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Abstract

The pursuit of novel food products with good nutritional value for both direct and indirect
human consumption is crucial. Given the nutritional benefits of insects and the sustainabil-
ity of this sort of farming, using them as food for farmed animals is a promising alternative.
In this regard, the black soldier fly (Hermetia illucens) is most capable of efficiently con-
verting a wide variety of organic materials, from food waste to manure, into insect biomass
generating value and closing nutrient loops as they reduce pollution and costs. Their larvae
have 29% fat and 42% crude protein, yet they have more saturated fats than most insects.
They don’t concentrate hazards such as mycotoxins or insecticides. Although rapid devel-
opment is expected, insects remain underutilized in the animal feed industry mainly due
to technical, financial, and regulatory barriers. The social stigmas and legal prohibitions
against eating organisms that eat waste are added to extant taboos facing insect consump-
tion. Bridging the knowledge gap is crucial to bring together stakeholders and to better
understand the opportunities and challenges of this novel industry, so as to develop guide-
lines on producing insects on an industrial scale to facilitate the wider use of BSF products
as animal feed, and fertilizer.

Keywords Black soldier fly - Fertilizer - Animal feed - Opportunities - Challenges - Fish -
Poultry

1 Introduction

According to research, the world’s population will increase to roughly 9.6 billion people
by 2050. Hence, to feed the population in 2050, the Food & Agricultural Organization
(FAO) predicts food production will need to rise by 70%, with double meat production
in beef, poultry, and hog (Higa et al., 2021). Therefore, the demand for meat and sea-
food is speculated to rise with the rising of aquaculture business. Food manufacturers
have been compelled to develop novel alternative protein-based products to muscle meat
in response to consumer demand for sustainable food. The production of muscle meat
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from livestock animals contributes to the deterioration of the ecosystem worldwide by
consuming land (30%) and its water (8%) in addition to the gas emissions (14.5%) (over
those from transportation) (Lamb et al., 2021; Siddiqui et al., 2022). Eutrophication and
deforestation, which account for greenhouse gas (GHG) emissions (34%), are further
growing problems brought on by cattle production (Siddiqui et al., 2022).

In several nations throughout the world, insects have recently been recognized as a
significant potential source of sustainable raw materials for animal feeds. In terms of
nutritional make-up, amino acid profile, and feed acceptance—as a component of vari-
ous animal species’ natural diets—insects satisfy the dietary needs of animals (Schi-
avone et al., 2018). The mass production of insect-based proteins could be a promis-
ing alternative to animal meat. Insect-based protein production requires less land, emits
low GHGs, has low feed-food compatibility, and has the ability to transform organic
wastes into valuable proteins, making the insects good for the environment (van Huis &
Oonincx, 2017). For instance, using insects to bioconvert waste materials is an innova-
tive strategy and a striking illustration of a circular economy that is sustainable (Sogari
et al., 2019).

Given their nutritional value, minimal space demand, and high acceptance by various
animals, including fish, poultry, and reptiles who consume insects in their natural habitat,
insects have a lot of promise as feed (Makkar, 2018). Furthermore, it is ethically accept-
able to produce insects used as feed on organic wastes like fish offal and dung (Oteri et al.,
2022). High nutritional qualities, feed efficiency, and reproductive capabilities are advan-
tages of employing insects as cattle feed (Van Huis & Gasco, 2023). Insects can provide
by-products, are naturally found in the diets of some livestock (such as fish, poultry, and
pigs), and can have additional socioeconomic and environmental advantages (Devi & Kim,
2014). There are many types of insects that are acceptable, including mealworms, grass-
hoppers, crickets, locust, house fly larvae, silkworms, and black soldier fly (BSF) and its
larvae (BSFL) (Sogari et al., 2019).

BSFL, Hermetia illucens L. (Diptera: Stratiomyidae), is thought to have the most poten-
tial for use as feed. Insect production depends on the environment, but generally speak-
ing, they use less area and emit significantly less water and GHG than conventional feed
(Rehman et al., 2023). Assuring a certain level of safety is a crucial component in com-
mercializing any product. A major concern with using insects as food is standardization,
because different insects are reared on different substrates, and different insect-consuming
nations consequently have different legal systems (Riera, 2018). Laws governing the safety
of the substrate that insects are raised on, for example, may not be as stringent in some
areas as they are in the European Union (EU). According to experts, the primary obstacle
preventing the sector from taking off globally is the stringent EU rules (Van Huis & Gasco,
2023). The poorest and most vulnerable people in society can gain from insect rearing.
Insects will eventually replace traditional feed as a more affordable and environmentally
friendly source of protein with significant technological advancements. Insects raised on
waste have the potential to reduce and value global waste sources (Heuel et al., 2021). By
making investments in renewable energy, insect farming will become less dependent on
fossil fuels (Surendra et al., 2016).

The BSF market has a limited economic potential now, but it is anticipated to rise rap-
idly over the next few years. The global market had a 2019 value of $128 million but is
expected to increase to $3.4 billion by 2030 (Foo & Li, 2021). In addition, Asia Pacific
held the greatest share of the global market in 2019 in terms of volume (57.1%) and value
(almost 50%). The demand for meat and seafood is expected to rise along with the global
population, and the aquaculture business is expanding as well (Foo & Li, 2021).
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In the past ten years, BSFL treatment has emerged as a viable way of treating biode-
gradable garbage that may contribute to the three difficulties listed. Biodegradable waste is
transformed into two products in this insect-based treatment: a larval biomass rich in pro-
teins and lipids that may be utilized in animal feed and a processing residue known as frass
that can be used as fertilizer in a variety of ways (Kumar et al., 2018). This method adheres
to the concepts of a circular bio economy, in which the waste from one process becomes
the resource in another because two valuable goods are produced (van der Fels-Klerx et al.,
2020). One of the key outcomes of the process was frass, which may take the place of tra-
ditional N fertilizers and reduce the risk of global warming that comes with using any type
of conventional N fertilizer (Schmitt & de Vries, 2020). Reports indicate that the process
for frass production from BSFL shows less environmental damage, minimal utilization of
energy and water, and less impact on global warming and other impact categories than the
process of organic fertilizer (Lopes et al., 2022). It is interesting to note that the environ-
mental advantages of producing insect frass are strongly tied to the substrate source used
to feed the larvae, with lesser impacts being documented when using non-utilized waste
streams instead of conventional items like soybean meal (Heuel et al., 2021). Frass has
begun to draw attention in recent years due to its ongoing production in waste treatment
facilities, plenty of plant nutrients, and potential to help the agribusiness industry gener-
ate cash (Lugato et al., 2020). However, compared to the larval biomass obtained through
the same method, frass has not received as much attention. Particularly, there are several
information gaps about the application of frass and its advantages in farming and other
cultivation-related activities (Lopes et al., 2022).

BSFL composting, using organic wastes to produce frass, and also using BSF as animal
feed have all been the subject of extensive investigation. This study will provide the reader
with an extensive and succinct source of knowledge by summarizing the results of selected
prior studies on BSFL organic waste treatment and the potential use of BSF by-products
that focused on larvae and frass.

2 Methodology
2.1 Eligibility criteria, articles search strategy and dataset development

We applied the following inclusion in this review by following population, intervention,
comparators, outcomes, and study design (PICOS) as follows: (1) Consumers; (2) BSF
products; (3) consumer studies focused on future opportunities for products derived from
the black soldier fly treatment as animal feed and fertilizer; (4) articles consistently written
in English and published after being peer reviewed. After careful evaluation, a raw dataset
that reported consumer studies focused on future opportunities for products derived from
the black soldier fly treatment as animal feed and fertilizer was constructed and extracted.
The articles were carefully chosen and selected following the Preferred Reporting Items
for Systematic Reviews (PRISMA) guidelines (Moher et al., 2009). Published articles were
extracted into Mendeley references manager (https://www.mendeley.com/) with the follow-
ing criteria: (1) name of the author; (2) publication year; (3) year of study; (4) type of BSF
product derived and evaluated; and (5) results obtained.

Initially, 1050 results were achieved through the Science Direct database (https://
www.sciencedirect.com/). From these, 200 articles were excluded due to not being
related to our topic, future opportunities for products derived from the BSF treatment
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as animal feed and fertilizer and 185 articles for being duplicates; 435 articles were
excluded as they did not discuss the effects of different BSF products derived and 15
articles for the language (non-English); 37 articles were excluded for non-peer reviewed
papers/ inappropriate interpretation of results/ non-availability of full texts; finally, 178
articles remained for systematic review for consumer studies focused on future oppor-
tunities for products derived from the black soldier fly treatment as animal feed and fer-
tilizer (Fig. 1). The algorithm search key for the published article was set from 2012 to
2022, using the terms (“Black soldier fly”’) AND (“BSF products”) AND (“animal feed”
OR “fertilizer” OR “Life Cycle Assessment” OR “opportunities and challenges”).
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irrelevant publications
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Fig. 1 Diagram flow of article selection
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3 Products derived from black soldier fly treatment
3.1 Animal feed

Animal feed is a food item that is consumed by the domestic animals in the course of Ani-
mal Husbandry. Animal feed is the most important source of nutrition intake by animals
that ensures improved immunity, accelerated growth, and good health. With an increasing
initiative for the production of sustainable protein animal feed acts as a high-value pro-
tein source for both livestock and fish. The commercial livestock farming success hugely
depends on the constant best quality nutritious feeds supply. The livestock and the animal
feed market are in harmony with each other in growth. The animal feed market is expected
to surge in the coming years with furiously growing per capita consumption of eggs, boiler
meat, and milk (Henchion et al., 2021). By 2050, the FAO of the United Nations predicts
that 70% more food must be produced globally (van Dijk et al., 2021). Global meat output
per person is expected to rise by 0.3% P.A. to 35.4 kg in retail weight equivalent by 2030,
according to the OECD-FAO Agricultural Outlook 2021-2030 (OECD/FAO, 2021). As
per the International Feed Industry Federation (IFIF), the manufacture of meat (poultry,
swine, and cattle) will even double in the nearby future (Veldkamp & Bosch, 2015). The
majority of the increase in meat production is, overall, attributed to developing regions,
which will produce 80% more than they do now (https://www.investmentmonitor.ai). Addi-
tionally, it was noted that during the following ten years, beef consumption is expected to
rise to 76 Mt, accounting for almost 16% of the overall growth in meat consumption over
the baseline period (OECD/FAO, 2021). Additionally, it is anticipated that during the next
ten years, the global consumption of pig meat would rise to 127 Mt, making up 28% of the
overall growth in meat consumption (OECD/FAO, 2021). As a effect, it is anticipated that
the market for animal feed will be driven by an increase in meat consumption followed by
population growth.

Currently, fish meal, processed animal proteins, and soybean meal are significant pro-
tein constituents for animal feed (Veldkamp et al., 2012). However, the usage of processed
animal proteins in animal feed is outlawed in the European Union as a result of TSE
laws (Fumiere et al., 2009). The quantity of land that can be utilised for soya farming is
also constrained globally, while overfishing in the ocean has decreased the population of
small pelagic forage fish, which are needed to produce fish meal and fish oil (Veldkamp
et al., 2012). In the previous five years, prices have risen due to the increasing scarcity
of resources needed to create these more in-demand ingredients, which already account
for 60-70% of production expenses (Veldkamp et al., 2012). Alternative (animal) protein
sources are thus desperately needed for aquaculture and cattle (Veldkamp et al., 2012).
Insects are an alternate source of animal protein that can be sustainably farmed on organic
side streams. Many factors contribute to their high feed conversion efficiency, but their cold
blood is most certainly one of them. On a dry matter basis, insects have a protein content of
30-70% (Veldkamp et al., 2012). When a drought or other extreme weather event brought
on by climate change affects farmers or herders, they frequently have to switch to more
expensive manufactured animal feed, which can have a negative impact on their capacity to
make a living (Gitz et al., 2016).

