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Valuable feed crops and fossil fuel energy are used to produce animal meat. To become sustainable,
meat production methods must adapt to include non-food substrates and renewable fossil-fuel
alternatives. We evaluated the potential of protein livestock feed and biodiesel production through
insect biorefining. The bioconversion efficiency of organic waste into black soldier fly larvae (BSFL)
biomass was 32.0-35.8% after 24 d. The protein and lipid composition of BSFL changed with the
cultivation time. The substrate influenced lipid content, and low lipid content led to lower lipid
accumulation in the BSFL. Nevertheless, the potential productivity of proteins

(42,471-48,345 kg ha 'y ') and lipids (41,642-64,708 kg ha™"' y ') from BSFL cultivation with organic
waste was higher than that of conventional livestock feed/biodiesel feedstocks, such as maize or
soybean. In conclusion, insect biorefineries using BSFL can contribute significantly to the

establishment of sustainable meat production.

Meat is an essential nutritional and energy source in the human diet because
it provides proteins, vitamins, and vital microelements, such as iron and
zinc'. Globally, meat contributes 11%, 21%, and 29% of the daily energy,
protein, and fat intake, respectively’. The increasing demand for meat,
particularly in Asian regions such as China, is attributed to population
expansion and increased income’. However, this surge in demand entails
increased consumption of meat production-related resources, such as
energy and livestock feed”. Overusing these resources poses environmental
threats, particularly greenhouse gas (GHG) emissions’.

Fossil fuels are the primary energy resources driving the contemporary
meat industry’. Meat production requires massive quantities of fossil fuels,
with a six times higher consumption rate to produce alternative protein
resources’. The heavy reliance on fossil fuels contributes considerably to
GHG emissions and exacerbates global warming’. Moreover, given that
certain livestock feeds are shared with human food consumption, using
these food resources for livestock feeds triggers competition and increases
resource costs™. Note that more than half of harvested maize is allocated to
livestock feed, and only 12.8 wt.% of maize is used for human food". This
competition exacerbates global food insecurity''. Therefore, a sustainable
approach to meat production must be developed to address environmental
concerns while ensuring food security.

The biorefinery concept represents a sustainable approach to con-
verting biomass into valuable resources such as energy and chemicals'.

Insect-based biorefineries have emerged as a future circular economy
concept owing to their potential for producing biotechnological products”.
Insect biomass can be used as a direct livestock feed and/or feedstock for
fuels/chemicals'*"”. Leveraging the omnivorous nature of most insects and
feeding them organic (food) waste provides a venue for establishing a cir-
cular economic loop that effectively converts waste into valuable resources'’.
In particular, black soldier fly larvae (BSFL, Hermetia illucens) can digest
organic waste and convert it into lipids and proteins'”'®. BSFL emits less
carbon dioxide (CO,) than traditional organic waste management plat-
forms using microbes'**". Furthermore, cultivating BSFL requires less land
than other protein resources and can be carried out in arid regions’'. Their
cultivation minimizes competition with agricultural land designated for
food production.

Since the lipids and proteins in BSFL biomass are used to produce
biodiesel and livestock feed, respectively, monitoring the growth of BSFL
and their biochemical profiles is essential to maximize lipid and protein
yields. Although numerous studies have been conducted on feeding BSFL
with organic waste such as food waste, manure, and sludge, previous studies
have focused on analyzing the biochemical contents of harvested biomass at
the endpoint of larval growth'"***. Thus, a gap remains in systematically
confirming the changes in biochemical compositional profiles throughout
the different larval developmental stages. Since metabolic profiles in insects
can vary significantly during growth and metamorphosis™, addressing this
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gap is of importance. By understanding these changes, it might be able to
enhance the efficiency of protein and lipid production in insect cultivation
using organic waste, thereby optimizing the process for better resource
utilization and sustainability.

This study monitored the biochemical components (lipids/proteins) of
BSFL-fed organic waste (collected from animal feed industries) alongside
larval growth. Quantitative and qualitative analyzes of lipids (particularly
fatty acids (FAs)) in BSFL biomass were performed using a direct conversion
method because of its high accuracy for lipid analysis™**. The nitrogen-to-
protein conversion factor determined the BSFL biomass protein content”.
The lipid and protein contents were monitored over the elapsed cultivation
time. To this end, the lipid and protein productivity was compared with
those of other feedstocks used for biodiesel and livestock feed production.
The results of this study provide insight into the potential economic viability
of insect biorefineries for producing biodiesel and livestock feed for meat
production.

Results and discussion

BSFL cultivation with organic waste

BSFL were cultivated for 24 days with organic waste collected from pet feed
producing factories (i.e., OW1 and OW2). The moisture content of collected
OW1 and OW2 was 4%. The ash content of OW2 was 7%, which was
slightly higher than OW1 (6%). Given that the growth and metabolism of
BSFL (that is, their ratios of carbohydrates, proteins, and lipids) vary with
substrate composition, a biochemical analysis of the organic waste was
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Fig. 1 | Biochemical composition of two organic waste (OW1 and OW2). OW1
and OW?2 were collected from pet feed producing factories. The weight of organic
waste was on a dry basis. Red, cyan, and yellow colors indicate carbohydrates,
proteins, and lipids, respectively.
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conducted (Fig. 1). The lipid content of the waste was determined using
Soxhlet analysis. The proportion of lipid compounds in OW2 (15%) was
higher than that in OW1 (9%), whereas the carbohydrate and protein
contents were higher in OW1 than in OW2.

