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As the world population increases, food demand and agricultural activity will also
increase. However, ~30-40% of the food produced today is lost or wasted along the
production chain. Increasing food demands would only intensify the existing challenges
associated with agri-food waste management. An innovative approach to recover the
resources lost along the production chain and convert them into value-added product(s)
would be beneficial. An alternative solution is the use of the larvae of the black
soldier fly (BSFL), Hermetia illucens L., which can grow and convert a wide range of
organic waste materials into insect biomass with use as animal feed, fertilizer and/or
bioenergy. However, the main concern when creating an economically viable business
is the variability in BSFL bioconversion and processing due to the variability of the
substrate. Many factors, such as the nutritional composition of the substrate heavily
impact BSFL development. Another concern is that substrates with high lignin and
cellulose contents have demonstrated poor digestibility by BSFL. Studies suggest that
pretreatment methods may improve the digestibility and biodegradability of the substrate
by BSFL. However, a systematic review of existing pretreatment methods that could
be used for enhancing the bioconversion of these wastes by BSFL is lacking. This
paper provides a state-of-the-art review on the potential pretreatment methods that may
improve the digestibility of substrates by BSFL and consequently the production of BSFL.
These processes include but are not limited to, physical (e.g., mechanical and thermal),
chemical (alkaline treatments), and biological (bacterial and fungal) treatments.

Keywords: Hermetia illucens, waste management, lignocellulosic biomass, bioconversion, substrate digestibility,
biodegradable, Fiber, lignin
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FLY LARVAE FOR RECYCLING OF
AGRI-FOOD WASTE

Meeting global food demands within our planetary boundaries
requires recycling nutrients currently wasted within the agri-
food system (Willett et al., 2019). Today, more than 1.3
billion tons of food are lost or wasted each year (Gustavsson
et al., 2011). Especially in low- and middle-income countries,
a lack of managing these wastes leads to adverse public health
and environmental effects (Hoornweg and Bhada-Tata, 2012).
Instead, utilizing nutrients in agri-food wastes contributes
to more sustainable food production for the growing global
population, projected to surpass nine billion by 2050 (United
Nations, 2017).

An emerging solution for recycling of agri-food wastes into
value-added products for food production uses black soldier
fly larvae (BSFL, Hermetia illucens L.) (Figure 1A) (Gold et al.,
2018). BSFL convert many agri-food wastes (e.g. manures,
agricultural crops and residues and milling side streams) (Gold
et al., 2018, 2020a,b) into protein-rich insect biomass that can
efficiently substitute current livestock feed ingredients, such as
soybean and fishmeal, leaving behind a compost-like residue (i.e.,
insect frass) for fertilizer applications (Klammsteiner et al., 2020).
In addition, agri-food waste bioconversion with BSFL can reduce
greenhouse gas emissions compared to biowaste composting, and
produce BSFL-based feeds with a lower environmental impact
than current livestock feed ingredients (Smetana et al., 2016,
2019; Gold et al., 2018; Mertenat et al., 2019). However, there are
some trade-offs when pursuing the pathway of BSFL recycling of
agri-food waste as these substrates do not typically result in high
BSFL performance.

LOW PERFORMANCE OF FIBROUS
AGRI-FOOD WASTE

One key challenge of BSFL bioconversion is the frequently
low process performance with some of the most abundant and
affordably sourced agri-food wastes (Gold et al., 2018; Lalander
et al., 2019). For example, the bioconversion rate, that is the
amount of dry larval biomass produced per unit of waste, is
1.9-6% for animal manures (Gold et al., 2018; Liu et al., 2018),
5% for brewery side streams (Liu et al., 2018) and 4-5% for
fruit and vegetable wastes (Lalander et al., 2019; Somroo et al.,
2019). These bioconversion rates are low relative to those for food
wastes (13-21%) (Nyakeri et al., 2017; Lalander et al., 2019). BSFL
development is affected by highly biodegradable macronutrients
such as proteins, carbohydrates, and lipids (Nguyen et al,
2013). The low performance of some agri-food wastes has
frequently been associated with their high crude fiber content
containing lignocellulose, which has poor biodegradability. The
lignocellulosic composition primarily consists of cellulose (~30-
50%), hemicellulose (~20-35%) and lignin (~10-25%) (Table 1)
(Liu et al., 2008). Despite contradictory results in the literature,
where Rehman et al. (2017) reported BSFL reduced lignin and
cellulose in dairy manure by 31 and 50%, respectively, these
lignocellulosic fractions are thought to be mostly indigestible by