Today insect protein is used in fish feed and pet food. A brief overview of feed resources
used to prepare different animal feeds and major nutritional composition (Table 2) for
poultry, livestock, fish, and pets is depicted in Table 1. The next step will be to authorize
the use of insect protein for poultry feed and other livestock. Many articles deal with using

@ Springer


https://www.investmentmonitor.ai
http://mostwiedzy.pl

S. A. Siddiqui et al.

(snonysauiop

(1207) ‘T2 19 ueaoSue[g  snjps snjpo) YOO 40D

(6107) T8 10 9s19191g

(1202) "Te 19 [oneH

(snoysawiop snjps snj
-[pD) SYOIP 1971019 440D

(Pa21qss01D) Suay
JISSE[D) UMOIE UUBWIYO|

191p Ja[101q UF % 1

parerodioour oq Ued [eoW

sedndaid £p 1a1p[os yoerg
SONSLI9NOBIRYD
Kyienb jeowr 10 K10SUS
‘$SBOIRD Q) Surouanjul
INOYIIM SIQIP I9[10Iq Ul
papn[our aq ued (%G1 01

dn) reow oednd-o1d JSg
s1oAe] Surwojred
-YS1y JO SI9TP ul Jey pue
[eaw Ag 191pjos or[q Aq
Ko1erdwod paoepdar aq
ued SpPI9J PIseq-ueaqhos

JeY) 91BOIPUI S)[NSAI Y[,
Ansnpur
P99 9y} J0J 92In0S
urajo1d 109sur Surstwoxd
© 9q 0) SuruIyuod sny)
‘syrenb 1o7101q SUIMOIT
10§ J9Ip Y} UI [I0 Uedq
BAOS puE [ROW UBAQ BAOS

s[ern Surpagy Jofroiq

Qy) 10j pasn sem ednd
-ao1d (wrl oG punoie)
punoIs oy, "0, 0 18
sKep 901} I0J POLIP USAO

‘A[reuy pue sAep 221y 10§

(Do TE) PAUIP NS “PASSD

-01d sedndaxd pajsoatey  s9ISem JInay pue J[qeIaSoA

[eow B
0} punoig pue O, G9 e
paLIp a1om osednd-axd
ASE 2y ‘ISeATeY] 19Ty

s9[qe1eSaA pue sy
“9)SEM USYOIY JTUBSIO

ssoxd [ernsnpur ue yim

panejap Affedrueyoswr

pUE ‘PaLIp O0YS 18y
KQ Pa[ITY 2IoM deAIe]

Kxoqmsip
JBOYM WOIJ SA[qN[OS
29 (K1p I1e) URIq JBIYA

[eow sedndaig 4Sg

[eow sedndaid JSg

e
pue [eaw TS E panejed

(porodp! x1uanjod [euonUAAUOD doe[dax poyiouwr 3un
(8107) 'Te 19 d19[[ND xruanjo)) sprenb soporg  Arenaed ueo [eow ovAIR]  -JeJop pue ‘Surkip ‘Surpry VN [edN T4S 9
K3ojouyoa) Jurssaooig SQ0INOSAI PAd] Po9y Tewtue Jo odA,

QIOURIRJY

sa1oads [ewruy

Nl

10d pue ‘ysy ‘}003saAl] ‘A1Nod 10J S92IN0SAI PISJ PISBG-10ISUL JO MIIAIAQ | d|qeL

1SOW "V

pringer

A s


http://mostwiedzy.pl

Future opportunities for products derived from black soldier...

(L107) ‘T8 19 QUOARTYDOS

(0200) T8 10 101S

(2T207) "Te 1 uay)

uonsa3Ip

JUSLINU JUITOYJD 19)39q
B U)IM SI9[I0Iq JOJ pIoe
ourure 9[qusagIp pue
K319u9 9[qezIjOgRIoW
juaredde jo 901nos JuQ|
-[99OX9 UE SE POISPISU0D

SUQOIYD IO[I0Ig  2q UBD S[BAW JSq panejo

S$)[Baq 10BIUT PIM

SPIIq JO UOTIIPUOD JAYILf

a3 uo 199349 aanIsod

© pey| os[e oeAIe] 4SH

QAT[ SUSY SUIPI "SuAY

Surke[ 19p[0 JO SIAIp UL

Kos aoe[dar A[[njssaoons

0) surajoxd juerd eoof

1M UONRUIQUIOD UT Pasn

suay Surke[ piQ

152 o3 Suteq OSH
%08 Ui ‘$I91p I9[10Iq JO
uone[nuiIoy oY) ut (OS)

(snonysauwiop snjps snj 1O ueaqhog ooejdar ueos

-1pD) SYOTYO 12101 0BG  OS 1Byl 15983ns sSurpury

9q ued QvATR] JST AT

POYIAW SJUIATOS JNOY)IM
pue ainssaxd Y31y ‘[eow
© 0] punois pue (D, 09)
amjeradwa) Mo[ Je UdA0

ue ur i Og 10y potp
QIoM JBAIE] PIJOS[[0D YL,

SUONIPUOI (sIUI0g
[onuo)) [ednL) siskfeuy
prezeH) dDJOVH fopun
Aproey paynieo peag
-9INd9g pue + JND Ul
paonpoid o1om deAIR

Kuedwod woij paurelqQ

[eoW TS E P

syonpoad -Aq [ea10)  -1ejop A[y31y pue A[ented

Jeare|
YN Ay 191p10S Yor[g SATT

(os®)
VN 10 9vaze] Aj 191p[os Yoerg

QOURIRJY

soroads rewruy sas()

K3ojouyoa) Furssadoig

S90IN0SAT P, paoy Tewue Jo odAT,

(ponunuod) | sjqer

pringer

As

1SOW "V


http://mostwiedzy.pl

S. A. Siddiqui et al.

(L107) ‘Te 10 s1oySueidg

(0200

‘T2 19 PR[eYOTA-SAIO

(1200) 'Te 10 uosIaNed

(9107) "Te 10 Tome

douewiojrad uo
S109JJ3 9SIAAPE JNOYIIM
AS9 Aq paoejdar oq ueo
(sueaq pajseo) Jo/pue
s30131d poueopy [eaw) syonpoid ueaqhog
asuodsax
sunwwr Jo aouanbasuod
e se aSewep 9AnepIXo
Wo1J S[[30 [BWIUER )
VN Sunoajoxd ur aAnoayyg
uorsn[our Arejarp
Jo syrun] 1oddn oq Aewr
219y} ySnoyje ‘uoneio
-109 yjoA pue uononpoid
839 ‘oouruurew uay JIoy
SpIoe ourwe pue urajoxd
‘A310U9 AIR)QIp SEB pasn

uIoy SOf AMYA\  9q UED [BAW PUE [10 TISH

NEIREI
suay Surke| uioy Jo jusuodwiods s[qenyea

-3o7 paoores uuewyo |

©9q UBD [BOW DIIULIIE]

Toyio [Ayyerp
s pajoenxe oedndoxd
PALIP-3Z391,] WO} Je]

uonezK[oIpAy onew
-KZua ‘pavIp 79 paneJap
Aqrenaed ‘uonezunajsed

VN
pasn sem
ssaid {10 [erorowwod y

‘Surssaxd Aq payejep pue
punoI3 yuojuod I2)eMm Ay}

uo Surpuadop 4 y¢—¢
10} Do 09 ¥& paLIp
‘paysem oIom JBAIR]
oy Afreutq D, OT- 1e
paio}s pue (3urzaaly Aq)
P ‘OBAIR] PA)SIATRH

Pad) uoIY)

VN

VN

eised oy jo syonpoid-q
URLIRIOZA pUR pag)

punodwod parepmod

e} 4S9

saAneALIap urdjoxd 4Sg

[eaWl pue [10 T4SH

18] 1ASH pue [l TS

QOURIRJY

soroads rewruy sas()

K3ojouyoa) Furssadoig

$92IN0SAT pa”g]

pringer

Pa9y Tewtue jo odAy,

Qs

(ponunuod) | sjqer

1SOW "V


http://mostwiedzy.pl

Future opportunities for products derived from black soldier...

(1202) 'Te 10 qeyepm-1d pqy

(1200) T8 10 [991

(6107) 'Te 10 oeserg

Kypenb

[e99] pue AIqusasIp Jjuo
-LINU UO SJO9JJ9 9ATIR3oU
Aue noynm urejoxd

Jo 2omos ayeridordde

(Stvijnupf ue 9q ued pooj Sop ur
sndnj s1up)) op d[3eag [eaw 74Sg Surpnjoug
Syalp

Sop ur Ajaoyes papn[our aq
pnoo Sunsadsns yresy
[exouag 29 A3ojorsAyd uo
joedwi ou ur s)Nsa1 uon
-dwnsuoo 1oy} pue s3op
£q pojeIa]0) [[oM Ie [10
14S9 pue [eowl TASH
SoINIB9J [BIIS0[0ISTY
10 A3ojoydrowr 1n3 ‘oY
-oxd poojq “AnIqnsoSip
juaLnnu ‘9dueuLIofad
yimoi3 1oy Sunoaye
K[oAneSou JnoyIm
$10[31d poueom I0j S321p
ur JUaIpaISuI paoy € se
Pasn 9q Ued [edW BAITR|

AS9 panegop Aqrented

(stvyuunf
sndnj s1up)) op 9[3eeg

s30131d pouropy

panejop Aqrented

pUE ‘pUNOIS ‘pILIP-9Z3L]

paLIp 29 panejop Afrented

SJUSAJOS
Kue noy)im ssao01d [ed

-1ueydIIA 2anssard-y3ryg

VN [eoN "1dS 9

(%0°6 %
%S"7) 110 14S9 (%0T %
VN ‘%001 ‘%0°S) [eow TISd

Jensqns
sjonpoid-Aq 9]qeIagoA

[eow eAIR[
dSd pawejap Aenied

QOURIRJY

soroads rewruy sas()

K3ojouyoa) Furssadoig

S90IN0SAT P, paoy Tewue Jo odAT,

(ponunuod) | sjqer

pringer

As

1SOW "V


http://mostwiedzy.pl

S. A. Siddiqui et al.

(T200) Te 19 o

(1207) 'Te 10 1zzeUdg

(6107) Te0 197

s1e)

(sndng siuv)) 3op 1911
~I9L, AT PUBIYSTH 1SOM

(stvyuunf
sndnj s1up)) Jop d[3eag

s1eo
J[NpE Ul SaNI[IQUISASIP
JUSLIINU I9MO] APYSI[S
aAey Aew Inq ANSIWAYD
WINI9S IO SONSIIAJORIRYD
1899 109y5¢ A[oAneSou
j0U Op pue d[qereed are

sjo1p Sururejuod-TSq
pooj 1od 10} 901n0S
urojoxd o[qeurelsns e se
Ayqiqeims i1 Sunespur
“)oIp paseq-1eaul B Se san
-TeA Jepruas Sunuoesaxd 31
JO SuLId) Ul S[NSAI JuIsT
-woxd pamoys (uorsnjour
9%6°9¢) urajoxd Jo 921n0s
9[0S 9y} SB [B9W JOISUT
Sururejuod pooj op

Jo sisATeue A1qnsasiq
Kyoedeo aaneprxo-nue
pue AI0jewwRyUI-NUR
pue urejo1d opnIod pue 19}
-Jew A1p Jo ANTIqusoSIp
panroxdur se pajeorpur
‘s3op 9[3raq 03 S109)J0
[eI01JoUaq }I9AUOD 0}
391 Y} uI pAjuswd(d

-dns oq ued [eow TS

poyiow Sun
-Jejop pue ‘Sutkip Furfry

panejep ‘pauq

panejop pauq

[10 71489
VN “14Sd S10UM ‘BN 4S9

VN [eow TS E

VN [ealr T4SH

QOURIRJY

sa10ads [ewruy

sas

K3ojouyoa) Furssadoig

$92IN0SAT pa”g]

Pa9y Tewtue jo odAy,

|d'Azpaimisow wouy papeojumoq

(ponunuod) | sjqer

1SOW "V

pringer

A s


http://mostwiedzy.pl

Future opportunities for products derived from black soldier...

pringer

As

(L102) 'Te 390 If surwrwn))

(L107) 'Te 10 sagyeSey

(2200) T 10 L1210

(dwitiys 91rym oytoed)
12uDUUDA SNIVUIA0JIT

(sseqeas ueadoinyg)
XDAGD] SNYIUSLJUIINT

(ysy wearq
peaY I1D) PNy Snipds

S101p Q1M
-[noenbe ur reawysy jo
juowddedal [eaw Jo3sul
Surpuedxa Jo sonuoAe
J[qissod pue dwriys
QUM UT [2OW JBATE]

Ky 19p[0S yoe[q SuIsn
JO suoneIWI[ JUd1INd
oJur JYSISur 9AIS SI[NsaI

JUQLIND Ay} ‘UOISN[OUOD UJ

Aipqr

-18931p JO uoNeZI[IN Pady
‘goueuriofrad yamois uo
$109JJ9 9SISAPE JNOYIIM
‘sseqeas ueadornyg
9quaAn( 10y sya1p ur
[eaw 74S g ooerdar Afny
-ss900ns Aew ‘urdjoxd
Keyorp (2101 JO %577

0] Surpuodsa1Iod ‘Teawt

4S9 30 %S°61 @ dn

pa19ajJe 2q AeW SI19Y JO
Kypenb oy ySnoye ‘Sur
-stwo1d s)0o[ 191p vyv.ND
snapdg ut JuarpIIur
P9J [BUOTIUAUOIUN

ue se [eow TISd JO 9N}

onelr (A/A) [:4 B [JIm uon
-0RIIXQ [RUY B PUR ‘(A/A)
[:€ JO UOTOBIXD QU0

AQ POMO[[0] ‘UOTIOBIIX
[oea J0j [edw TJSg 0}
(%$6) 1040d[E 1Ko (A/A)
[:Z © ylIm sawr Inoy