The average fresh weight of BSFL fed with OW1 and OW?2 increased
continuously and rapidly as the cultivation time increased (Fig. 2A). The
patterns of fresh weight increase between OW1 and OW2-fed BSFL were
similar. Indeed, on Day 24, the average fresh weight of OW1-fed BSFL was
209.9 mg larva™", while that of OW2-fed BSFL was 215.8 mg larva™'. The
larval development of BSFL is divided into 6 stages: 1st instar to 6th instar
(prepupae)”. Through 5 molts, the larvae became larger, and their weight
increased”.

On Day 24, the average weights of BSFL (dry basis) fed with OW1 and
OW?2 were 65.7 and 73.6mg larva™", respectively (Fig. 2B). The initial
average weight (dry weight) of the larvae (day 0) was 15.9 mg. These results
suggest that organic waste was converted into BSFL biomass. This biological
concept, known as bioconversion, refers to the ability of organisms to
convert organic materials (waste) into valuable resources”. A high bio-
conversion efficiency indicates minimizing waste generation while max-
imizing the production of valuable resources. Because bioconversion
efficiency is linked to carbon assimilation (fixation) in BSFL biomass, a low
bioconversion efficiency implies a higher GHG potential®. Therefore, bio-
conversion efficiency is a key factor directly linked to the sustainability of the
process. The bioconversion efficiencies of OW1 and OW?2 using BSFL were
32.0% and 35.8%, respectively. The conversion efficiencies of organic waste
by BSFL were 0.2 to 31.8%, which were contingent on the types of
substrates'”.

To determine the substrate preference of BSFL, three major
nutrients (carbohydrates, proteins, and lipids) in the feed residue
(after BSFL cultivation) were determined (Fig. 3). It is presumed that a
high consumption rate was observed for the high-preference
substances. BSFL showed a high consumption rate of all nutrients
under OW1 and OW2-feeding conditions. Nevertheless, the lipid
consumption rate was higher in BSFL cultivated with OW1 (89.2%)
than OW2 (65.4%). Additionally, the lipid consumption rate in BSFL
cultivated with OW1 was higher than that with carbohydrate/protein
consumption (79.4 and 74.9%, respectively).

This is likely attributable to the low lipid composition of OW1 (Fig. 1).
Indeed, the lipid contents in OW1 and OW2 before feeding on BSFL were
34.6 g and 60.6 g, respectively. The amount of lipids in OW1 residue (after
BSFL feeding) was 3.7 g, while 21.0 g of lipids was left in OW2 residue. These
results indicate that BSFL consumed 30.6 and 39.6 g of lipids under OW1
and OW?2 feeding conditions, respectively. Given that the amount of lipids
consumed was higher in BSFL cultivated with OW2, the higher lipid con-
sumption rate over other nutrients in BSFL cultivated with OW1 may not
indicate the preference of BSFL for lipid compounds. It is plausible that the
limited lipid content of OW1 could distort the substrate preferences
of BSFL.
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Fig. 2 | Growth of black soldier fly larvae (BSFL)-fed with two organic waste (OW1 and OW2). A Fresh weight of a single larva at each day. B Dry weight of a single larva at

each day. > represents individual larval weight and B represents the mean.
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We hypothesized that the limited lipid compounds in OW1 could
affect the growth and/or metabolic activity of BSFL. Indeed, growth patterns
based on the dry weight of BSFL differed between BSFL raised on OW1 and
OW?2. Unlike the trend of the average BSFL fresh weight, which steadily
increased, the average BSFL dry weight did not increase continuously (Fig.
2B). In other words, the period when a constant dry weight of BSFL was
observed differed according to the type of feed used. The average dry weights
of BSFL fed with OW1 on Days 12 and 16 were 49.1 and 45.3 mg larva ™,
respectively. The average dry weights of BSFL-fed with OW2 were main-
tained at 41.7-42.5 mg larva™" on Days 8-16. The fresh weight of BSFL-fed
with OW?2 increased continuously during the same period (8:99.2, 12:124.9,
and 16: 148.6 mg larva™"). These results indicate that the BSFL biomass
moisture content changed during cultivation. In short, the period of con-
stant dry weight and increasing fresh weight suggests that the BSFL biomass
moisture content increased continuously during that period (Days 12-16
for OW1-fed BSFL and Days 8-16 for OW2-fed BSFL).

Water is essential for living organisms, as it is involved in many bio-
chemical reactions as a solvent and/or reactant”. BSFL-fed, a highly
moisturized substrate, reportedly showed higher survival and growth rates™.
The larval feed moisture content is related to their metabolic activities,
particularly lipid metabolism™. The BSFL obtained their water from the
substrates, and moisture contents of OW1 and OW2 were controlled
identically (that is, fresh feeds containing 67 wt.% water). Therefore, it is
plausible that high moisture content in the BSFL biomass was associated
with metabolic activities. Their moisture content varied due to metabolic
event changes during the BSFL development, leading to different fresh/dry
weight ratio patterns. To confirm this, biochemical compositional changes
in the BSFL biomass were monitored.
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Fig. 3 | Changes in biochemical composition of two organic waste (OW1 and
OW?2) before/after larvae feeding. Black soldier fly larvae (BSFL) were cultivated
for 24 days. The weight of feeds was on a dry basis. Red, cyan, and yellow colors
indicate carbohydrates, proteins, and lipids, respectively.

Biochemical properties of BSFL biomass

The BSFL biomass mainly comprises carbohydrates, proteins, lipids, and
chitins””. Because the target metabolites for BSFL biomass utilization in this
study were proteins and lipids, changes in the biochemical composition of
the BSFL were monitored over the elapsed cultivation time, focusing on
protein and lipid contents (Fig. 4). The BSFL protein content was deter-
mined using a nitrogen-to-protein conversion factor of 4.76. Note that using
a general conversion factor (6.25) would overestimate the protein content in
BSFL biomass because the biomass contained nitrogen-containing mole-
cules, such as chitin, that are not considered protein”. For the lipid analysis,
the direct conversion method was used™*.

