 2019;15:348. 
doi: 10.1186/s12917-019-2070-y 

68. Li C, Yuan Z, Liu B, Sun Y, Wang Y, Quan J, et al. Comparative recovery of 
carbon, nitrogen, and phosphorus from food waste via anaerobic digestion 
and black soldier fly larvae. Water Res. 2026;288:124587. doi: 
10.1016/j.watres.2025.124587 

69. Groeneveld I, Elissen H, van Rozen K, van der Weide R. The profitability 
potential of black soldier fly (BSF) larvae raised on pig manure at farm level. 
Wageningen (The Netherlands): Wageningen University & Research; 2021. doi: 
10.18174/549892 

  



 
Journal of Sustainability Research 25 of 25 

J Sustain Res. 2026;8(3):e260070. https://doi.org/10.20900/jsr20260070 

70. Grau MGP, Dortmans BMA, Egger J, Virard G, Zurbrügg C. Modelling the 
financial viability of centralised and decentralised black soldier fly larvae 
waste processing units in Surabaya, Indonesia. J Insects Food Feed. 
2023;9(2):303-16. doi: 10.3920/JIFF2022.0012 

71. Müller A, Evans J, Payne CLR, Roberts R. Entomophagy and power. J Insects 
Food Feed. 2016;2(2):121-36. doi: 10.3920/JIFF2016.0010 

72. Urrutia Avila K, Campbell M, Mauck K, Gebiola M, Karydis K. Development 
and testing of a smart bin toward automated rearing of black soldier fly 
larvae. In: 2022 IEEE 18th International Conference on Automation Science 
and Engineering (CASE); 2022 Aug 20-24; Mexico City, Mexico. Piscataway (NJ, 
US): IEEE; 2022. p. 1238-43. doi: 10.1109/CASE49997.2022.9926430 

73. Manduca G, Wilson LT, Stefanini C, Romano D. Automated detection of larval 
stages of the black soldier fly (Hermetia illucens Linnaeus) through deep 
learning augmented with optical flow. Inf Process Agric. 2025;12(4):501-10. 
doi: 10.1016/j.inpa.2025.05.001 

74. Berggren Å, Jensen AB, Copplestone D, Guidetti R, Heer M, Pittia P. Insects in 
bioregenerative life support systems: unlocking their role in space 
sustainability. Front Physiol. 2025;16:1621099. doi: 
10.3389/fphys.2025.1621099 

75. Romano D, Di Giovanni A, Stefanini C. Assessing black soldier fly pupation 
and survival in lunar regolith simulant: implications for sustainable 
controlled habitats on the Moon. Acta Astronaut. 2024;223:505-11. doi: 
10.1016/j.actaastro.2024.07.025 

76. Roembke J. 3 considerations when exploring BSFL ingredients for feed. 
Available from: https://www.feedstrategy.com/blogs/animal-feed-for-
thought/blog/15445132/3-considerations-when-exploring-bsfl-ingredients-
for-feed. Accessed on 2025 Jan 10. 

77. Association of American Feed Control Officials. Ingredient definitions 
committee (IDC). Richmond (KY, US): Association of American Feed Control 
Officials; 2025. 

78. Lee S, Lo E. Alternative protein-a comparison of the regulation of insect 
protein as food and feed. San Francisco (CA, US): Morrison Foerster; 2021. 

79. Singapore Food Agency. Local production of insects for food and for animal 
feed for food-producing animals. Singapore (Singapore): Singapore Food 
Agency; 2024. 

 

 

How to cite this article: 
Smink JA, Jordan HR. Black Soldier Fly Larvae for Organic Waste Valorization: Environmental Benefits, Contaminant 
Risks, and Circular Bioeconomy Readiness. J Sustain Res. 2026;8(3):e260070. https://doi.org/10.20900/jsr20260070. 