Paaoenxa sem [eall T4SH

poyiow Sun

-JeJop pue ‘Jurkip ‘Jurpry

poyrow Sun

-Jejop pue ‘Sutkip ‘Furfry

VN [eaw 14SH
VN [eoW TS E
VN [ealr T4SH

QOURIRJY

sa10ads [ewruy

sas

K3ojouyoa) Furssadoig

S90IN0SAT P, paoy Tewue Jo odAT,

(ponunuod) | sjqer

1SOW "V


http://mostwiedzy.pl

S. A. Siddiqui et al.

(0207) T8 10 Dismey

(L100) T8 10 ULy

(1149vq 425uad1oy) s3uly
-108uy uoagims uerraqlg  2oue}dodor pagy IOAOIOIA

(3nox moqurey)

ss1yCw snyoudy10ou) Seare] JH poneyop A[enied

uonLynu

u0a5In)s uerIaqIs ur
[BAW YSY 0} ATJRUID)[R
90INOS JUALNNU S[RIINS B
4S9 9Yew elep pajuds
-oxd [1v “Kiiqusesip
P99 UO S109JQ OU YIIm
‘19A9MOY ‘paroldur arom
s1ajowrered uonezimn
Pa9J J19Y) S [[oMm SE S
[eruswiradxa Jo yimoId
Sy I91p Ay ur T4SH

JO %0¢ 0} G paureIuod
Pa9J 9soym sdnois ayy
uJ "14S 9 Jo sareys
1oy pue %Q[ uey)
Sururejuod SyuSUILA) Ul
POAISSqO Sem 9sealdul

ysy oy

Jo A3ojoydiow [eunsaur
pue ‘sioowered Ajjenb
TearsAyd 1911y Tesiop
‘SOXapUT JTJRWOS ‘T0JOB)
uonIpuod ‘ddueuriojrad
ImoI3 ‘[eArains 3ur
-yoedwr INOYIIM [9A9]
UoISNout Jo %0 03 dn
SJOIp JNOI) UT JUSIPAITUT
P99J SB pasn aq ued [eaul

uoneredard

P99 10} aSn 210Joq D, ¥
1€ Pa10)s pue [eow TS
sonpoid 0} 10K1p mop Ire
Ioquieyd € Sulsn payoeal
sem JYSIoM JuBISuod ©
[muny ¢z 10y 9, 08 18
uayy pue y [ 10} 3, 0¢
18 JSIJ paLIp a1om TS
9y, "uononpoid [esw J0j

PaLIp seM TASE JO Yoreq v

SJUQATOS TNOYIIM
pue amssaid y3y Sursn
pawojrad ssao01d [ed
-TUBYOAUW B YIIM PajIeJop

K[rented sem [eow 4S9

XIUWL JINIJ pue 9[qe1asoa

ysoly ‘SSUIPPIW JeaYA\  [BOW deAe] 18) [0 TISH

Qrensqns

sjonpoid-Aq 9]qeIagoA eow 149

QOURIRJY

sa10ads [ewruy

sas

K3ojouyoa) Furssadoig

pringer

S90IN0SAT P, paoy Tewue Jo odAT,

Qs

(ponunuod) | sjqer

1SOW "V


http://mostwiedzy.pl

Future opportunities for products derived from black soldier...

pringer

As

(0200) 'Te 10 Sjomeq

(9100) e IT

ysy 2y} Jo snjess yieay
pue ueprxonue ‘uon
-BZI[1N JUSLINU ‘(IMOIT
Surredwr Jnoyiim
(quowooedar A %GS/)
-39 8 7L1 0y dn suaony1
DYIULIDE SZI[TIN A[OAT)

-09JJ ULD YSYILD UBDLIJY

(ysy yeo ued
-11JY) snu1da1ans sprip))

qrosnw

oy ur vand 9-u reiod

JO JUAIUOD 3} pAONPAI

SMYM “VANd €-U [B103 JO

JUIUOD Y} paaoxdur 10

SeAIR] A I9IP[OS Yor[q

‘IOAOQIOA “SI9[[Y Ysy ul

uonisodap JusLnnu Io

Kouaroyje pasy ‘YImoId

U0 199JJ2 aAne3oU Aue

moym (a1p [ —3Y 5 67)

[10 BATR] JQIP[OS Yor[q £Aq

pooerdar Ajoyes 2q ued 10

ueaqkog Pappe Jo %001

*3urpagy died uerf ur

s)a1p [eonoeld ur 90Inos

pidi] aAneUI)[R POOS

(drep uerf o[uaAng) ® SB PAIopISu0d 2q Aeul
uplf upa o1divd snuradS) (10 SeAIe] AJ I21p[OS Moe[g

poy

-Jejop ‘pajean) 1edY ‘parig VN

anbruyoay ssaxd
-p1od Aq paurelqo sem

10 9eAIe] A} JIIPIOS YorU[g VN

[eowr

TASH paneyap Ajfented

[10 1489

QOURIRJY

soroads rewruy sas()

K3ojouyoa) Furssadoig SQ0INOSAI PAd]

Pa9y Tewtue jo odAy,

|d'Azpaimisow wouy papeojumoq

(ponunuod) | sjqer

1SOW "V


http://mostwiedzy.pl

S. A. Siddiqui et al.

Q6102
e6107) “Te 1 Nyseg

(0202) T8 30 [exsfals

(6107) 'Te 10 maTeUIpIE)

(8102) "Te 10 sewng

(uowuyes
JNURNY) ADDS OUDS

(yoxod
URISBING]) SYUDIANY D2USS

(3nox) moqurey)
ssrykut snyouky10ouQ)

(3nox moqurey)
ssykut snyoudy10ouQ)

11y =1 Jo
sonirenb K1osuas ayy 10
syen J9A1] “AN[IqNso3Ip
JUSLIINU ‘UOTIRZINN P
‘gourewrtoyrod yimois uo
S109JJ0 2ATIESAU JNOYIIM
9[qissod sem uowes
ONUEY 19JeM-BIS JO
SJOIp 9} UI B deATR]
AP 1o1plOs Yor[q YIM
[eow ysy Jo juowaderdar
[©10) © Jey) pamoys Apms
yorad 10§ s3o1p
prepue)s ur A[[nyssaoons
Pasn 9q Ued [eaW BAITER|
AS4d Jo uotsnpdut %0f
P93109[as SI [eawt
sedndeid 1Sg 1eJ-[Ind
)M SJUdIpaISul [euon
-U2AU0D JO Judwadedar
9%0)S USYM JUNOJOE OJUT
uaye) 9q p[noys uonned
ey} 15933ns sSurpur
%HEL St
SJQIp JNOI) MOQUIET UT
popuawwodaI N TISH
JO uoIsn[oul WNWIXeWw
9y, Jouradns Apueoyru
-31s sem aurjordAxoipAy
Jo AiqusaSip oy,

popunois pue
paLIp ‘panejap Aq[enteq
SJUQA[OS
noym pue anssaxd
Y31y Sursn paurtoyrod
$s9001d [edo1UBYOIAW

popun3
orom oedndeid uozorj

[eowt
9y} WOIJ [I0 3y} JOvIXd
0) passaxd A[[eorueyd9n
pue ‘pauI( ‘pazILINS

J)sem
paanop-jueld oruedio
)M PIXTW PIIMEBIS
enaed Sururejuod eIpoj

VN

q)seMm 9[qeIaSoA

aperd
eSS g RLENHGIN G

[eaW TS E

[eowr
1ASE paneep Afenied

[eow
oedndard JSg 10J-[Ing

[10 1S9 pue [eawl
14S9 panejop A[fented

QOURIRJY

sa10ads [ewruy

sas

K3ojouyoa) Furssadoig

$92IN0SAT pa”g]

pringer

Pa9y Tewtue jo odAy,

Qs

(ponunuod) | sjqer

1SOW "V


http://mostwiedzy.pl

pringer

As

[SOW W §°() YHIM IOS

pa9gjenbe -soooxdpnuw e ur punoisd

USI SNOIOAIUWO JOJ Q1M QeATR] PAIRIPAYS(J

A319u9 pue urdjoxd jo Y $Z 10} Do SG I8 UdA0

(€202) (mbeque]) Qaos Jursrwold e UOTIB[NDIID IR PAJIOJ B
‘Te 19 SOJuEBS SOp OIIUONN  Wnuodo1dvulL DULOSS0]0,) 9q 0] SWoVs [eaw IS Ul PojeIpAyop a1om TISq SIO[101q JO PI9J 191IeIS [eowr TS g 1eJ-Tg
OUAIRYY sa10ads [ewruy sasN) K3ojouyoa) Furssadoig SQ0INOSAI PAd] Pa9y Tewtue jo odAy,

Future opportunities for products derived from black soldier...

(ponunuod) | sjqer

|d"Azpaimisow wouy papeojumoq 1SOWNW /\/\


http://mostwiedzy.pl

/\/\ MOST WIEDZY Downloaded from mostwiedzy.pl

J—

S. A. Siddiqui et al.

insects as feed for pets, pigs, poultry, and as aquafeed. Of all feed produced in the world
(1.1 billion tons), poultry takes 44.8%, pigs 25.9%, ruminants 22.2%, aquaculture 4.5% and
pets 2.6% (Alltech, 2016). In general, it seems that the nutritional composition of insects,
such as the high protein, lauric acid omega 6, and omega 3, and bioactive compounds,
such as chitin, seems to have potential in animal feeding (Shah et al., 2022). A schematic
summary of how animal feed and fertilizer (BSF Frass) is produced from BSF is given in
Fig. 2, where the inputs of organic waste are converted by BSFL by artificial rearing in at
controlled environment to get outputs as protein meal, lipids, chitin and biofertilizer.

3.1.1 Commercial animal feed versus products derived from BSF larvae

3.1.1.1 Aquafeed By 2030, aquaculture, or fish farming, is anticipated to contribute 62%
of the world’s fish supply (FAO, 2014). The need of fish for human feeding and depleted
fisheries, amongst other factors, have increased the price and driven up the cost of fish meal
and oil, forcing fisheries to look for alternatives like vegetable oils despite the fact that it
is well acknowledged that they are essential for aquaculture (Li et al., 2016). Fishmeal and
fish oil are the main source of protein and essential fats in aquatic feed production. For the
manufacture of these, 18 million tons was used in 2018 which is 10% of the total production
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Fig.2 Schematic summary of how animal feed and fertilizer is produced from Black Soldier Fly treatment
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of world fisheries and aquaculture (FAO, 2020). A major protein source in aquafeeds is soy-
bean meal but its increasing price, poor content of methionine and lysine, and the presence
of anti-nutritional factors, especially trypsin inhibitor, is a drawback (Chakraborty et al.,
2019; Chen et al., 2019). Processed animal proteins (PAPs) which are allowable to be used
in fish feed, are not yet included in many of the feed products on the market today.

Insect protein has similar characteristics to PAPs and provides a good, sustainable alter-
native. The demand for formulated fish feed presents an opportunity for the insect sector.
If given a diet that is sufficiently high in lipids, BSFL can hoard fats in their bodies. Veg-
etable oils are typically less appetising to fish than BSFL. When fish offal is added to the
larval diet, pre-pupae that are enriched in omega-3 fatty acids are formed (St-Hilaire et al.,
2007). When related to regular fish meals, these "enriched" pre-pupae are fit fish feeds,
producing no appreciable changes in fish development and vision (Oncorhynchus mykiss,
rainbow trout) (Sealey et al., 2011). Nairuti et al. (2021) reviewed several studies for pos-
sible replacement levels of fishmeal with BSF meal and this ranged from 10% for meager
juveniles (Argyrosomus regius) to 25% for Siberian sturgeon (Acipenser baerii) and pacific
white shrimp (Litopenaeus vannamei), 50% for European sea bass (Dicentrarchus labrax)
to 100% for Nile tilapia (Oreochromis niloticus).

According to sensory investigation of trout fillets, fish given fish meal, BSFL, or
enriched BSFL diets did not differ in any manner (Sealey et al., 2011). One more study on
rainbow trout (Renna et al., 2017) suggested supplementing the diet with up to 40% defat-
ted BSFL with no contrary effects on the physical quality of the fillet or the fish’s physi-
ology, but they did notice a drop in beneficial polyunsaturated fats. In another study on
rainbow trout, the top limit for BSFL in the diet for unaffected fish growth was determined
at 15% (Renna et al., 2017). No differences in growth performance between BSFL oil and
soybean oil were detected in a study on young Jian carp (Cyprinus carpio var. Jian), but it
was found that as BSFL oil’s share of the diet increased, carp lipid deposition decreased
(Li et al., 2016). After trials with the African catfish, Clarias gariepinus demonstrated that
total BSFL replacement of fish meal in diets (where it made up just 25%) had no conse-
quence on development rate and nutrient utilisation indicators, BSFL were proposed as an
alternative due to their lower cost.