In the BSFL-fed with OW]1, the protein content decreased from its
initial value to 25.4 wt.% on Day 8, while the lipid content increased from
36.6 wt.% to 44.5 wt.%. However, the lipid content decreased from Days 8 to
24, ending on Day 24 at 29.1 wt.%. Given that the lipid content of OW2-fed
BSFL remained stable for 24 days (36.5-40.4 wt.%), the decreased lipid
content after Day 8 of OW1-fed BSFL is likely attributed to the limited lipid
substrates in OW1 (Fig. 3). These results suggest that lipid accumulation in
BSFL was significantly affected by the substrates, particularly their lipid
content. BSFL converts carbohydrates into lipids (triglycerides) through a
complex metabolic pathway™*. However, direct uptake of lipids from
substrates may be advantageous for lipid accumulation because more energy
is required to convert carbohydrates into lipids. These results suggested that
including sufficient lipids in BSFL substrates is beneficial when cultivating
BSFL to produce lipids (biodiesel).

The biochemical composition of OW1/OW2-fed BSFL on Day 24 was
characterized thermogravimetrically (Fig. 5). BSFL-fed with OW1 or OW2
were thermally decomposed at 175 °C and exhibited similar residual mass
patterns between the two feeds (Fig. 5A). However, differing rates of thermal
decomposition (represented as a differential thermogram (DTG)) between
OW1-fed BSFL and OW2-fed BSFL were discernible. The major DTG peaks
were observed at 348 and 435 °C in BSFL-fed with OW1 and at 365 and
435 °C in BSFL-fed with OW2 (Fig. 5B). The different DTG patterns indi-
cated that the biochemical composition of the BSFL differed depending on
the type of feed. Given that DTG peaks of carbohydrates, proteins, and
chitins were observed at <400°C’*, the major DTG peaks observed at
348 °C (OW2) and 365°C (OW1) might be attributed to the thermal
decomposition of carbohydrates, proteins, and chitins.

Since lipid compounds have higher thermal stability than carbohy-
drates, proteins, and chitins”, the DTG peaks at 435 °C could originate from
the thermal decomposition of BSFL lipids. Notably, the peak at 435 °C of
OW2-fed BSFL was larger than that of OW1-fed BSFL. These results sup-
port previous results showing that the lipid content in OW2-fed BSFL was
higher than in OW1-fed BSFL.

Although the biochemical compositional changes of BSFL consuming
different feed types were investigated, the results do not fully explain the
constant dry weight periods of the two BSFL cultivations (Days 12-16 for
OW 1-fed BSFL and 8-16 for OW2-fed BSFL). Given that the main dif-
ference between OW1-fed BSFL or OW2-fed BSFL was lipid content, the
BSFL lipid metabolism might be key to the different BSFL growth patterns.

Fig. 4 | Changes in protein and lipid contents of (A) (B)
black soldier fly larvae (BSFL). BSFL were fed with 100 100
two organic wastes ((A) OW1 and (B) OW2) for
24 days. Cyan, yellow, and gray colors indicate 80 e 804 e
Proteins, lipids, and others, respectively. X X
E 60 - E 60
'E Proteins *E Proteins
8 40 3 401
f= =
[} [
O 20 O 20
0

Day0 Day4 Day8 Day12 Day16 Day20 Day24

0 T T T T T
Day0 Day4 Day8 Day12 Day16 Day20 Day 24

npj Science of Food| (2025)9:65


www.nature.com/npjscifood

https://doi.org/10.1038/s41538-025-00434-7

Article

Fig. 5| Thermal decomposition of black soldierfly  (A) (B) ~
larvae (BSFL). A Residual mass. B Differential 100 k= 10
thermogram (DTG) curve. The BSFL were harvested - — oW1 E 1 0OW1
on day 24. = ow2 oF ow2
Y 3 80+ 2 s 348°C  3es0C
3 £ v
©
? 60 S -6
< o
= E
0 ®
2 S > 435°C
X 204 S -2 >
—_———————— a et el
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)
(A) T %) respectively. The palmitic acid, palmitoleic acid, stearic acid, oleic acid, and
00 100 200 300 400 500 Line trends linoleic acid levels on Day 24 were 36, 43, 47, 46, and 45%, respectively, lower
cla:2 v than on Day 12. These results suggest that Day 12 of BSFL cultivation with
S o B _ . OW1 may be a turning point in lipid metabolism.
% c180 i \/_,'\’\ The FA composition trend of OW2-fed BSFL resembled that of BSFL-
S W : fed with OW1 in that the content of FAs with carbon number > 16 increased
g cre : N— at the beginning of cultivation. The contents decreased from the turning
O c1e:0 — ' : point (Fig. 6B). In addition, the contents of FAs (carbon number: <14)
% C14:0 ~\— decreased until the turning point and rapidly increased after the turning
L c120 ~ : C point. However, the turning point of lipid metabolism differed between
Ertan ' larvae-fed with OW1 and OW?2. Indeed, the turning point of lipid meta-
Day0™ " Deya |Dajie] " Oivii2l ey 18" Day 20l Da 24 Day 12 bolism in OW1-fed BSFL was Day 12, and in OW2-fed BSFL, Day 8. The
(B) turning point of the FA content trend was identical to the initiation point of

FAME composition

NS

Day0 Day4 Day8 Day12 Day16 Day20 Day24 Day 3

Fig. 6 | Changes in fatty acid (FA) compositions of black soldier fly larvae (BSFL).
A FA composition of BSFL-fed with organic waste (OW) 1. B FA composition of
BSFL-fed with OW 2.