BSFL and negatively correlated with process performance (Liu
et al,, 2018; Gold et al., 2020a,b). Since the process performance
and bioconversion of these agri-food wastes are decisive for the
affordability and sustainability of BSFL-based products (Smetana
et al., 2019), solutions to enhance process performance and
conversion are urgently needed if these wastes will be used for
BSFL production.

ENHANCING BSFL PERFORMANCE WITH
PRETREATMENTS

The structural characteristics of lignocellulosic substrates (i.e.,
lignin presence, high cellulose crystallinity, water insolubility,
and resistance to depolymerization) are common problems
affecting the efficient valorization of many agri-food wastes
(Agbor et al,, 2011). Various physical, chemical, and biological
substrate pretreatments have been extensively studied to enhance
the conversion of lignocellulosic substrates for bioenergy yields
(e.g., biogas, methane and ethanol) from anaerobic digestion
and fermentation, ethanol production, (vermi)-composting and,
to a lesser extent BSFL rearing performance (Hamelinck et al.,
2005; Mosier et al., 2005; Carlsson et al., 2012; Kim, 2013).
The overall bioconversion process performance, and economic
viability are greatly affected by the availability and degradability
of the substrate. The goal of substrate pretreatment is to degrade
lignin, reduce the crystalline structure of cellulose (Figure 1B),
and increase pore size and surface/volume ratio, making it more
suitable for digestion by larval (e.g., insect-based bioconversion)
enzymes (Mosier et al., 2005; Kim, 2013).

Implementation of pretreatments in BSFL production, could
potentially enhance bioconversion efficiency and reliability
across various agri-food wastes. However, few studies have
investigated the effects of physical, chemical (Liu et al., 2021),
and biological pretreatments (Isibika et al., 2019) on BSFL
bioconversion. The goal of this review is to evaluate state-of-
the-art pretreatment methods used for biogas production and
(vermi-) composting, providing direction for future research
activities. Due to the use of semi-solid substrates and the
importance of microbiological processes, these waste conversion
processes are probably most similar to BSFL bioconversion
and thus the focus of this review. To synthesize the most
relevant research for bioenergy/biogas production and (vermi-)
composting, only those published in the last 20 years were
considered (see Supplementary Figure 1, for the four-step
approach conducted for this review). To enable economically
viable waste management and feed production, technologies
considered by previous studies to have high energy demands (e.g.,
sonication, microwave, pulsed electric field, steam explosion), or
include costly additives (e.g., commercial cellulolytic enzymes),
are not discussed in detail in this review.

PHYSICAL PRETREATMENTS

Physical pretreatment is a widely applied substrate pretreatment
for improving biogas production and composting. Physical
pretreatment alters the lignocellulosic characteristics (e.g., reduce
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FIGURE 1 | (A) Schematic of the BSFL process for the production of insect-based feed, bioenergy, and fertilizer from agri-food wastes and byproducts. (B)
Schematic of the structural change of lignocellulosic components after physical, chemical, and biological pretreatments as part of substrate preparation. Underlined
pretreatments are reviewed in this study. Adapted from Mosier et al. (2005) and Dortmans et al. (2021).

TABLE 1 | Lignocellulosic composition of typical BSFL substrates.