Finally, BSFL can considerably contribute to sustainable aquaculture as a partial or full
meal replacement, for aquatic invertebrates like prawns (Cummins et al., 2017). This is
the conclusion reached by numerous writers. This is due to BSFL’s capacity to transform
potentially low-protein organic wastes into protein-rich edible biomass. Tran et al. (2024)
reviewed 107 studies dealing with 23 freshwater and 17 marine fish species, and 17 insect
species as a replacement for fishmeal. While in general high levels of BSF seem to depress
fish growth (Hua, 2021). The major factors limiting inclusion of insects in aquafeed are:
reduction in protein digestibility, imbalanced amino acid profile and increasing levels of
saturated fatty acid (Liland et al., 2021). Although Quang Tran et al. (2022) consider insect
meal as an excellent potential to supply protein for aquafeeds, they recommend addressing
nutritional composition and environmental aspects and developing suitable insect-specific
substrates as aquafeed.

Future research should focus on nutritive values of different insect species and the
necessity to identify optimal levels for different types of insect meals. In July 2017, insect
proteins from seven insect species were authorised in the EU for use in aqua feed, opening
new feed markets for insect producers. Like other farmed animals, these insect species may
only be fed with ‘feed grade materials’ such as materials of plant origin, processed eggs,
milk and their derived products. Above 5000 tonnes of insect protein have been commer-
cialised by European insect producers in total, since the authorisation of insect proteins
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for use in aqua feed. Today, the aqua feed market consumes more than 50% of European
animal feed made from insects and this is expected to increase in the coming years (Liland
et al., 2021).

3.1.1.2 Poultry feed Today insect proteins cannot be fed to poultry in European Union as
legislation passed after the BSE (bovine spongiform encephalopathy) crisis in the late 1990s
prevents processed animal proteins from being fed to livestock. Only fishmeal may be used
and yet, over 90% of EU insect feed producers see poultry feed as a ‘promising opportunity’
(IPIFF, 2018). Dorper et al. (2021) concluded that partial replacement of soybean meal by
larvae of BSF or housefly in feed is beneficial for poultry. Chodova and Tumova (2020)
reviewed a number of studies, and identified that insect meals can have a positive influence
on growth of chickens without adverse impact on carcass and meat quality characteristics.

BSFL has been used in poultry feed as an incomplete replacement for maize- or soy-
based feeds. The species naturally colonizes and decomposes poultry manure. Where popu-
lations of it are routinely maintained by poultry farms for the benefit of waste management
and pollution reduction. There was no difference in productive act, breast meat weight, or
yield between the control group and either of the two BSFL meal proportions in experi-
ments with grill quails, Coturnix coturnix japonica (Cullere et al., 2018). The oxidative
status, lipid content, and sensory and flavour judgements of breast meat were unchanged by
BSFL supplementation. However, it did increase the meat’s amino acid content, improving
its nutritional value (by increasing glutamic acid, alanine, aspartic acid, serine, tyrosine,
and threonine). The amounts of undesirable saturated and monounsaturated fatty acids did,
however, rise (Cullere et al., 2018).

Similar outcomes were attained by adding BSFL to the feed of domestic broiler chick-
ens (Gallus gallus), with the caveat that utilising defatted BSFL diminished the detrimental
effects on fatty acid profiles. In both instances (partial or total replacement of soybean oil
by BSFL fat), Schiavone et al. (2017) discovered that BSFL was a suitable source of pro-
tein for chicken feed, with the authors depicting that BSFL “inclusion definite satisfactory
creative performances, carcass traits and complete meat quality” (Schiavone et al., 2017).
The health or concert of the laying hens or the quality of the eggs were not affected by the
addition of BSFL (50%) or the complete substitution of soybean cake in the diets of the
hens (Maurer et al., 2016). As a result, BSFL are a probable partial replacement for poultry
feed since they add extra protein and have the added benefit of being able to be raised on
the waste of the same animals that will eventually consume them.

3.1.1.3 Pet feed Pet food is a mainstream market for European insect producers. Insect
products are well-suited to the particular needs of pet food, due to their high digestibility
and palatability. Some European pet food companies already incorporate insects in their
feed formula, notably as a means to expand their products’ range e.g. in hypoallergenic
products. This trend is expected to continue to grow in the next few years. While only 3%
of all feed produced is for pets, 50% of the insect industry is engaged in producing for this
sector (van Huis, 2022). In vitro assays displayed that fraction containing BSF larvae protein
significantly inhibited the growth of Clostridium perfringens, which is for 28% of the cases
responsible for diarrhoea in dogs (Dong et al., 2021). However, Bosch and Swanson (2021)
caution that health-promoting effects of insect products need to be studied more as well as
the long-term impact of insects as food on the nutritional status of dogs and cats. Concern-
ing indispensable amino acids, the limiting ones with BSF methionine and threonine for
dogs and the first methionine for cats (Bosch et al., 2019).
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3.1.1.4 Pigfeed It is assessed that soybean meal accounts for 85% of the protein sup-
plements fed to pigs (Florou-Paneri et al., 2014). BSF larvae can partly replace soybean
meal, and in addition may have interesting functional properties (Kar et al., 2021).
The beneficial effects of BSF larvae intake on weaned pigs are diarrhoea reduction,
better immune response, and improved small intestinal morphology (Choi & Hassan-
zadeh, 2019). BSF prepupae are rich in lauric acid, known for its antimicrobial effects
on Gram positive bacteria (Spranghers et al., 2017). The amino acid digestibility and
growth performance in pigs fed BSF larval meal is analogous to that of soybean meal
and fishmeal (Hong & Kim, 2022). In commercial conditions damaging behavior such
as tail biting often occurs in post weaning pigs. Providing small amounts of live BSFL
daily to piglets after weaning can improve piglet welfare while maintaining piglet per-
formance (Ipema et al., 2021). However, the current price of insect meal is still higher
than that of soybean, the reason to explore the potential added value of BSF compared
to conventional protein sources.

The necessity to consider different quality factors is a crucial component of suc-
cessfully introducing insects into the feed chain. In this regard, the extended quality
triangle proposed by Luning and Marcelis (2009) defines three quality aspects related
to the product itself. This successful introduction of insect protein in feed is thought
to depend on these three factors: insect quality as such, insect availability, and costs.
Choosing appropriate insect species and strains, locating affordable rearing substrate
(if possible by utilising organic waste side-streams, but ensuring feedstock safety when
rearing insects on organic waste and manure), managing diseases and establishing
sanitation procedures, producing a consistent supply of high-quality insects (including
quality assurance), developing innovative and cost-effective production systems, and
increasing a crop’s yield are the main challenges to using insects as feed. These factors
can all be connected to one or more feed chain processes and will be further explored
in this text (Veldkamp et al., 2012).

Whereas, insects are the natural component of the diets of animals, such as carnivo-
rous fish, poultry and pigs. They are high in protein from 50 to 82% (as a dry prod-
uct) and can be added to animal feed with up to 40% insect content for fish feed and
30% for chicken feed. The environmental benefits of insect mass production include
low greenhouse gas emissions (van Huis & Oonincx, 2017), the small amount of land
required to produce 1 kg of protein (Oonincx & de Boer, 2012), reduced land use due
to lower feed-food competition (Makkar, 2018), and the ability to transform organic
waste streams into high-value protein products (Meneguz et al., 2018). One innova-
tive strategy and outstanding illustration of a sustainable circular economy is the use
of insects in the bioconversion of waste materials (Meneguz et al., 2018). Therefore,
it is well recognised that BSFL can be utilised as a substrate for a range of vertebrate
wastes and can be used to feed a variety of vertebrates (Tomberlin et al., 2015). This
has noteworthy repercussions for low-input, sustainable agriculture in underdeveloped
nations (Nyakeri et al., 2017), yet it has no effect on how tasty the meat from BSFL-fed
animals is for human consumption. Although the potential assistances are greatest in
these developing nations, BSFL and added insect feeds are projected to assume larger
roles over time in wealthy nations like the United States due to commitments to mini-
mise waste made by food companies seeking approval from consumers and regulators
who are becoming more environmentally sensible, as well as the fluctuating costs of
fish meal and other feed driving the producers to pursue alternatives (Klonick, 2017).
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3.1.2 Types of products derived from black soldier fly larvae

3.1.2.1 Dried larvae BSF larvae meals are a valid, cost-effective, and highly nutritive alter-
native source of animal protein feed (Edea et al., 2022). Sources of protein in animal feed
play an important role in forming body tissues and vital metabolism such as enzymes, hor-
mones, antibodies, and so on (Beski et al., 2015). The use of insects as a source of protein
has been widely studied and discussed around the world. Protein from insects is known to
be more economical, environment friendly, easy for mass production and has high feed con-
version efficiency (Van Huis, 2013). They are also part of natural feed for poultry (Makkar
et al., 2014). One of the determinants of animal feed quality is expressed in terms of crude
protein content and essential amino acids profile based on dry feed ingredients. BSF larvae
is an alternative feed protein source that cannot be stored in the fresh form for a long time
without drying. Fifteen days old larvae of BSF were dried either using the stove oven dry-
ing for 75 min or using 800 Watts of microwave drying for 25 min. The study concludes
protein content of BSF larvae, were not significantly different between drying treatments,
while the amino acid content was higher in the microwave drying than stove drying method.
This study concludes that the above two methods can be used in preserving BSF larvae as a
source of dietary protein for farm animals (Purnamasari et al., 2021).

The protein content in larvae of BSF is used as animal feed. Larvae are living materi-
als that, if not treated, will continue to grow into adult flies. In addition, if stored in a
dead condition, the larval product will rot because it has a high-water content. Drying is an
easy and inexpensive method to extend the shelf life of the product. Drying is a process of
hydrating or removing water from material. The purpose of drying is to increase durabil-
ity, reduce packaging costs, reduce transport weight, improve the taste of the ingredients,
and maintain the nutritional content of the ingredients (Achanta & Okos, 2000). Therefore,
BSF larvae need proper processing strategies to maintain nutrient content in ingredients, to
be able to extend a longer shelf life and, make it easier to be used in formulations of feed
ration.

3.1.2.2 Protein meal BSF protein meal has high-quality amino acids, lipids and micro
nutrients to boost the animal’s health naturally. It fully replaces conventional protein in
many dry and wet pet food and aquaculture applications, while adding functional benefits
and superior palatability. A well-balanced combination of high-quality amino acids, lipids
and micro nutrients, easily digestible proteins (> 85%), superior palatability, high freshness
index (BAI< 1), suitable for hypoallergenic diets in pet food, and other functional character-
istics (Rawski et al., 2021). The protein content of the insect species is within the soybean/
fish meal range and fat content is higher especially compared to (defatted) soybean meal.
The pet industry has boomed during the pandemic, with purchase and adoption of pets ris-
ing, spending on pets hitting a record in 2020, and the trend so intense veterinarians have
struggled to keep up with demand (Hornyak, 2021).

BSFL can be processed in different ways which results in ingredients for the feed indus-
try with different protein and fat contents. The defatted BSFL meal (D-BSFL) is pro-
duced by partial or total fat extraction using pressing or organic solvents, and the resulting
defatted meal is then posteriorly dried and ground. D-BSFL has around 60% protein and
10-12% lipid content (Barroso et al., 2014; Monteiro dos Santos et al., 2023). The full-fat
BSFL (FF-BSFL) meal is easy to produce by drying and posteriorly grinding. The FF-
BSFL is a low-cost technology when related to D-BSFL as it avoids expenses associated
with fat extraction processes. FF-BSFL has an average content of 42% crude protein and
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30% lipids (Magalhaes et al., 2017; Veldkamp et al., 2012). Insects as feed ingredients for
aquafeeds are on the rise in science and industry sectors, since there is an emergent neces-
sity for alternative protein sources to fish meal and fish oil (Rawski et al., 2021).

3.1.2.3 Oil Insect lipid that provides a quick source of energy due to high levels of eas-
ily digestible medium-chain fatty acids. contains 40% lauric acid, which is recognized for
its antimicrobial properties in the digestive tract. A healthy gut means a stronger immune
system. is an especially valuable energy source for younger animals that suffer from diges-
tive problems and have impaired nutrient absorption. The animals grow healthy while the
industry reduces its ecological footprint.