The lipid metabolism can be affected by the BSFL moisture content or vice
versa™. Therefore, the FA composition was analyzed to gain insight into the
lipid metabolism of BSFL (Fig. 6).

The major BSFL FA components at the beginning of growth (0) were
lauric acid (Cya.05 37.3 wt.%), oleic acid (Cig.3; 15.6 wt.%), palmitic acid
(Ci6:00 15.0 wt.%), myristic acid (Cy4.0; 12.6 wt.%), and linoleic acid (Cyg.;
11.3 wt.%). In the cultivation of BSFL fed with OW 1, the lauric acid content
decreased continuously until its content on Day 12 was found to be
22.3 wt.% (Fig. 6A). The myristic acid content also decreased from 12.6 to
7.1 wt.% during the same period. In contrast, the contents of palmitic acid,
palmitoleic acid (C;¢,1), oleic acid, and linolenic acid increased. On Day 12,
oleic acid was the major FA component, accounting for 26.3 wt.% of
total FAs.

The FA composition of OW1-fed BSFL changed dramatically from
Day 12. Indeed, the content of FAs with carbon numbers <14 continuously
increased from Day 12 to Day 24. The lauric acid fraction on Day 24 was
46.0 wt.%, 2.1-fold higher than on Day 12 (22.3 wt.%). In contrast, the
content of FAs with carbon numbers 216 on Day 24 was significantly lower
than on Day 12. Palmitic acid, palmitoleic acid, stearic acid (C; g,), oleic acid,
and linoleic acid on Day 24 were 11.1, 3.2, 2.0, 143, and 7.9 wt.%,

the constant dry weight period (Fig. 2B). These results suggest that changes
in BSFL lipid metabolism were indirectly associated with the moisture
content of BSFL biomass.

It has been reported that BSFL accumulates lipids, particularly lauric
acid, during the larval development stage to store energy for future
utilization”. The chain length of FAs can be shortened through carbox-
ylation and catabolic processes in the gut of BSFL**. Therefore, it is plausible
that the BSFL converted the digested lipids (with long chain lengths) into
short forms, such as lauric acid and myristic acid. Nevertheless, the reason
the turning point of lipid metabolism differs depending on the feed type
remains unclear. One possible explanation could be the different established
microbiomes in the BSFL guts®. For example, the genus Providencia plays
an essential role in the metabolism of lipids and proteins in BSFL guts*.
Elucidation of the relationship between the gut microbiota and changes in
lipid metabolism could be a subject for future research.

Contribution of BSFL-based biorefinery to meat production
Commercial meat production requires many resources, such as live feed and
energy”. Feed accounts for 70% of the total poultry industry production
costs”. A single broiler chicken, for example, consumes 3 kg of feed for
growth“. In addition, fossil fuels such as diesel are required to produce, feed,
and rear broilers’, which could hinder sustainable meat production.
Therefore, using appropriate biomass (feedstock) for livestock feed and
energy production is economically and environmentally beneficial. The
lipids in biomass can be converted into liquid fuel (biodiesel) through
transesterification*’. Table 1 summarizes the proteins and lipids produced
from different feedstocks.

Soybean and maize produce livestock feed and biodiesel . However,
using these feedstocks in livestock farming raises ethical concerns because
they are staple crops in numerous communities'. To avoid ethical dilem-
mas, feedstocks such as jatropha and microalgae that are not used as human
food resources have been used for feed and energy production**®. The high
production of proteins and lipids in microalgal cultivation is facilitated by
their rapid growth rate and metabolism, which is conducive to increased
metabolite accumulation®. Nevertheless, the productivities of lipids and
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Table 1| Comparison of protein and lipid productivities from different feedstocks. BSFL indicates black soldier fly larvae and OW

represents organic waste

Feedstocks Biomass productivity Protein Lipid (oil) Food vs. feed References
(kgha'y™) = = competition

Content Productivity Content Productivity

(wt.%) (kgha™'y™) (wt.%) (kgha™'y™)
Jatropha 3542 20.7 733 31.4 1,112 No 48
Maize 7500 4.9 368 9.7 728 Yes 64,65
Soybean 2988 39.3 1,174 20.1 601 Yes 66,67
Microalgae 41,000 39.0 15,990 26.8 10,988 No 49
(Chlorella)
Safflower seed 1065 23.0 79 32.1 342 No 68
Mealworm larvae 86,939 68.1 10,302 17.4 15,127 No 50
BSFL-fed 143,253 33.7 48,345 29.1 41,642 No This study
with OW1
BSFL-fed 160,478 33.2 42,471 40.3 64,708 No This study
with OW2

Table 2 | Amino acid compositions of black soldier fly larvae
(BSFL) fed with two organic waste (OW1 and OW2) and
soybean meal

Amino acid BSFL-fed BSFL-fed Soybean meal
(Wt.% protein) with OW1 with OW2

Aspatic acid 10.7 10.2 11.6
Threonine 4.6 4.6 4.0
Serine 4.9 5.1 5.3
Gilutamic acid 12.2 12.7 18.4
Proline 6.3 6.7 5.3
Glycine 6.6 6.2 4.4
Alanine 7.2 8.2 4.6
Valine 6.0 5.9 4.4
Isoleucine 4.6 4.5 4.1
Leucine 8.0 7.7 7.6
Tyrosine 6.3 6.0 3.1
Phenylalanine 4.8 4.4 5.0
Histidine 3.2 3.0 2.7
Lysine 6.1 6.3 6.5
Arginine 5.1 5.2 8.1
Cysteine 0.4 0.7 2.1
Methionine 1.8 1.6 15
Tryptophan 1.2 0.9 1.2

proteins from microalgae are lower than those from insects, such as meal-
worm larvae and BSFL™*". BSFL exhibited higher productivity than the
other feedstocks. Note that altering cultivation conditions and substrates
could change the productivity of lipids and proteins from BSFL cultivation®.