Substrate classification Description Cellulose Hemicellulose Lignin
(%) (%) (%)

Animal manures Livestock excreta (e.g. poultry, swine and cow) 6-392P 12-28>M 4-236m

Fruit and vegetable waste Discarded fruits (e.g., apples, grapes and strawberries) and 10-16°d 7-9¢0d 1-gcd
vegetables (e.g., lettuce, potatoes, cassava)

Organic fraction of municipal solid waste Considered a mixture of foods, fruits, vegetables, garden 5-37°9 9-13°9 10-198f
wastes, and soiled paper

Milling and brewery sides streams By-products from the milling and brewery industry, such as 16-25N 11-28/K 6-27'
brewers spent grain

Agricultural crops and residues The residue of varying types of crops, such as sugarcane 26-50"° 11-34' 10-47"°

bagasse, wheat straw, and barley straw

aSun and Cheng (2002); PLi et al. (2011); °Meneguz et al. (2018). 9Edwiges et al. (2018); ®Hartmann and Ahring (2005); 'Rao and Singh (2004); 9Zhu et al. (2010); "Kanauchi et al.
(2001); "Meneguz et al. (2018); IMussatto et al. (2006); KShumo et al. (2019); 'Mirko et al. (2021); ™Chen et al. (2003); "Senol (2021); °Ansari et al. (2021).

All values are presented as wt% in dry mass.

The classification and description of the substrates used in BSFL rearing were from Gold et al. (2018). A breakdown of the lignocellulosic composition of each individual substrate can
be found in Supplementary Table 1.

crystallinity, increase surface area, and increase porosity) using
mechanical, thermal, and electromagnetic processes (Atelge et al.,
2020). In contrast to chemical and biological pretreatments,
physical pretreatments do not require additives (e.g., chemicals,
microbes), but depending on the technology, substrate type and
the process target, they can demand energy (i.e., electricity and
heat) requirements of 3-55 kWh/t (Kratky and Jirout, 2011;
Menardo et al,, 2012; Bhagwat et al., 2015).

Mechanical pretreatment can reduce substrate particle size
with various choppers and mills (e.g., hammer mill, knife
mill, bead mill, wet disk mill). Grinding and chopping
typically involve fracturing the substrate down to diameters
of <2mm and 10-30mm, respectively (Oyedeji et al., 2020).
These technologies are considered more suitable for substrates
with moisture contents lower than 15%, while colloid mills,
extruders, and expanders are suitable for substrates with
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moisture contents over 15-20% (wet basis) (Kratky and Jirout,
2011).

Reduced substrate particle size has been shown to positively
correlate with biogas or methane yield (Victorin et al., 2020),
in addition to increasing cellulose degradation (Sharma et al.,
1988). Mechanical pretreatments, such as grinding, extrusion,
and mechanical disintegration, have already been applied in full-
scale for animal manure, municipal solid waste, and agricultural
crops and residues (Carrere et al., 2016). Particle size reduction,
ranging from <2 mm to 5 cm for manures, fruit/vegetable waste,
and crop and harvesting residues has shown to increase methane
production/yield by 16-89% in comparison to untreated
substrates (see Supplementary Table 2) (Sharma et al., 1988;
Angelidaki and Ahring, 2000; Mshandete et al., 2006; Menardo
etal., 2012). For example, methane production increased by 16%
and 23% for cattle manure and sisal fiber, respectively, when
reduced to 2 mm average particle size (Angelidaki and Ahring,
2000; Mshandete et al., 2006). The increased surface area provides
greater access for microorganisms, which positively impacts
methane production/yield. However, the benefit of particle size
reduction is very dependent on the substrate. For example,
Menardo et al. (2012) reported a methane yield increase of
57% and 19% for wheat straw and barley straw, respectively,
when reduced to 5cm, but did not observe the same effect for
rice straw. Palma et al. (2019) suggested that the mechanical
pretreatment efficiency may also be substrate-dependent for
BSFL bioconversion, as decreasing almond hull particle size
with a hammer mill from 6 to 4mm decreased larval mass
by 10%. The authors concluded that BSFL may benefit from
aeration due to its larger particle size. In contrast to anaerobic
digestion, BSFL based conversion is an aerobic process, requiring
oxygen to function. Thus, porosity and airflow play a role,
and a more compacted substrate with lower particle size may
lead to a reduced oxygen supply for BSFL. However, more
research is needed to identify the optimal particle size for efficient
BSFL bioconversion.