Oil extraction efficiency could be improved by acid hydrolysis prior to down-stream
processing of BSFL. The separated oil from conventional down-stream process has a high
content of trilaurin giving a melting point at 26 °C that may cause technical issues for
some feed and food applications. Lower trilaurin content and melting point can be achieved
by acid hydrolysis of BSFL and/or winterization of the oils. This will allow producers of
BSFL to tailor oil properties to various markets (Bogevik et al., 2022). BSFL oil is domi-
nated by a few fatty acids (mainly 12:0, lauric acid) (Ushakova et al., 2019) which limit
its inclusion levels in cold-water aquaculture feeds. These feeds normally include fish oil
and rapeseed oil with a large distribution of fatty acids including polyunsaturated acids.
Replacement of corn oil with BSFL oil at 0, 4, 6 and 8% showed a linear increase of
growth in nursery pigs (Heugten et al., 2019). In addition, lauric acid from BSFL demon-
strated antimicrobial properties on gastrointestinal bacteria. While 5% inclusion of BSFL
oil to a basal broiler chicken diet had no effect on growth, 50 and 100% replacement of
soybean oil with BSFL oil reduced growth in broiler chickens (Kim et al., 2020). In a diet
to rainbow trout (Oncorhynchus mykiss), replacement of fish oil with BSFL oil had no
effect on growth (Kim et al., 2020). Increased inclusion of BSFL meal or oils in diets has
generally caused increased saturated fatty acid content in edible meat products. The con-
tent of saturated fatty acids in meat is closely related to the texture (Belghit et al., 2019a,
2019b). Thus, an increased ratio of polyunsaturated fatty acids is more desirable both for
meat quality and human health (Hong et al., 2013; Wood et al., 2004) Nevertheless, the
high saturated fatty acid content of the BSFL could be beneficial in terms of energy and
antimicrobial activity (Swiatkiewicz et al., 2016).

3.2 Frass as fertilizer

According to Commission Regulation (EU) 2021/1925, frass is defined as a mixture of
excrements derived from farmed insects, the feeding substrate, parts of farmed insects,
dead eggs and with a content of dead farmed insects of not more than 5% in volume and
not more than 3% in weight (EU, 2021). A large variety of organic waste streams (e.g.
manure, food waste, biogas slurries) can be converted by BSF larvae into new insect bio-
mass and the residual fraction is called frass (Elissen et al., 2023). The composition of the
produced frass is variable depending on the composition of the substrates (Elissen et al.,
2023) especially P, K and micronutrient concentrations (Lopes et al., 2022). Frass can con-
tain significant amounts of N, P, K, organic matter and other components such as chitin
(from the larvae skins). Beesigamukama et al. (2022) concluded that BSF frass has sig-
nificantly higher N (20-130%) and K (17-193%) concentrations compared to frasses of
other insects. However, frass is a biologically unstable product, due to its rapid breakdown
and the presence of substances with potential phytotoxic properties. As a P dominated
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fertilizer, N supplementation is necessary to make BSF frass a more balanced fertilizer
product (Lopes et al., 2022). The frass can be used for different applications: direct or com-
posted as fertilizer or soil conditioner, or for biogas production (e.g. Bulak et al., 2020; Hol
et al., 2022). BSF frass application led to the highest seed germination rate/index (Beesiga-
mukama et al., 2022). Table 2 highlights the nutrient composition of BSF frass obtained by
using different organic wastes.

3.2.1 Commercial fertilizer versus black soldier fly frass

The world-wide agricultural industry is confronted with numerous issues. According to the
UN, by 2050, the world population will have surpassed nine billion people. This will put a
lot of pressure on agricultural business, which is already suffering from a loss of productiv-
ity. Farmers are forced to use fertilizers to enhance their agricultural output due to loss of
arable land across the globe and to meet requirement of growing population (FAO, 2017).
Being expensive, the organic and synthetic fertilizers can’t be affordable by farmers. Many
of the organic fertilizers supply limited nutrients and release the nutrients slowly (Shaji
et al., 2021). Synthetic fertilizers are toxic to the skin and respiratory system and damage
the plants and reduce soil fertility by easy washout of nutrients and also cause eutrophi-
cation. This paves a way to use insect frass as potential fertilizer. In fact, the capacity of
frass to supply nutrients to plants and enhance plant growth has been compared to that of
synthetic fertilizer and its potential to replace conventional fertilizers has been pointed out
(Houben et al., 2020).

It’s a relatively recent idea to use insect BSF frass as organic fertilizer. Any farming
system that uses a novel idea or product as fertilizer has to know how it performs in terms
of how it affects crop development, yield, nutrient uptake, and usage efficiency in com-
parison to other fertilizers. The source, nutrient content, mineralization stage, and storage
technique of organic fertilizers all have a significant impact on their efficacy (Ebanyat,
2009; Ndambi et al., 2019; Rufino et al., 2007). For instance, the source, mineralization
level, and C/N ratio of manure all have a significant impact on the availability of nutrients
(Grigatti et al., 2015; Musyoka et al., 2019). BSF frass being an organic fertilizer is com-
parable to poultry manures but it has low nutrient contents compared to high-value com-
mercial organic fertilizers (Garttling & Schulz, 2022). Organic matter content of BSF frass
is higher than all other manure and compost types. N content and C/N ratio are closest to
the values of cow slurry, while P content is most comparable to that of pig slurry and K
content is most comparable to that of poultry manure (Gérttling & Schulz, 2022). Rela-
tively low C/N ratio (13—16 on average) of BSF frass paves a way for easy nutrient uptake
(Beesigamukama et al., 2021a) and pH of 6-8 which is a good value for mature compost
for agronomic purposes (Basri et al., 2022). C/N ratios of BSF frasses from cow, chicken
and pig manure usually tends to be lower than 20, which is indicative of a mature compost
(i.e. lower than 25 according to the authors). In addition, germination indexes and nutrient
concentrations of all frasses are more than their respective manure (Liu et al., 2019).

In comparison to urea and SAFI (a combination of chicken manure, charcoal, and rock
phosphate), BSF frass as fertilizer is more successful in increasing yield when applied to
maize at rates of 2.5 t ha™! and 30 kg N ha™, respectively, while SAFI needs to be applied
at double the rates to get the same yield. Plots treated with BSF frass display the tallest
plants, maximum chlorophyll concentrations, and higher nitrogen recovery efficiency. In
comparison to the value obtained with an equivalent rate of SAFI, the agronomic N usage
efficiency and nitrogen fixing efficiency of maize treated with 2.5 t ha-1 of BSF frass are
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2.4 and 2.5 times greater, respectively (Beesigamukama et al., 2020a). But, composition of
BSF frass is highly variable (especially regarding micronutrients) and needs to be assessed
on an individual basis for specific purposes (Girttling & Schulz, 2022) and frass can-
not be applied at high concentrations, possibly due to ammonia toxicity (Gérttling et al.,
2020). High conductivity values and sodium content are also the drawbacks for application
(Chavez & Uchanski, 2021). Thus, it is recommended by Chavez and Uchanski (2021) that
insect frass in mixture with inorganic fertilizers can be used for best results on crop and
pathogen/disease resistance with a typical effective dosage of 10-40% of the total fertilizer
volume administered.

Hopeful evidences on how the BSF frass affects the plant growth and development by
modifying the factors such as better use efficiency of P and K (Putra et al., 2017), improved
soil fertility and defence against pathogens (Choi & Hassanzadeh, 2019), suppression
against Pythium ultimum (Ellison et al., 2019), influence on soil N availability (Kagata &
Ohgushi, 2012), stimulation of soil microbial activity and diversity (Houben et al., 2020),
not impairing hygienic properties of soils (Klammsteiner et al., 2020), improvement of
beneficial microbial activity (Houben et al., 2021), increased dehydrogenase activity
(Menino et al., 2021), and increased enzyme activity (dehydrogenase and (-glucosidase)
(Esteves, 2020) are reported by many authors. Some pot tests have shown the potential of
BSF frass, obtained from substrates of various kinds in reducing mineral fertilization in
several crops like lettuce (Esteves, 2020; Kebli & Sinaj, 2017), ryegrass (Kebli & Sinaj,
2017; Klammsteiner et al., 2020), maize (Beesigamukama et al., 2020b), Brassica olar-
aceae (Wantulla et al., 2023) and swiss chard (Chirere et al., 2021).

In terms of N, P, K, and organic matter, Choi et al. (2009) compared BSF larvae frass
with a commercial fertilizer (unspecified origin) for Chinese cabbage and found that both
fertilisers were equally effective (same number of leaves, leaf length and width, and nutri-
ent accumulation), with the exception of P absorption by plants, which was low when fer-
tilized with BSF frass. Wantulla et al. (2023) reported that soil amendment with BSF frass
almost halved Dalia radicum fly emergence from the soil by the action of chitinase enzyme
as compared to the synthetic fertilizer treatment in Brassica olaraceae plants and thus
increased the yield by reducing the damage. When exposed to tiny amounts of BSF exu-
viae, Brassica nigra displayed larger plants, more blooms, more pollinators, and eventually
more seeds (Barragan-Fonseca et al., 2017). Stronger growth, as demonstrated in lettuce
plants that thrived when exposed to BSF frass, may be the cause of this impact (Putra et al.,
2017, Setti et al., 2019). Alattar et al. (2016) tested BSF larval frass as a fertilizer for maize
plants, using a 1:2 (w/w) frass to soil mixture, without mentioning the nutrient composition
of the frass and reported that frass impacted plant growth (dwarf plants and fewer leaves)
more negatively than did a micro-aerobic fermentation product made from the same feed
substrate (food waste) used to feed the larvae.

According to the authors, the reduced growth could be caused by the high concentra-
tions of ammonia in the frass. BSF frass delivered poor growth results (yield, dry matter
production, leaf area and nutrient use efficiency) in maize when compared with other by-
products (larval skins and dead adult flies) and the controls (organic and chemical commer-
cial fertilizers) (Gérttling et al., 2020). The author attributed the poor fertilization property
to the frass being a P-dominated fertilizer, rather than a N-dominated. In addition, the poor
growth of the test crop was indicative that the frass may not have an optimal nutrient com-
position for certain crops. Kawasaki et al. (2020) assessed the fertilizing potential of BSF
larvae frass in Brassica rapa and recommended an application rate of 1/20-1/30 of frass in
relation to the amount of soil, in order to benefit growth, as plant growth was impaired with
yellow leaves when applied at a higher application rate (1/10). Quilliam et al. (2020) tested
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BSF larvae frass made from poultry waste, brewery waste and green market waste as ferti-
lizers for growing maize, pepper and shallots in a field experiment in Ghana and reported
that amendment of soil with frass bio-fertilizer had no significant effect on yield. This may
have been due to the more diffuse broadcast application method that was used and lim-
ited the availability of key nutrients at crucial stages of crop development (Fatondji et al.,
2009). Chiam et al. (2021) tested okara-derived BSF larvae frass as a fertilizer for lettuce
plants, mixing frass with soil at 10, 20 and 30% concentrations (v/v).

Interestingly, the general application (20-30%) of frass resulted in poor growth of let-
tuce, except for when the frass level was at 10%. The authors speculated that this unde-
sired growth response at high frass levels may be attributed to the low C/N ratio of the
fertilizer (7.2), which induced rapid mineralization of nutrients in the soil. Plants with
the highest chlorophyll concentrations, increased mineral N concentration, highest maize
grain yield and 27% more P accumulation than SAFI fertilizer was observed in maize when
treated with BSF frass (Beesigamukama et al., 2020b). When BSF larval frass was used
as fertiliser, Menino et al. (2021) saw consistent growth, increased biomass, and increased
overall ryegrass yield. Along the plant cycle, however, shoot biomass also decreased sig-
nificantly. Soil’s immobilisation of nutrients and the stimulation of microbial activity, as
indicated by the rise in dehydrogenase activity may be the possible reasons for the results.
Kale plants grew to much larger heights and produced more leaves after being treated with
100% BSF Frass as Fertilizer (BSFFF). The tallest kale plants were grown using a daily
irrigation schedule combined with 100% BSFFF, and the maximum chlorophyll concentra-
tions were attained in the leaves of kale and Swiss chard when 50% BSFFF +50% NPK
or 100% BSFFF were applied. Kale and Swiss chard grown in soil modified with BSFFF
had the lowest insect infestation rates and significantly higher fresh shoot weight and leaf
dry matter than kale and Swiss chard cultivated in soil without fertilizer. In comparison to
NPK treatments, soil amendment with BSFFF preserved higher levels of kale (41-50%)
and Swiss chard (33-49%) leaf dry matter during times of water stress (Abiya et al., 2022).

3.2.2 Benefits of black soldier fly frass

Numerous characteristics make the frass of BSFL interesting for use in our overworked
agricultural system. It offers similar application potentials as a soil fertiliser to currently
available products, but with a lesser impact on the environment (Giérttling & Schulz, 2022;
Smetana et al., 2019). Specific components of the insect by-products, such as exuviae acts
as bio-stimulants for plants that come in contact with them (Zande et al., 2023) In terms of
profitability, producing the frass can be more advantageous than making biogas or com-
posting because in addition to producing frass, the process also creates proteins, lipids, and
other goods that can be sold for more money than the soil conditioners and gas produced
by the other two production processes. Below we outline a few advantages of adopting BSF
frass as fertilizer.