The quality of proteins, particularly the composition of amino acids, is
also an important factor in determining their suitability for livestock feed™.
For instance, the content and ratio of branched-chain amino acids such as
leucine, valine, and isoleucine affect the growth performance and meat
productivity of poultry™. For pig farming, lysine is an important amino acid
for growth and feed efficiency, while other amino acids, including
methionine, cysteine, etc. are also important™. The amino acid composi-
tions of OW1/OW2-fed BSFL are shown in Table 2. As a reference, the
amino acid composition of soybean meals was also analyzed. Note that
soybean meals have been widely used for livestock feed™. The amino acid
compositions of BSFL-fed with OW1 and OW2 showed no significant
differences. Moreover, their amino acid profiles were similar to soybean

meal, particularly in terms of branched-chain amino acids (leucine, valine,
and isoleucine) and lysine, which are essential for broiler and pig farming.
These results suggest that BSFL-derived proteins have high potential as an
alternative to conventional livestock feed proteins, providing a comparable
amino acid profile suitable for livestock farming,

Safety concerns are another issue for using BSFL-derived proteins as
livestock feed. The European Union (EU) strictly regulates the rearing
conditions for insects to ensure their biomass meets safety standards for use
as livestock feed”. Particularly regarding substrates for insect rearing, the
EU regulations only permit the use of safe feed (such as commercial animal
feed) for insects intended for livestock feeding. Given that OW1 and OW2
were collected from the pet feed industries, it is plausible that OW1 and
OW2-fed BSFL could be used for livestock feeding. The heavy metal con-
tents in OW1 and OW2-fed BSFL were also determined to ensure safety
compliance for livestock feed applications. The regulated heavy metals (i.e.,
cadmium, lead, mercury, and arsenic) were not detected in BSFL-fed with
OW1/OW2, suggesting that they meet regulatory safety standards for
livestock feed applications.

In addition, given that black soldier flies (adult forms) do not have
mouths, they have low possibility to transfer pathogens to humans or
livestock™. Note that the main route for pathogen transmission via insects is:
(i) contact with contaminated waste (substrates), allowing pathogens to
adhere to their bodies., (ii) movement to areas where humans and livestock
reside, and (iii) transmission through blood-sucking and/or excrement™.
Since black soldier flies do not show feeding or blood-sucking behavior, their
unique characteristic (the absence of functional mouthparts in the adult
stage) prevents pathogen transmission through feeding. This natural bio-
logical trait enhances their safety as a feed source, reducing the risk of
pathogen spread compared to other insect species.

The dual benefits of high productivity and the use of organic waste as
feed for BSFL cultivation have economic and environmental value. Indeed, 1
ton of organic waste (expired pet feed) was converted into 95-132 kg of
lipids and 87-111 kg of protein. The temperature for BSFL cultivation was
set at 25 °C, although this rearing temperature was not the optimum tem-
perature (31-36 °C) for BSFL growth®. However, it is worth noting that
23-25°C s in the range of suitable temperatures for raising meat produced
from livestock, such as pig (21-24 °C)°", broiler (20-32 °C)*, and beef cattle
(4-26 °C)*. The shared temperature ranges of BSFL cultivation and live-
stock raising are advantageous because additional facilities for BSFL culti-
vation are not required; BSFL can be cultivated in the same facilities as
current livestock farming systems. This enhances the economic via-
bility of BSFL-based biorefineries. The concept of a BSFL-based
biorefinery, which converts organic waste into livestock feed and
biodiesel, has a high potential for contributing to economically
viable, sustainable meat production.
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Methods

BSFL cultivation

Two thousand BSFL (five days old) were cultivated in a plastic box (width
45, length 31, and height 18 cm). One hundred grams of feed (33 g organic
waste (either OW1 or OW2), 67 g water) was provided in each box at two-
day intervals. The cultivation temperature was set at 23-25 °C, and the
humidity was maintained at 60-70%. The plastic boxes were covered with a
blanket to maintain temperature and prevent light exposure. Twenty BSFL
were randomly harvested at four-day intervals to determine the average
fresh weight of the larvae. To determine the average dry weight of the larvae,
the harvested BSFL were dried at 95 °C in the oven. The dried BSFL was
ground and used for biomass analysis.

Organic waste and BSFL biomass analyses

To determine crude protein contents in organic waste and BSFL, the
nitrogen-to-protein conversion factor of 6.25 for organic waste and 4.76 for
BSFL”. The nitrogen content was determined using an elemental analyzer
(EA3100, EUROVECTOR, Italy). 0.50 + 0.05 mg of sample was loaded into
the equipment, and sulfanilamide was used as the standard for the
measurement.