Another common physical pretreatment worth considering
is thermal pretreatment, as the main goal is to increase the
solubility of the organic matter, improving biodegradability and
increasing biogas production and the efficiency of composting
(Appels et al., 2010; Cesaro and Belgiorno, 2014; Cao et al., 2019).
Thermal pretreatment is highly dependent on temperature,
time, and, in some cases pressure, with temperatures above
100°C and processing times ranging from 15 to 120min
with 2-9 bar pressure (Carrere et al, 2010; Atelge et al,
2020). However, these operating conditions may not be
suitable for BSFL processing because of the inactivation of
potentially beneficial microorganisms present in the substrate
(Gold et al., 2020a,b). For example, Isibika et al. (2019)
attributed the 15 and 19% decrease in BSFL larval mass and
bioconversion rate, respectively, on banana peels following
pretreatment for 60 min at 120°C at 2 bar, to release of toxic
tannins. The production/release of phenolic compounds at high
temperatures (e.g. >160°C) could potentially inhibit larval and
microbial metabolism (Miiller, 2000; Hendriks and Zeeman,
2009). In general, low temperature thermal pretreatment
(e.g., <100°C) has shown to increase methane and biogas

production/yield for animal manures and agricultural crops
and residues by 14-62% compared to untreated substrates (see
Supplementary Table 2) (Menardo et al., 2012; Nava-Valente
et al, 2021; Senol, 2021). However, thermal pretreatment at
70°C for 24h for buckwheat hull had no significant effect on
methane yield as lignocellulose degradation was not observed
(Mirko et al., 2021).

Therefore, pretreatment at lower temperatures (80-90°C)
and longer holding times (>60 min) could be a more suitable
treatment condition of the substrate before BSFL bioconversion,
in addition to achieving pasteurization of the substrate
(i.e., inactivating relevant vegetative pathogens that may
still be present). Similar treatment settings increased biogas
production from agricultural crops and residues by 60%, when
pretreated at 80-90°C for 30-60 min (Menardo et al., 2012,
see Supplementary Table 2). Thermal pretreatment at 90°C
for 4h increased the composting efficiency of animal manure
mixed with agricultural crops and residues, increasing humic
substances and stable forms of organic matter by 14-18% (Huang
et al, 2019; Zhu et al, 2021, see Supplementary Table 2).
Overall, thermal pretreatment at these lower temperatures
has demonstrated positive effects on biogas production
and composting.

CHEMICAL PRETREATMENT

Chemical  pretreatments use oxidizing agents (e.g.,
H,0,), acids (e.g., H2SO4 and HCI), alkalis, and ozone
to break down lignin and/or hemicelluloses while
increasing the accessibility of cellulose (Carrere et al,
2010; Behera et al, 2014). The efficiency of chemical
pretreatment is highly substrate-dependent and requires
optimization of chemicals, dose, and treatment time for
optimal results.

Acid pretreatments typically use either concentrated or
diluted acids. For concentrated acids, a concentration above 30%
(w/v) is usually needed and carried out at temperatures lower
than 100°C for several hours. However, a major disadvantage
is that a high concentration leads to high corrosiveness, thus
requiring a setup that is resistant to corrosion (Sun and
Cheng, 2002). Additionally, a neutralizing agent is needed to
increase the pH. For the diluted form, an acid concentration
of 0.5 to 5% (w/v) can be used, but at high temperatures
(120-215°C) for a few minutes (Sun and Cheng, 2002). As
mentioned in the section on physical pretreatments, high
temperatures may not be suitable for BSFL bioconversion.
Therefore, our review focuses on alkaline treatments due to
their milder conditions compared to acid treatment (Kim
et al, 2016) and because of their proven effect on high-
lignin substrates, such as agricultural crops and residues,
municipal solid waste, and animal manure (Carrere et al,
2016).