3.2.2.1 Contain chitin BSF larvae contain 14.5% (DM) and the pupae contain 18%
chitin (Coudron et al., 2019) which is non-toxic, biodegradable linear polymer said to
have fungicidal and nematicidal effects (Girttling et al., 2020) and can induce plant
defence mechanisms against insects. Chitin being the main component of BSF exoskel-
eton reported to induce beneficial changes in the soil micro biome by increasing the
numbers of chitin-degrading bacteria (e.g. some Gamma proteobacteria) frass amended
soils (Nurfikari, 2022) and thus stimulate ecological systems by reducing pest pres-
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sure. Many researches pointed out that chitin is protecting crops from pests, patho-
gens and physiological disorders. Modes of action include antibiosis and induction of
plant defences. A number of cell surface receptors, including the macrophage mannose
receptor, toll-like receptor 2 (TLR-2), and Dectin-1, have been found to be involved in
the recruitment and activation of innate immune cells as well as the induction of the
production of cytokines and chemokines by chitin (Lee et al., 2008). Higher chitinase
activity in the soil is linked to chitin in the frass. Chitin is also a major component of
the cell wall of fungi and is thus prone to degradation by chitinase enzymes (Nagaraj-
kumar et al., 2004) and therefore the frass shows antifungal behaviour (Zhang & Yuen,
2000). It is reported that frass and digestates from pig slurry treatments significantly
suppressed the development of Rhizoctonia solani in bean plants (Phaseolus vulgaris
cv. Prelude) (Gebremikael et al., 2020) and adding BSF exuviae to Brussels sprouts
boosted the influx of parasitoid wasps from the neighbourhood, which fought against
crop pests (Zande et al., 2019).

3.2.2.2 Promote beneficial microorganisms The microbiological compositions of
organic fertilizers could benefit more sustainable production systems and has been
noted that soil amendment with insect frass could stimulate the activity of beneficial
microbes (Poveda et al., 2019) and sustain the microbial biomass for a more extended
period (Zhang et al., 2020) even under limited nutrient conditions (Gebremikael et al.,
2020). Due to the chitin content of the frass and easily degradable components with
high N content, numbers of chitin-degrading bacteria (e.g. some Gamma proteobac-
teria) and some fast-growing high N containing fungi (e.g. Mortierellomycota) can be
found in frass amended soils. The beneficial micro-biota of frass also include Sporosar-
cina spp., Corynebacterium spp. and Bacillus spp. (Kawasaki et al., 2020), Lactobacil-
lus spp., Bacillus spp., Actinobacteria spp., and Pseudomonas spp. (Ahemad & Kibret,
2014; Babalola, 2010; Lugtenberg & Kamilova, 2009) and PGPR (Abbott et al., 2018;
Ahmad et al., 2020; Pathania et al., 2020; Pérez-Montaiio et al., 2014; Treonis et al.,
2010) and the microbial composition changes according to the feed substrate supplied
to the larvae (Gold et al., 2020; Wynants et al., 2019). These microorganisms act in the
rhizosphere, which is the fine region of soil that is influenced by the secretions of plant
roots (root exudates) and can be stimulated by the input of organic fertilizers, benefit-
ing the soil and the plant as a whole (Berendsen et al., 2012; Lugtenberg & Kamilova,
2009). The presence of valuable microorganisms in the soil develops higher nutrient
use efficiency, improve soil quality, resistance to abiotic stress conditions and improve
plants growth, performance and crop yields (Balestrini et al., 2017; Macik et al., 2020;
Poveda et al., 2019).

3.2.2.3 Rich in nutrient content The characteristics of frass from BSF larvae reported
in literature indicated that it is a rich source of plant nutrients. The total C, N, P and K
content in the frass vary from 26. 8-48.8%, 1.8-5.1%, 0.5-5.2% and 0.2-4.1% respec-
tively (Lopes et al., 2022) depending upon the feed substrate used during the larval
growing period (Table 2). It also contains the secondary nutrients like calcium (0.2—
45 g/kg), magnesium (0.2—-10.5 g/kg) and sodium (0.3-5 g/kg), and also the micronu-
trients like iron (3.7-600 mg/kg), copper (0.7-46.1 mg/kg), manganese (0.2—-149 mg/
kg) and zinc (0.1-140 mg/kg) in appreciable quantities which promote very good plant
growth and development and thus significantly yield higher crop yield (Lopes et al.,
2022).
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3.2.3 Physiochemical properties of BSF frass

3.2.3.1 Moisture content The moisture content of the BSF frass varies from 30% from
brewery spent grain substrate (Beesigamukama et al., 2020b) to 72% from the food waste,
chicken faeces, and sawdust mixture (3:2:1 ratio) (Attiogbe et al., 2019). The moisture con-
tent of other commercial fertilizers varies from 30 to 61% (Basri et al., 2022). The beneficial
effect of BSFL frass with low moisture content is good for soil aeration and solubility; on
the other hand, the BSFL frass with high moisture content could have inadequate oxygen
supply for the plant (Klammsteiner et al., 2020), have adverse impact of BSFL frass lea-
chates, could also cause ammonia poisoning in the plant and may stunt plant development
(Zahn & Quilliam, 2017). High moisture content of frass can lead to anaerobic conditions
and should be post-processed to be further degraded, for example by composting or anaero-
bic digestion (Klammsteiner et al., 2020).

3.2.3.2 pH The pH of BSFL frass from various food waste ranges from the lowest of 5.6 in
fruit and vegetables (Klammsteiner et al., 2020) to the highest as 8.0 pH value in mixture of
food waste, chicken faeces, and sawdust (3:2:1 ratio) (Klammsteiner et al., 2020) and maize
straw substrates (Gao et al., 2019). The pH of BSFL frass typically ranges between 7.0 and
8.0 which is comparable with other commercial fertilizers (pH 6—S8.1) and is the optimum
range for promoting plant growth (Surendra et al., 2020) and providing a conducive environ-
ment for the beneficial bacterial communities in BSFL frass (Choi & Hassanzadeh, 2019).

3.2.3.3 Temperature Temperature is an essential factor in determining whether decompo-
sition proceeds at the mesophilic or thermophilic level, or even reaches the maturity level
to generate natural plant fertiliser (Kamaruzzaman et al., 2018). BSFL frass temperature
ranges from 24 to 27 °C ((Attiogbe et al., 2019; Basri et al., 2022; Sarpong et al., 2019),
when compared to the temperature of other composts viz., compost from windrow compost-
ing (2628 °C), composting bin (30 °C), and aerated composting (32 °C); all reach an ambi-
ent temperature and is considered to have entered maturation phase (Hamid et al., 2019; Ho
et al., 2022). The temperature of the BSF composting is mesophilic and the aeration can be
improved on the compost system by the movement and natural turning of the waste by the
larvae (Sarpong et al., 2019). As suggested by Cooperband (2002), the optimum tempera-
tures for bacterial decomposition are at 21-49 °C. While, other researchers have reported
that high temperature (i.e. 45 °C or more) could cut down the pathogenic loads of the final
compost (Banks, 2014; Dortmans, 2015; Tirado, 2008). As temperature is one of the impor-
tant factors which affect the nutrient availability (Pang et al., 2020) and optimum waste
consumption by BSFL, maintaining relatively constant waste temperature (about 30 °C)
is inevitable (Pang et al., 2020). Rearing BSFL at the optimum temperature improves their
ability to reduce Escherichia coli (Liu et al., 2008). Chen et al. (2019) stated that the con-
tinuous movement of BSFL could reduce the BSFL frass temperature, which helps retain
nitrogen in the BSFL frass and ensure a high nitrogen content in the BSFL frass.

3.2.3.4 C/Nratio The C/N ratio of BSFL frass derived from different types of food may
range from 8:1 to 27:1; kitchen waste range from 8:1 to 17:1, municipal food waste range
from 8:1 to 9:1, household food waste at 17:1, fruits and vegetables at 27:1, okara and wheat
bran at 8:1 (fresh frass), okara and wheat bran (composted frass) at 10:1, and brewery spent
grain at 17:1 (Lopes et al., 2022). In a well-conducted composting process, the C/N will
decrease constantly due to the biological mineralization of carbon compounds and loss as
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CO, (Insam et al., 2007). Compost with a C/N ratio higher than 30 is more likely to immo-
bilize nitrogen for plant uptake (Sarpong et al., 2019). BSF frass has a relatively low C/N
ratio (13—16 on average) and thus makes the nutrients easily available for plant uptake (Basri
et al., 2022). C/N ratio can be increased by providing substrates like brewery spent grains
with sawdust to BSF larvae (Beesigamukama et al., 2021b). Liu et al. (2019) found that the
C/N ratios of frasses from cow, chicken and pig manure after 9 days were all minor than 20,
which is indicative of a mature compost (i.e. lower than 25 according to the authors). The
C/N ratio of various commercial other fertilizers varies from 6:1 to 36:1.

3.2.3.5 Contaminants (heavy metals, residual pesticides) BSF frass reported to have low
concentration of heavy metals and pesticide residues due to the ability of BSFL to biologi-
cally accumulate heavy metals in their tissues and to degrade the pesticides with the help of
enzymes (e.g. dehydrogenase) (Menino et al., 2021). Salomone et al. (2017) conducted an
experiment where he measured the concentrations of toxic metals in the BSFL frass fed with
food waste substrates and found that the concentration of toxic was below the limits stated
in the Italian regulation for fertilizer and thus proved the ability of BSFL to reduce and
accumulate various forms of heavy metals in the BSFL treatment process. One more study
was carried out where large quantities of mercury have been added to the BSFL feedstock to
be observed in a 13-day experiment and resulting in low mercury levels in the BSFL frass
and were noted to be below the European Union’s (EU’s) threshold values of 0.7-10 mg Hg/
kg (Attiogbe et al., 2019). Assessment of the heavy metal contents in BSFL frass showed
92-98% (0.0002-0.0008 mg/kg) removal of Arsenic, 99—-100% (0.00029-0.00170 mg/kg)
of Cadmium, and 80-90% (0.001-0.002 mg/kg) of Lead (Sarpong et al., 2019).

3.2.3.6 Maturity and stability Compost maturity refers to the degree of completeness
of composting and absence of phytotoxic compounds and plant or animal pathogens that
could negatively affect seed germination, plant growth and soil health (Bernal et al.,
2017). The stability of compost can be identified when one that is no longer undergoing
rapid decomposition and whose nutrients are tightly bonded; unstable compost, on the
other hand, may either release nutrients into the soil owing to additional decomposi-
tion or tie up nitrogen from the soil (Insam et al., 2007). Within a short period of BSFL
rapid composting (two weeks to a month), organic wastes fed by the BSFL. may not be
properly composted (Kawasaki et al., 2020; Song et al., 2021). The BSFL composting
process must also stop when the larvae reach the prepupae stage, as a result, producing
impartial compost, biologically unstable and immature compost (Insam et al., 2007; Setti
etal., 2019). Therefore, it is preferred that this product should be given some sort of post-
treatment (e.g. thermophilic composting), in order to stabilize it and making it suitable as
a bio-fertilizer for cultivation (Alattar et al., 2016; Chirere et al., 2021; Song et al., 2021)
and to promote the degradation of its organic matter and the mineralization of nutrients
(Bernal et al., 2009; Chen et al., 2014). But, the stability of BSF frass is better than that of
S. gregaria, B. mori, S. icipe and T. molitor and G. krucki (Beesigamukama et al., 2022).
The formation of humic substances during composting of organic materials is one of the
main indicators of compost stability (resistance to decomposition) and maturity (use for
a determined purpose) (Zhou et al., 2014). These substances contribute to several soil
fertility parameters by regulating soil acidity, improving the cation exchange capacity,
increasing the water holding capacity, improving the uptake of nutrients and stimulating
plant growth (Abbott et al., 2018; Canellas & Olivares, 2014; Conselvan et al., 2018;
Olaetxea et al., 2018; Sutton & Sposito, 2005). According to studies (Barral & Paradelo,
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2011; Emino & Warman, 2004; Luo et al., 2018; Musyoka et al., 2019), the application
of immature and unstable compost results in nutrient immobilisation and phytotoxic-
ity, which inhibit seed germination and produce poor crop growth and yield. According
to Liu et al. (2019), the feed substrate’s high electrical conductivity and concentration
of N-NH,* may have contributed to the frass’s lack of maturity. In contrast, Setti et al.
(2019) found that the germination indexes were above 70%, indicating no sign of phyto-
toxicity. BSFL frass temperature range from 24 to 27 °C, if compared to the temperature
of other compost (El-Haggar, 2007; Ho et al., 2022), which is suitable for microbial
activity. The frass always has a lower C/N ratio than the feed substrate provided (Sar-
pong et al., 2019). The moisture content of BSFL frass varies from 10 to 65% depending
upon substrate on which the BSF larvae feeds and the BSFL frass derived from fruit and
vegetables is at 10% which is not suitable for agronomic purposes and may lead to hydro-
phobicity and be difficult to rewet (Basri et al., 2022).