Lipids in the organic waste were extracted using a Soxhlet extractor
with n-hexane as the solvent. A thimble filter was filled with 100 g of spe-
cimen and extracted for 24 h at 80 °C. To confirm the FA composition in
BSFL, a direct conversion method was used to convert FA into fatty acid
methyl esters (FAMEs)*>*. In detail, 10 mg of sample, 320 mg of silica (pore
size 60 A), and 200 uL of methanol were loaded in a bulkhead. The sample-
loaded bulkhead was placed in a tube furnace, increasing the temperature to
380 °C. A K-type thermocouple (OMEGA, USA) monitored the bulkhead
internal temperature. After cooling the bulkhead, the FAMEs were recov-
ered using dichloromethane. A gas chromatography/flame ionization
detector (GC/FID 8890, Agilent, Santa Clara, CA, USA) was used to analyze
the FAMEs. A DB-WAX column (ID: 0.25 mm, L: 30 m, and film thickness:
0.25 um) was employed in the GC/FID. The Supelco 37 Component FAME
Mix served as the standard solution for FAME analysis.

Thermogravimetric analysis (TGA) was performed using a Netzsch
Jupiter F5 TGA. The TGA test was conducted under N, and CO, with a
temperature gradient of 10 °C min; the analyzed temperature range was
50-800 °C, with the analysis temperature adjusted using the built-in soft-
ware. During the analysis, the flow rates of N, and CO, were maintained at
100 mLmin~". The sample loading amount for TGA tests was
10 mg +0.01 mg,

The analysis of amino acids was conducted using ion exchange chro-
matography with a ninhydrin post-column reaction. For the 16 components
of amino acids, 0.2 g of the sample was placed in a decomposition tube,
followed by the addition of 10 mL of 6 N HCl. The mixture was then sub-
jected to nitrogen gas injection and underwent hydrolysis at 110 °C for 24 h.
The resulting hydrolysate was concentrated using a vacuum concentrator,
adjusted to 50 mL with 0.2 M sodium citrate buffer, and filtered with a
0.2 um cellulose acetate syringe filter. For sulfur-containing amino acids,
methionine, and cysteine, performic acid oxidation was employed, while
tryptophan was analyzed with an alkaline hydrolysis method.

Data availability

Data will be made available on request.

Received: 16 July 2024; Accepted: 26 April 2025;
Published online: 07 May 2025

References

1. Bohrer, B. M. Review: Nutrient density and nutritional value of meat
products and non-meat foods high in protein. Trends Food Sci.
Technol. 65, 103-112 (2017).

2. Smith, N. W, Fletcher, A. J., Hill, J. P. & McNabb, W. C. Modeling the
contribution of meat to global nutrient availability. Front. Nutr. 9
https://doi.org/10.3389/fnut.2022.766796 (2022).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Godfray, H. C. J. et al. Meat consumption, health, and the
environment. Science 361, eaam5324 (2018).

Mamphogoro, T. P., Mpanza, T. D. E. & Mani, S. In The Marginal Soils
of Africa: Rethinking Uses, Management and Reclamation (eds
Adornis Dakarai Nciizah, Ashira Roopnarain, Busiswa Ndaba, &
Mashapa Elvis Malobane) 37-54 (Springer Nature, 2024).

Lazarus, O., McDermid, S. & Jacquet, J. The climate responsibilities of
industrial meat and dairy producers. Clim. Change 165, 30 (2021).
Spiertz, J. H. J. & Ewert, F. Crop production and resource use to meet
the growing demand for food, feed and fuel: opportunities and
constraints. NJAS Wagening. J. Life Sci. 56, 281-300 (2009).

Lamb, W. F. et al. A review of trends and drivers of greenhouse gas
emissions by sector from 1990 to 2018. Environ. Res. Lett. 16, 073005
(2021).

Sandstrém, V. et al. Food system by-products upcycled in livestock
and aquaculture feeds can increase global food supply. Nat. Food 3,
729-740 (2022).

Xia, L. et al. Global food insecurity and famine from reduced crop,
marine fishery and livestock production due to climate disruption from
nuclear war soot injection. Nat. Food 3, 586-596 (2022).

Erenstein, O., Jaleta, M., Sonder, K., Mottaleb, K. & Prasanna, B. M.
Global maize production, consumption and trade: trends and R&D
implications. Food Secur. 14, 1295-1319 (2022).

Muscat, A., de Olde, E. M., de Boer, I. J. M. & Ripoll-Bosch, R. The
battle for biomass: a systematic review of food-feed-fuel competition.
Glob. Food Secur. 25, 100330 (2020).

Maity, S. K. Opportunities, recent trends and challenges of
integrated biorefinery: Part |. Renew. Sustain. Energy Rev. 43,
1427-1445 (2015).

Traynor, A. et al. An analysis of emerging food safety and fraud risks of
novel insect proteins within complex supply chains. npj Sci. Food 8, 7
(2024).

Gahukar, R. T. Edible insects collected from forests for family
livelihood and wellness of rural communities: a review. Glob. Food
Secur. 25, 100348 (2020).

Wang, H. et al. Insect biorefinery: a green approach for conversion of
crop residues into biodiesel and protein. Biotechnol. Biofuels 10, 304
(2017).

Palma, L., Fernandez-Bayo, J., Niemeier, D., Pitesky, M. &
VanderGheynst, J. S. Managing high fiber food waste for the
cultivation of black soldier fly larvae. npj Sci. Food 3, 15 (2019).
Siddiqui, S. A. et al. Black soldier fly larvae (BSFL) and their affinity for
organic waste processing. Waste Manag. 140, 1-13 (2022).

Scieuzo, C. et al. Enhancement of fruit byproducts through
bioconversion by Hermetia illucens (Diptera: Stratiomyidae). Insect
Sci. 30, 991-1010 (2023).

Pang, W. et al. Reducing greenhouse gas emissions and enhancing
carbon and nitrogen conversion in food wastes by the black soldier fly.
J. Environ. Manag. 260, 110066 (2020).