Treatment of substrates with alkaline chemicals (e.g.,
sodium hydroxide, lime, and ammonia) has been most widely
studied because of its effectiveness in lignin degradation,
increasing access to cellulose and hemicellulose for microbial
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decomposition (Carrere et al, 2011; Bochmann and
Montgomery, 2013). A neutralizing agent, such as sulfuric
acid, may be needed to reduce pH after alkaline pretreatment.
Pretreatment of lignocellulosic substrates with 1-10% sodium
hydroxide (NaOH) is the most commonly used alkaline
pretreatment, with typical residence times between 1 and
24h (Sambusiti et al, 2013; Taherdanak and Zilouei, 2014,
see Supplementary Table 3). Agricultural crops and residues
pretreated with NaOH at ambient temperature (e.g., 20-25°C),
have shown to increase biogas or methane production by 13-
89% (Supplementary Table 3) (Neves et al, 2006; He et al,
2008; Taherdanak and Zilouei, 2014). However, there could be
a threshold where NaOH pretreatment is no longer effective,
e.g., if lignin content exceeds 26% (Sun and Cheng, 2002).
Liu et al. (2021) tested alkaline pretreatment (NaOH + H,0O,
for 6h at 30 °C) on the lignocellulosic content of rice straw
before BSFL rearing. Prior to BSFL bioconversion, the authors
observed a decrease in hemicellulose and lignin contents
by 22, and 68%, respectively, and an increase in cellulose
by 25% in the substrate. The authors found that following
pretreatment, cellulose decomposition by BSFL was 10% higher
(Supplementary Table 3). Surprisingly, this did not significantly
change rice straw reduction by BSFL compared to the untreated
control. However, the results are still promising, given that
pretreatment increased the harvested larval biomass by 32%.
Additional alkaline pretreatments use lime [Ca(OH),],
aqueous ammonia, or urea to maximize biogas/methane
production (17-173%) for animal manure, municipal
organic solid waste, and agricultural crops and residues
(Supplementary Table 3) (Lopez Torres and Espinosa
Lloréns, 2008; Jurado et al., 2013b; Liang et al., 2014; Mirtsou-
Xanthopoulou et al., 2014; Antonopoulou and Gavala, 2015).
Lime pretreatment was shown to enhance biogas production
with municipal organic solid waste by 173% (Lopez Torres
and Espinosa Lloréns, 2008), but showed contradicting results
with animal manure (Niasar et al., 2011). Aqueous ammonia
has gained increased attention because of its effectiveness in
lignin removal or modification of substrates while preserving
the total carbohydrate content (Mirtsou-Xanthopoulou et al.,
2014; Carrere et al, 2016). Pretreatment with the soaking
aqueous ammonia method using 3 g ammonia/lg DM at 22°C
and an optimal pretreatment time of 3 days was found to
increase methane yield by 37-104% for animal manure and
agricultural crops and residues (Jurado et al., 2013a,b; Mirtsou-
Xanthopoulou et al., 2014). However, using large quantities of
aqueous ammonia would not be suitable for BSFL production.
But, the addition of aqueous ammonia at a lower dose of 1%
to banana peels, pretreated for 7 days, increased crude fiber by
5% and demonstrated a positive increase in larval biomass and
bioconversion by 31 and 33%, respectively (Isibika et al., 2019).
However, at a dose of 0.8% larval bioconversion decreased by
1% compared to the control. Interestingly, urea pretreatment has
been used to increase the nutritive value of ruminant feeds (e.g.,
rice and wheat straw) (van Kuijk et al., 2015) by breakdown of
lignin (Yao et al., 2018). Palma et al. (2019), observed an increase
in larval biomass by 10% when supplementing almond hulls with
urea, changing the C/N ratio (i.e., carbon to nitrogen ratio) from

16 to 32. Ammonia and urea can increase the digestibility of
lignocellulosic substrates for BSFL; however, it remains unclear
whether these effects stem from improved digestibility of the
substrates due to chemical fiber decomposition or microbial
conversion of the added non-protein nitrogen and/or degraded
fibers into protein digestible by BSFL (Isibika et al., 2019).