4 Challenges and opportunities of products derived from black soldier
fly treatment

4.1 Opportunities of products derived from black soldier fly

Global population growth, increasing wealth, and urbanization, particularly in Asia and
Africa, create changes in global consumption patterns, lifestyles and food preferences,
leading to an increase in animal protein demands (Smith & Barnes, 2015; Van Huis,
2013). This will affect the demand for livestock feed and inevitably place heavy pres-
sure on already limited resources (Van Huis, 2013). Additionally, this will have an effect
on the demand for animal feed and inevitably put a significant strain on already scarce
resources (Van Huis, 2013). Protein shortages are caused by the rising demand, hence
alternate sources of sustainable protein are required (Halloran et al., 2016; Van Huis
et al., 2015). The cost of feed, including replacements like fishmeal and soybean meal,
which accounts for 60-70% of production expenses, is one of the main restrictions (Van-
tomme et al., 2012). Protein sources, among other conventional feed streams, are subject
to supply and import price fluctuations. According to recent estimates, the global feed
market demand for poultry, pigs, cultured fish, and pets, respectively, is 464, 254, 35,
and 23 million megagrams (Mg) (Alltech, 2016). Insect-based feeds are therefore antici-
pated to provide a significant contribution to the world’s feed supply while minimising
negative environmental effects (Dobermann et al., 2017; Makkar et al., 2014).

BSF are being used more and more sustainably to recycle organic waste into high-qual-
ity protein feed and organic fertiliser with no impact on the environment. Recent studies
(Abro et al., 2020; Chia et al., 2019) demonstrate the technological and possible economic
viability of BSF. According to Makkar et al. (2014), the dry BSF larvae contain about
42-49% crude proteins, 38% lipids, 20% crude fibre, 20% ash, and vitamins, all of which
have been shown to enhance the production of pig, fish, and poultry (Kieroriczyk et al.,
2020; Schiavone et al., 2017; Sypniewski et al., 2020). Due to its high nutrient content and
potential for use as organic fertiliser, the BSF frass fertiliser is a by-product that is growing
in popularity (Anyega et al., 2021; Bortolini et al., 2020; Gérttling et al., 2020; Lalander
et al., 2015; Oonincx et al., 2015; Setti et al., 2019). Farmers who already raise BSF larvae
for use as animal feed would benefit from the creation of frass fertiliser from BSF farming.
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Globally, BSFL business development yields an opportunity to initiate a zero-waste
campus according to academics, helping to reduce food waste in cafeterias and colleges
and other institutional settings (prisons, hospitals, and etc.). Segregated food waste from
the community and oil palm wastes could be used as feed for BSFL. Production and
insect milling processes in remote areas, support livelihood options in rural locations
(Raman et al., 2022). BSFL produced at a large-scale can be marketed locally and com-
mercial BSFL industries could expand and look to export BSFL products. Smallholder
BSFL farmers could substitute costly animal or fish feed with low-cost BSFL as an
alternative protein source for local poultry and aquaculture which reduce dependence on
imported and high-cost animal feed (Raman et al., 2022).

4.1.1 Economical perspectives

Insects appear to be a component of a sustainable solution given the demand on natural
resources and rising costs of conventional feed. Therefore, combining frass fertilizer from
insects with animal feed offers greater economic advantages. This may enhance the lives
and food security of smallholder farmers (Beesigamukama et al., 2022). Using BSFL frass
as a value-added product has been added profitable for BSFL farming than using just the
net income from BSFL animal feed. Compost-like qualities can be seen in BSFL frass
(Bortolini et al., 2020). According to several studies (Attiogbe et al., 2019; Bortolini et al.,
2020; Gao et al., 2019; Sarpong et al., 2019), the quick composting of organic waste by
BSFL produced compacted BSFL frass with high macronutrients (NPK), micronutrients,
and organic material contents that are immediately usable for agricultural application. In
contrast to BSF farming alone, using BSFL frass fertiliser increased farmers’ net income
by 5-15 times, according to a study by Beesigamukama et al. (2020a). Rearing insects
can provide livelihood diversification methods for many small-scale producers, thereby
reducing vulnerability and supporting women’s empowerment (FAO, 2014; Halloran
et al., 2016; Crysantus, 2016). One megagram (Mg) of dried BSF larvae (USD 900) yields
10-34 Mg of BSFL frass fertiliser (USD 3000-$10,200) per megagram (Mg) of dried BSF
larvae. Field trials were also used to assess the agronomic efficacy of BSFL frass fertilizer
on maize crops.

Maize planted on BSFL frass fertilizer-treated plots had net revenue that was 29-44%
more than maize grown on commercial organic fertilizer-treated plots. Furthermore, small-
holder insect farmers who use BSFL frass fertilizer directly for maize growing will gener-
ate 30-232% more net revenue than farmers who buy identical BSFL frass fertilizer. The
presence of chitin in BSFL frass also helps promote plant development and trigger plant
defences (Surendra et al., 2020). Applying even a minimum amount of BSFL frass chitin
to plants results in better growth, more flowers and seeds, and attracts more pollinators
(Choi & Hassanzadeh, 2019). BSFL frass has a rich beneficial microbe (Gold et al., 2020),
such as nitrifying and nitrogen-fixing bacteria that make nitrogen available for plant uptake
(Choi & Hassanzadeh, 2019; Poveda et al., 2019). Nitrogen-fixing and nitrifying bacte-
ria are crucial because fixed nitrogen is a limited nutrient in most ecosystems, and nitrate
assimilation into plant roots makes soils more resilient to flood, drought, and land degrada-
tion. In addition, by enhancing nitrogen uptake, the high phosphorus concentration in the
BSFL frass has aided in promoting nitrogen accumulation in plants since phosphorus is
essential for energy transfer (Klammsteiner et al., 2020). BSFL frass can recapture nitro-
gen and phosphorus from the food chain for reuse as fertilizer, thus reducing the need for
chemical fertilizers. Frass fertiliser can be used to obtain a lower optimum N rate (79 kg N/
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ha), which suggests that employing it would result in cheaper fertiliser costs and higher net
profits, returns on investment, and gross profit margins (Beesigamukama et al., 2022).

4.1.2 Environmental perspectives

Unfortunately, there hasn’t been much research done on how insect farming and using the
frass as fertiliser affect the environment. Insect farming will gain more benefits because
of BSF farming’s social and environmental services. Therefore, additional research is
needed to assess the economic viability and social-environmental benefits of BSF farming
across various production systems in order to scale up insect-based feed and frass ferti-
liser sustainable and innovative technologies (Beesigamukama et al., 2022). Almost half
of the global waste generation is food waste, which 37% of them go in landfills and 33%
of them are disposed in open dumps area (Kaza et al., 2018). However, this food stream,
which contains high concentrations of organic matter, macro- and micronutrients, if not
properly disposed of, might constitute harm to the environment. Therefore, in ecological
perspectives, BSFL frass production has contributed to the recycling of nutrients from food
waste and has prevented the environment from becoming a concern owing to the emission
of greenhouse gases and soil/water contamination with poisonous chemicals and nutrients
from leachates (Lopes et al., 2022; Pang et al., 2020). Although the manufacture of insects
depends on the environment, they generally have low land and water requirements and sig-
nificantly reduced greenhouse gas (GHG) emissions (Halloran & Vantomme, 2013; Oon-
incx et al., 2010) as compared to other livestock production (Van Huis, 2013; Smith and
Bernes, 2015; Oonincx et al., 2010) where, livestock was found to be responsible for 9%
of CO,, 35-40% of CH,, 65% of N,0, and 64% of NH; productions of all anthropogenic
greenhouse gas emissions (Steinfeld, 2006). The production of insects has a much lower
global water footprint than that of meat because they are cold-blooded, can obtain their
moistness needs from food rather than necessarily needing drinking water, and can grow
on organic waste (Mekonnen & Hoekstra, 2010; Miglietta et al., 2015). This helps con-
serve water.

4.2 Challenges of products derived from black soldier fly
4.2.1 Animal feed

Being a novel sector, production and sale of insects as feed faces several challenges,
from legal to consumer acceptance and to industrialization and growth. Although the
legal framework is changing and adapting to this new reality, consumers still have to
prepare for it, and insect producers have a lot to learn from other livestock and indus-
trial sectors (Alhujaili et al., 2023). According to Regulation EC Nr 1069/2009, insects
used as food are regarded as Processed Animal Proteins (PAPs) in the EU (Smith &
Barnes, 2015). Insects were no longer allowed to be used as animal feed as a result
of Regulation EC Nr 999/2001’s restriction on PAPs following the BSE crisis (EFSA
Scientific Committee, 2015). Aquaculture species can now be fed non-ruminant PAPs
according to an amendment to Regulation EC Nr 56/2013. Processed insect protein,
however, is exempt from this requirement (EFSA Scientific Committee, 2015; Smith
& Barnes, 2015). Additionally, on-farm killing of livestock, including insects, is pro-
hibited by European legislation governing abattoir regulations. Since this law was not
intended for insect killing, it hinders effective insect farming (Charlton et al., 2015;
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Smith & Barnes, 2015). In Australia, there are significant challenges to importing any
kind of live insect, and companies must get approval to bring in insect-derived feed
products. This will be a challenge for startups like AgriProtein as they look to enter
the Aussie market with their branded MagMeal™ product (Nolet, 2017). A potential
allergenic issue of the products derived from the BSF larvae is one more challenge
to the farmers who are engaged in the rearing and processing (Halloran et al., 2016;
Fitches, 2016). Therefore, for the large-scale insect farming sector to flourish glob-
ally, feasible production techniques must be devised (Fitches, 2016). The creation of a
legal framework that must be upheld globally and across the board in order to achieve
industry-wide standardisation is required. Since each government has different priori-
ties (e.g., addressing the issue of food waste), it can be difficult to establish standardi-
sation in terms of international trade (Vantomme et al., 2012). But dealing with this
issue is essential (Vantomme et al., 2012). Leveraging BSFL as a sustainable food and
feed source holds the promise of effectively managing waste, mitigating environmen-
tal pollution, and tackling the urgent challenge of food security in an environmentally
conscious manner. Nonetheless, it is imperative to conduct additional research and fos-
ter innovation to guarantee the safety, quality, and economic feasibility of products
derived from BSF for consumption by both animals and humans (Siddiqui et al., 2024).

High capital and operational costs to build and run the BSFL production, securing
sufficient breeding stock, identifying a cost-effective BSFL production system, ensur-
ing a constant and sufficient supply of organic waste of BSFL, high price of BSFL,
challenges in obtaining constant BSFL supplies as an animal feed ingredient, lack of
financial resources to conduct research, lack of knowledge on insect studies and skilled
expertise to work in BSFL industries, lack of education of workers in food and bever-
age departments to segregate food waste in an industry with high staff turnover, high
costs of a large supply of feed source for BSFL, challenges in ensuring constant BSFL
nutrient quality as an animal feed ingredient (Raman et al., 2022). Dried BSF larvae
nutritional value contains up to 50% protein, 35% fat, 6% calcium, 1.2% phosphorus,
1% magnesium, and 0.3% sodium but is greatly varies according to the source of sub-
strate fed (Raman et al., 2022). Ministry of Agriculture and Food Industries of Malay-
sia mentioned that the current price of BSFL is similar to that of fishmeal, so despite
its potential, BSFL’s competitiveness (both in terms of price and nutritional value)
needs improvement before it could replace fishmeal (Raman et al., 2022). Public per-
ception of BSF as yucky insect and therefore public concerns about smell and hygiene
for BSFL rearing area is of great importance. Convincing the government for potential
use of BSFL as an animal feed ingredient is a difficult task. In order to prevent contam-
ination and spoiling and to guarantee the safety of food and feed, safety considerations
like adequate processing, handling, and storage are necessary. According to Schabel
(2010), entomophagy has been linked to cases of botulism, parasitoses, and food poi-
soning, such as aflatoxins, and the zoonotic danger of insects as a whole need to be
taken into consideration. While the BSF industry has successfully established a supply
chain that revolves around utilizing waste and by-products to produce feedstuft through
the larvae, there is an ongoing exploration of alternative and more challenging sub-
strates for rearing the larvae. Simultaneously, there is a growing interest in uncovering
novel applications of bioactive molecules derived from BSF beyond the traditional use
in animal feed. This indicates a dynamic shift towards diversification and innovation
within the BSF industry (Tettamanti & Bruno, 2024).
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4.2.2 Frass as fertilizer

Even though the BSFL treatment process may be sufficient for producing BSF larvae,
the BSFL frass might be immature or unstable compost product because of its high
moisture content. The characteristics of BSFL frass are influenced primarily by the
properties of the substrate fed to BSFL (Surendra et al., 2020). Many organic waste sub-
strates have a high moisture content (>80%) (Lalander et al., 2020). Food waste from
human consumption has a very high moisture content (about 85%), which is a favour-
able condition for BSFL production and could rapidly degrade food waste (Liu et al.,
2019). However, the BSFL product from the food waste substrate has produce moist,
grey, and clay-like texture. Although this wet BSFL frass does not represent mature
compost characteristics, it also contains high ammonium concentration and has low
porosity that could stunt plant growth when being applied as a soil amendment (Alat-
tar et al., 2016). Kawasaki et al. (2020) also has conducted an in-depth investigation on
the agriculture value of BSFL frass from food waste substrate. The result showed that
the BSFL frass has a higher ammonium nitrogen concentration but lower nitrate—nitro-
gen content showing that BSFL frass in an anaerobic condition due to the present of
high moisture content. Nitrate serves primarily as a source of nitrogen that ensures suf-
ficient nutrition for plant development and soil microorganisms (USDA, 2014). A sub-
strate with high moisture content could also reduce the efficiency of a BSFL treatment
process and dry separation of BSF larvae and frass (Lalander et al., 2020). Cheng et al.
(2017) reported that dry separation of the larvae from the frass is not possible when the
moisture content of a food waste substrate exceeds 80%. However, the BSFL frass can
be easily separated from the insect biomass using a 2.36 mm sieve when the moisture
content of the food waste is 70-75%.