Parodi, A. et al. Black soldier fly reared on pig manure: Bioconversion
efficiencies, nutrients in the residual material, greenhouse gas and
ammonia emissions. Waste Manag. 126, 674-683 (2021).

Parodi, A. et al. The potential of future foods for sustainable and
healthy diets. Nat. Sustain. 1, 782-789 (2018).

Liew, C. S. et al. Low-temperature thermal pre-treated sewage sludge
for feeding of black soldier fly (Hermetia illucens) larvae: protein, lipid
and biodiesel profile and characterization. Renew. Sustain. Energy
Rev. 178, 113241 (2023).

Deng, B. et al. Effects of three major nutrient contents, compost
thickness and treatment time on larval weight, process performance
and residue component in black soldier fly larvae (Hermetia illucens)
composting. J. Environ. Manag. 307, 114610 (2022).

Spéth, J. et al. Metabolomics reveals changes in metabolite profiles
due to growth and metamorphosis during the ontogeny of the
northern damselfly. J. Insect Physiol. 136, 104341 (2022).

npj Science of Food | (2025)9:65


https://doi.org/10.3389/fnut.2022.766796
https://doi.org/10.3389/fnut.2022.766796
www.nature.com/npjscifood

https://doi.org/10.1038/s41538-025-00434-7

Article

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Jung, S. et al. Biodiesel production from black soldier fly larvae
derived from food waste by non-catalytic transesterification. Energy
238, 121700 (2022).

Lee, D.-J. et al. Direct conversion of yellow mealworm larvae into
biodiesel via a non-catalytic transesterification platform. Chem. Eng.
J. 427, 131782 (2022).

Janssen, R. H., Vincken, J.-P., van den Broek, L. A. M., Fogliano, V. &
Lakemond, C. M. M. Nitrogen-to-protein conversion factors for three
edible insects: tenebrio molitor, alphitobius diaperinus, and hermetia
illucens. J. Agric. Food Chem. 65, 2275-2278 (2017).

Purkayastha, D. & Sarkar, S. Sustainable waste management using
black soldier fly larva: a review. Int. J. Environ. Sci. Technol. 19,
12701-12726 (2022).

Kim, W.-T. et al. The larval age and mouth morphology of the black
soldier fly, Hermetia illucens (Diptera: Stratiomyidae). Int. J. Ind.
Entomol. 21, 185-187 (2010).

Uckun Kiran, E., Trzcinski, A. P., Ng, W. J. & Liu, Y. Bioconversion of
food waste to energy: a review. Fuel 134, 389-399 (2014).

Parodi, A. et al. Bioconversion efficiencies, greenhouse gas and
ammonia emissions during black soldier fly rearing — A mass balance
approach. J. Clean. Prod. 271, 122488 (2020).

Ball, P. Water as an active constituent in cell biology. Chem. Rev. 108,
74-108 (2008).

Khairuddin, D., Ghafar, S. N. A. & Hassan, S. N. F. Food waste type
and moisture content influence on the Hermetia illucens (L.), (Diptera:
Stratiomyidae) Larval Development and Survival. IOP Conf. Ser. Earth
Environ. Sci. 1022, 012076 (2022).

Urs, K. C.D. &Hopkins, T. L. Effect of moisture on the lipid content and
composition of two strains of Tenebrio molitor L. (Coleoptera,
Tenebrionidae). J. Stored Prod. Res. 8, 299-305 (1973).

Hoc, B. et al. About lipid metabolism in Hermetia illucens (L. 1758): on
the origin of fatty acids in prepupae. Sci. Rep. 10, 11916 (2020).
Franco, A. et al. Antimicrobial activity of lipids extracted from Hermetia
illucens reared on different substrates. Appl. Microbiol. Biotechnol.
108, 167 (2024).

Escalante, J. et al. Pyrolysis of lignocellulosic, algal, plastic, and other
biomass wastes for biofuel production and circular bioeconomy: a
review of thermogravimetric analysis (TGA) approach. Renew.
Sustain. Energy Rev. 169, 112914 (2022).

Nam,Y.S., Park, W.H., Inm, D. & Hudson, S. M. Effect of the degree of
deacetylation on the thermal decomposition of chitin and chitosan
nanofibers. Carbohydr. Polym. 80, 291-295 (2010).

Liew, C. S. et al. A review on recent disposal of hazardous sewage
sludge via anaerobic digestion and novel composting. J. Hazard.
Mater. 423, 126995 (2022).

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. 180, 106-114 (2024).
Ao, Y. et al. Characteristics and nutrient function of intestinal bacterial
communities in black soldier fly (Hermetia illucens L.) larvae in
livestock manure conversion. Microb. Biotechnol. 14, 886-896 (2021).
Herrero, M. et al. Biomass use, production, feed efficiencies, and
greenhouse gas emissions from global livestock systems. Proc. Natl.
Acad. Sci. USA 110, 20888-20893 (2013).

Al-Qazzaz, M. F. A., Ismail, D., Akit, H. & Idris, L. H. Effect of using
insect larvae meal as a complete protein source on quality and
productivity characteristics of laying hens. Rev. Bras. Zootec. 45,
518-523 (2016).

Gupta, S. K., Le, X. C., Kachanosky, G., Zuidhof, M. J. & Siddique, T.
Transfer of arsenic from poultry feed to poultry litter: a mass balance
study. Sci. Total Environ. 630, 302-307 (2018).

Putman, B., Thoma, G., Burek, J. & Matlock, M. A retrospective
analysis of the United States poultry industry: 1965 compared with
2010. Agric. Syst. 157, 107-117 (2017).