BIOLOGICAL PRETREATMENT

Biological pretreatments add bacteria, fungi, yeasts or mixtures
of microorganisms to substrates for the decomposition of
lignin and/or cellulose by microbial enzymes (e.g. lignin
modifying enzymes (LME) and cellulase, respectively) (Galbe and
Zacchi, 2012; Atelge et al., 2020). The advantages of biological
pretreatments over physical and chemical pretreatments are
that they require less energy, no chemicals, and necessary
microorganisms can be isolated from substrates (Mishra et al.,
2018). Disadvantages include the slow decomposition rate and
limited control over the process, possibly making it less suitable
for industrial scale (Agbor et al, 2011). Various factors can
influence the effectiveness of biological pretreatments, such
as temperature, moisture content, incubation time, carbon
and nitrogen sources, and microbial species (Sharma et al,
2019). These factors should be optimized to improve the
decomposition rate.

Fungal pretreatments have been studied extensively for
biogas production. Among the candidate fungi, white-rot
fungi (e.g., Phanerochaete chrysosporium, Pleurotus ostreatus,
and Ceriporiopsis subvermispora) possess enzymes for lignin
degradation (Wan and Li, 2012). Pretreatment of agricultural
crops and residues with white-rot fungi for 14-40 days was
shown to decrease substrate lignin by 16-33% (Mustafa et al.,
2016; Alexandropoulou et al., 2017) (Supplementary Table 4).
This has led to an increase in methane yield or biogas production
from 6 to 154%, but has also shown to decrease methane yield by
9% (Supplementary Table 4) (Liu et al., 2014; Zhao et al., 2014;
Mustafa et al., 2016; Alexandropoulou et al., 2017). As indicated
by the range of results among studies, the effectiveness of the
fungi is highly substrate- and species-dependent. For example,
C. subvermispora, a wood-decaying fungus, was more effective
at degrading woody substrates than herbaceous substrates (e.g.,
wheat straw and soybean straw) (Wan and Li, 2012). Brown-
rot fungi (e.g., Serpula lacrymans) were more effective degraders
of hemicellulose and cellulose, suggesting they are suitable for
substrates low in lignin but high in cellulose (Wan and Li, 2012).
Soft-rot fungi (e.g., Ceratocystis spp.) have shown to degrade
cellulose and hemicellulose on woody substrates (Madadi and
Abbas, 2017).

Results of Isibika et al. (2019) confirmed that substrate
fungal pretreatment can also increase BSFL rearing performance
but highlight that pretreatment time and fungi choice can
highly influence the results. Pretreatment of banana peels
with Trichoderma reesei for 7-21 days increased larval mass
by 26-70% and bioconversion ratio from 14% (after 7
days pretreatment) to 61% (after 14 days pretreatment).
However, pretreatment of banana peels with Rhizopus oligosporus
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decreased bioconversion rate by 7.5% when pretreated for 7 days,
potentially due to the low fiber degradation of 10% compared to
T. reesie (40-53%).

Although fungi are the main source of lignocellulosic enzymes
(Taha et al., 2015), many bacteria also possess enzymes that are
effective degraders of lignocellulosic fractions, such as the genera
Bacillus (e.g., Bacillus subtilis), and Streptomyces, which increased
biogas production for agricultural crops and residues by 11 to
42% compared to those without pretreatment (Zhong et al., 2011;
Zhao et al,, 2019) (Supplementary Table 4). These strains may
be present in the larval gut and could potentially improve the
digestion of lignocellulose by isolating these strains and using
them as a pretreatment for BSFL. Additionally, as discussed by
Gorrens et al. (2021), the addition of dominant endogenous
bacteria, such as Enterococcus spp. and Providencia spp. during
BSFL rearing can positively influence the bioconversion of
difficult to digest substrates into valuable biomass due to the
production of lignocellulose-decomposing enzymes (Jiang et al.,
2019). Similarly, pectinase activity was described by Callegari
et al. (2020) for Klebsiella spp. isolated from BSFL.