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Kim, J. Y. et al. Biodiesel from microalgae: recent progress and key
challenges. Prog. Energy Combust. Sci. 93, 101020 (2022).

You, Y.-D. et al. Economic cost analysis of biodiesel production: case
in soybean oil. Energy Fuels 22, 182-189 (2008).

Silva, D.F., Dias, L. A. S., Neves, J. C. L. & Matos, F. S. Growth, oil and
protein yield of Jatropha curcas L. populations. Acta Iguazu 10, 70-80
(2021).

Guccione, A. et al. Chlorella for protein and biofuels: from strain
selection to outdoor cultivation in a Green Wall Panel photobioreactor.
Biotechnol. Biofuels 7, 84 (2014).

Li, L., Zhao, Z. & Liu, H. Feasibility of feeding yellow mealworm
(Tenebrio molitor L.) in bioregenerative life support systems as a
source of animal protein for humans. Acta Astronaut. 92, 103-109
(2013).

Lépez-Gamez, G., del Pino-Garcia, R., Lopez-Bascon, M. A. &
Verardo, V. From feed to functionality: unravelling the nutritional
composition and techno-functional properties of insect-based
ingredients. Food Res. Int. 178, 113985 (2024).

Liew, C. S. et al. Fungal fermented palm kernel expeller as feed for
black soldier fly larvae in producing protein and biodiesel. J. Fungi 8,
332 (2022).

Li, P., He, W. & Wu, G. In Amino Acids in Nutrition and Health: Amino
Acids in Gene Expression, Metabolic Regulation, and Exercising
Performance (ed. Guoyao Wu) 189-210 (Springer International
Publishing, 2021).

Kim, W. K., Singh, A. K., Wang, J. & Applegate, T. Functional role of
branched chain amino acids in poultry: a review. Poult. Sci. 101,
101715 (2022).

Remus, A., Hauschild, L., Létourneau-Montminy, M.-P. & Pomar, C.
Estimating amino acid requirements in real-time for precision-fed
pigs: the challenge of variability among individuals. Animals 11, 3354
(2021).

Lambo, M. T. et al. Mechanism of action, benefits, and research gapin
fermented soybean meal utilization as a high-quality protein source
for livestock and poultry. Anim. Nutr. 16, 130-146 (2024).
Committee, E. S. Risk profile related to production and consumption
of insects as food and feed. EFSA J. 13, 4257 (2015).

Wald, C. The new economy of excrement. Nature 549, 146-148
(2017).

Baldacchino, F. et al. Transmission of pathogens by Stomoxys flies
(Diptera, Muscidae): a review. Parasite 20, 26 (2013).

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. 84, e02722-02717 (2018).

Rauw, W. M. et al. Impact of environmental temperature on production
traits in pigs. Sci. Rep. 10, 2106 (2020).

Ayodeji, O. & Adedamola, O. In Poultry (ed Kamboh Asghar Ali) Ch. 1
(IntechOpen, 2019).

Hahn, G. L. Housing and management to reduce climatic impacts on
livestock. J. Anim. Sci. 52, 175-186 (1981).

Abiose Sumbo, H. & Victor, . A. Comparison of chemical composition,
functional properties and amino acids composition of quality protein
maize and common maize (Zea mays L). Afr. J. Food Sci. Technol. 5,
81-89 (2014).

Edgerton, M. D. Increasing crop productivity to meet global needs for
feed, food, and fuel. Plant Physiol. 149, 7-13 (2009).

Song, W. et al. Analyzing the effects of climate factors on soybean
protein, oil contents, and composition by extensive and high-
density sampling in China. J. Agric. Food Chem. 64, 4121-4130
(2016).

de Faria, L. A. et al. Oil and protein content in the grain of soybean
cultivars at different sowing seasons. Rev. Bras. Ciénc. Agr. 13, 1-7
(2018).

npj Science of Food| (2025)9:65


www.nature.com/npjscifood

https://doi.org/10.1038/s41538-025-00434-7

Article

68. daSilva, R. A. D. et al. Oil quality and yield of different carthamus
tinctorius cultivars: promising oilseeds for biodiesel in semi-arid
regions. J. Am. Oil Chem. Soc. 98, 241-251 (2021).

Acknowledgements

This research was supported by the National Research Foundation
(NRF) of Korea grant funded by the Korean Government (MSIT)
(RS-2025-00556963).

Author contributions

Conceptualization: J.Y.K., J.P., D.J.L., D.L., and E.E.K.; Methodology:
D.J.L., B.K., and K.P.; Investigation: J.P., D.J.L., Y.B.C.,and Y.C;
Visualization: J.Y.K., J.P., D.J.L.,and W.K.P.; Validation: J.Y K., J.P., W.K.P.,
B.K., and K.P.; Resources: W.K.P., B.K., and K.P.; Project administration:
D.L., and E.E.K,; Supervision: W.K.P., K.P., D.L., and E.E.K.; Writing—
original draft: J.Y K., D.L., and E.E.K.; Writing—review & editing: J.Y K., J.P.,
D.J.L,Y.B.C,Y.C,WKP.,BK,KP.,D.L, and E.EEK.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Doyeon Lee or Eilhann E. Kwon.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material
is notincluded in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2025

npj Science of Food | (2025)9:65


http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/npjscifood

	Enhancing sustainability in meat production through insect biorefinery
	Results and discussion
	BSFL cultivation with organic waste
	Biochemical properties of BSFL biomass
	Contribution of BSFL-based biorefinery to meat production

	Methods
	BSFL cultivation
	Organic waste and BSFL biomass analyses

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