In the last decade, interest in using bacteria on animal
manure and agricultural crops and residues for BSFL rearing
has increased, but as a co-treatment (i.e., bacteria are added
together with larvae at the beginning of rearing) (Yu et al,
2011; Zheng et al., 2012; Somroo et al., 2019). On soybean curd
residue, Lactobacillus buchneri increased the bioconversion rate
and larval mass by 38 and 39%, respectively (Somroo et al., 2019).
Additionally, Mazza et al. (2020) inoculated chicken manure
with isolated pure bacterial strains from larval eggs and gut
and evaluated their effect on larval performance. From the
bacterial strains tested, Kocuria marina, Proteus mirabilis, and
B. subtilis improved larval mass by 15-19% compared to the
control (without bacteria). In contrast, Gordonia sihwensis and
Micrococcus luteus led to a decrease in larval mass by up to 1%
(Supplementary Table 4). Substrate characteristics such as lignin
and hemicellulose content and the cellulose crystallinity have
shown to affect enzyme activity (Taha et al,, 2015).

Future research on biological pretreatment should evaluate
whether the use of white-rot fungi, T. reesei, or bacteria such
as B. subtilis, L. buchneri, Pseudomonas spp., Enterococcus
spp., and Providencia spp. would enhance the production of
bacteria that excrete cellulosic enzymes (e.g., cellulase) which
have been identified in the BSFL gut (Callegari et al., 2020),
thus increasing digestion of the cellulose while improving overall
conversion efficiency. Taha et al. (2015) observed lignocellulosic
enzymatic increase from fungi and bacteria between 3 and 12
days; therefore, a minimum pretreatment time of 3 days should

be studied.

FUTURE APPLICATION OF TREATMENTS
IN THE BSFL INDUSTRY

Similar to composting and anaerobic digestion, individual
mechanical, chemical and biological pretreatments, or a
combination of these, may improve BSFL bioconversion
performance with lignocellulosic substrates. As demonstrated by

the variable efficiencies reported in this review and the unknown
effects of treatments on BSFL, laboratory and pilot-scale studies
are needed to determine transferability for industrial application.
These efforts should work toward broad substrate-specific
process recommendations (e.g. particle size, temperature,
chemical and dose) and gaining further understanding of the
underlying effects on the BSFL digestion process.

Based on this review, bioconversion efficiency could be
determined by mechanical pretreatment of agricultural crops and
residues, municipal organic solid waste, and animal manure (e.g.,
with <6 mm particle size). Because mechanical pretreatment
may release water (e.g. in fruit and vegetable wastes) bound
behind cell walls, substrate dewatering or addition of a drier
substrate (e.g. paper) might be required to produce a suitable
BSFL substrate. Thermal treatments with lower temperature
treatments and longer holding times (e.g. 80-90°C for >60 min)
may provide positive effects for some substrates. However, this
increases energy requirements, and depending on the energy
source could impact the environmental benefits of BSFL products
in comparison to current animal feed benchmarks such as
fish meal.

Previous studies have shown improved performance with
NaOH, urea, and ammonia treatments for all lignocellulosic
substrates. For wurea and ammonia pretreatment, doses
of >1% with pretreatment times of <7 days could be
effective. Future research should focus on increasing process
improvements beyond those reported and assess whether
chemical pretreatments have an influence on downstream
processing (e.g. quality of feed and fertilizer products) to justify
the additional operational resource requirements of chemical
addition for BSFL rearing.

Biological pretreatments (e.g. with white-rot fungi or T.
reesei) have shown to effectively delignify substrates and may
stimulate microbial enzyme activities that will further improve
digestibility by BSFL. Treatment with T. reesei for 14 days
positively increased BSFL bioconversion. Additionally, the use
of bacterial pretreatments, such as B. subtilis, with a minimum
pretreatment time of 3 days, could also enhance microbial
enzymatic activities. However, similar to chemical pretreatment,
the dose and treatment time for biological pretreatments need
to be optimized, as typical pretreatment times used (20-30 days)
may not be feasible.

For all pretreatments, efficiency gains need to be balanced with
additional capital and operational resources, such as investment,
labor, time, process additive cost, and energy. An economic
assessment of the BSFL production chain should be conducted
to evaluate the minimum process and bioconversion needed to
justify the use of pretreatment for agri-food wastes. Ultimately,
life cycle assessments should evaluate the effects substrate
pretreatment may have across the different environmental
impact categories.
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