Reducing moisture content in the BSFL treatment process could result in slower
BSFL growth. The BSFL also tend to crawl out of the treatment container as the high
water content will lead to a lower temperature for BSFL to live at as they need a meso-
philic temperature (~30) for optimum waste conversion (Pang et al., 2020). The wet
separation process of BSFL frass is also cumbersome and time-consuming if the mois-
ture content has not evaporated sufficiently during the BSFL composting (Cheng et al.,
2017; Dortmans et al., 2017; Lalander et al., 2020). The BSFL frass must have 50%
dry matter content for easy separation of the BSFL frass from the larvae (Cheng et al.,
2017). The beneficial effect of BSFL frass with low moisture content is good for soil
aeration and solubility; on the other hand, the BSFL frass with high moisture content
could have inadequate oxygen supply for the plant (Klammsteiner et al., 2020). The
adverse impact of BSFL frass leachates caused by the excess moisture content could
also cause ammonia poisoning in the plant and stunt plant development if the BSFL
frass is not appropriately applied (Zahn & Quilliam, 2017).

Bio-waste characteristics, including bio-waste and BSFL gut microbes, determine
the properties of the BSFL frass (Gold et al., 2018). Even though BSFL reduces the
heavy metals content in BSFL frass, the ecological risk posed by the BSFL producing
BSFL frass containing pathogenic microorganisms is a grave concern (Surendra et al.,
2020). The type of substrate determines the BSFL gut microbiome, and the BSFL excre-
ment determines the microbiome in the BSFL frass (Klammsteiner et al., 2020). Some
studies have identified the presence of potential foodborne pathogens, such as Salmo-
nella spp. and Bacillus cereus (Kawasaki et al., 2020; Wynants et al., 2019) found a low
presence of Escherichia coli in BSFL frass, but a disease-causing bacterium in plants,
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Xanthomonadaceae, is present in BSFL frass harvested from the treatment of food waste
substrate. BSFL frass harvested from food waste (fruit/vegetable mix waste) serves as a
reservoir for coliforms and gram-negative bacteria. The negative microbial community
in BSFL frass could come from the microbial community of the initial substrate, and the
inactivation of it by sterilization using high-energy electronic beam is rather unpromis-
ing result for BSFL rearing. Gold et al. (2020) reported that inactivating the microbial
community in the initial food waste substrate reduced the efficiency of BSFL rearing,
indicating that the microbial community of the initial food waste substrate is benefi-
cial for substrate decomposition and/or BSFL growth. It is essential to conduct more
research on the ability of common species of the BSFL intestinal microbiota (Providen-
cia, Dysgonomonas, Morganella, and Proteus) due to their abundance in the BSFL frass
produced from food waste substrate. Furthermore, both pre and post treatment could
be crucial to increasing the revenue from BSFL frass as it may give significant impact
to the maturity and stability of BSFL frass. The feed substrate has a large effect on the
nutrients in the frass (Elissen et al., 2023). The nutrient availability of BSFFF is not
optimum for plant growth, not for extended root growth which limits the potential of
roots to explore nutrients from deeper soil layers (Gebremikael et al., 2022). The neutral
to alkaline pH of the frass can lead to NH; emissions in case of higher NH, content, but
high dry matter contents (Palma et al. (2020) and cannot be applied at high concentra-
tions (Gdérttling et al., 2020).

Depending on the geographical region, there may be obstacles in terms of regulations
and the absence of established standards for utilizing insect-derived frass as a fertilizer
(Poveda, 2021). The evolving use of insect frass in agriculture may outpace regulatory
frameworks. Moreover, the nutrient composition of frass is subject to variations based on
the diet of the larvae. If the larvae are not consistently and adequately nourished, the frass
may not align with the specific requirements of certain crops (Kragt et al., 2023). Main-
taining consistent quality poses a challenge, with factors like larval rearing conditions,
feedstock, and processing methods all influencing frass quality. Implementing robust qual-
ity control measures is imperative for dependable and efficient fertilizer production (Sid-
diqui et al., 2024). The acceptance of insect-derived products in agriculture may encounter
resistance, with consumers or farmers expressing skepticism, particularly if there is a lack
of awareness regarding the benefits and safety of using insect frass as fertilizer (Poveda,
2021). Scaling up frass production to meet the demands of large-scale agriculture presents
challenges, and the cost-effectiveness of mass production must be carefully evaluated to
ensure viability for farmers (Beesigamukama et al., 2022). Proper storage conditions are
essential for preserving frass quality, as inadequate storage may lead to a decline in its
nutrient content over time. Establishing a reasonable shelf life is crucial for the practicality
and usability of the product.

5 Global market of products derived from black soldier fly treatment

Many low-cost technologies, including CORS (Conversion of Organic Refuse by Sap-
rophages), have been developed to raise BSFL as animal feed using biosolids like market
wastes and human waste. These systems have the benefit of not requiring any additional
facilities or structures (Klunder et al., 2012). It has been evaluated and determined that pilot
and full-scale BSFL raising facilities are effective, however there are still technical issues
with expanding the current BSFL systems. Commercial BSFL. manufacturing as animal
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feed is a specialty of several businesses, but because their processes are confidential, aca-
demics cannot access them (Buiani, 2015). This is not necessarily a problem because new
businesses will enter the production market and invest in R&D to better compete if the
demand for BSFL increases. Innovation. After raising, BSFL or any other insects must be
properly prepared, cleaned, processed, packaged, and stored throughout the process to be
used as a safe animal food in markets that follow regulations (Wang & Shelomi, 2017).

Both Newton et al. (2005) and Kim et al. (2021), discovered that fresh organic biomass
(1248 g) treated with BSF (1200 larvae) showed 60% reduction in organic matter and pro-
duce 1% biodiesel (15.6 g), 4% residual larvae (54.4 g), and 8% sugar (96.2 g). In addition,
simultaneous improvement in BSFL body composition as rich in crude protein (42%) and
crude fat (38%) also observed (Kim et al., 2021).

The impact of BSFL as a diets of channel catfish and tilapia was investigated by Bondari
& Sheppard et al., in 1981. Consumers found the fish in this trial to be appetizing because
there were no changes to its flavor or texture. The market’s growing demand for sustainable
food has compelled food companies to seek out novel protein-based alternatives that can
substitute traditional muscle meat (Calderon et al., 2018).

5.1 Marketing perspectives of products derived from black soldier fly larvae:
as animal feed and fertilizer

BSF can be sold in a variety of stages and forms. Marketable ingredients derived from
the BSFL include whole BSF meal, the oil fraction, defatted protein meal, and various
by-products (Mouithys-mickalad et al., 2020). The BSF possesses a dry matter content of
approximately 95% and can be marketed in its entirety, either dried or processed into meal.
In this approach, the protein composition and oil content of the BSF remain combined, as
the product is not subjected to defatting. Consequently, the protein content of the product
stands at around 40%, while its average dried oil content amounts to 30% (Amrul et al.,
2022). It is possible to process and isolate the oil fraction from the BSFL’s protein content.
Protein levels in BSF protein meals can reach over 60% when they have been defatted (Jeon
et al., 2011). Amino acids make up the protein. In its basic state, the BSFL’s amino acid
makeup is strikingly close to the protein content of soybean meal. When raised on organic
waste streams, the BSF’s precise amino acid content remains rather stable (Mwaniki et al.,
2020). Upon processing the BSFL, it is possible to extract both the oil fraction and the
protein fraction. The concentration of oil in the BSFL can vary significantly, ranging from
15 to 49%, depending on the substrates on which the BSFL were cultivated. In contrast, the
protein component of the BSFL remains consistently stable (Bogevik et al., 2022). Accord-
ing to research, BSF fed with poultry dung achieves the lowest values while BSF fed with
oil-rich meal achieves the best values. The BSFL’s oil component is a complicated concoc-
tion of components. The fatty acid lauric acid and its esters make up the majority of the
oil. One of the key ingredients in coconut oil is lauric acid (Ullah et al., 2022). The BSF
contains additional valuable bioactive substances that remain in the larval mass after the
mass’s proteins and lipids have been removed. The precise oil and protein content of the
BSFL determines the byproducts’ specific percentage. Enzymes like ligninases and cellu-
lases, which are utilized by the BSFL, among other things, to digest cellulose, are left over
after proteins and oils have been removed from the BSFL (Rehman et al., 2023; Zhu et al.,
2019). In addition, the BSF has chitins and peptides that fight germs (Van Huis & Gasco,
2023). Acetyl glucosamine sugar moieties are the main component of the polysaccharide
known as chitins. The sugar chitosan can be removed via the chemical procedure known as
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alkaline deacetylation (Oteri et al., 2022). The BSF also includes antimicrobial peptides,
which are useful as antibiotics, according to numerous studies (Sogari et al., 2019). BSF
also includes additional by-products, such as residual compounds that are expelled after
rearing. This primarily consists of feces, organic waste remnants, and BSF casts (Schmitt
& de Vries, 2020).

5.1.1 BSF as animal feed

Currently, livestock are fed diets that contain soybean oil. An alternative is required since
this type of oil has negative environmental effects. Some studies tested what would hap-
pen if BSF oil were substituted for soybean oil in the diet of broiler chickens (Van Huis &
Gasco, 2023). When soybean oil was totally substituted with BSF oil in the feeds of broiler
chickens, neither performance nor meat quality showed a discernible difference across the
studies (Wang & Shelomi, 2017). One study also reported encouraging outcomes in terms
of the amount of total cholesterol and liver fat in hens (Chen et al., 2022).

In an experiment involving the inclusion of BSF oils in the pig feed has been made. This
trial demonstrated the usefulness of BSF oil for piglets in the nursery. It was shown that the
nursery piglets responded favorably to the replacement of corn oil (another replacement
for soybean oil) with BSF oil at a maximum proportion of 6% in their meals (Chen et al.,
2022). The experiment had no unfavorable effects, and it even helped the pigs develop
more quickly. In addition to feeding live BSFL to laying hens demonstrated that it will
help to reduce the feather plucking associated problems and improve natural habitat. About
40% of the time spent by free-range hens is spent looking for and consuming insects. This
aids in resolving problems with chicken welfare in present farms, such as feather plucking.
The larvae are also a source of nutrition for hens, so it serves as more than just a stimulant
for natural behavior. According to the results of the experiment, live BSFL can replace
soybean meal if they are fed with some extra local protein. It had no detrimental effects on
the performance or output of laying hens. Since there was less feather plucking among the
chickens, it even improved the condition of the laying hens’ feathers (Star et al., 2020).

In 2016, the Dutch feed manufacturer Coppens Diervoeding B.V. introduced its prod-
ucts and became the first company in the world to integrate insect oil into their chicken and
pig feed (Van Huis & Gasco, 2023). Protix is an idea whereby laying hens from a certain
poultry farmer are given live BSF, and since 2016, the eggs are sold to consumers under
the brand name Oerei in shops in the Netherlands (Jackson, 2020). Grand View Research’s
estimates that the global poultry market had a total value of over 175 billion US dollars in
2018 and would continue to expand at a compound annual growth rate of 4.5% through
2025 (Global Industry Report, 2019-2025). The market for pig feed was valued at over 106
billion US dollars, with a compound annual growth rate of 3.5%, according to the same
research firm. However, due to limited availability and legislation, numerous specialists at
Protix claim that current market volumes containing insects are extremely small and incon-
sequential in comparison to the overall market. BSF oil is a viable substitute for soybean
oil in the diets of broiler chickens and nursery pigs. Additionally, live BSFL supplemented
with regional proteins can be used to replace soybean meal in the diets of laying hens.
To enable a farmer to offer an innovative egg concept of chickens fed with live larvae in
supermarkets, Protix is supplying the farmer with live larvae. The product BSF oil is now
used in the production of pig and chicken feed; this is a market application for the product.
Another current product market application is the use of live insects in the production of
poultry feed (Hilkens & De Klerk, 2016).
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The primary market for insect production, which primarily consists of live BSF and
mealworms, is the hobby pet food sector. On this market, people can buy fish bait, birds,
reptiles, and amphibians (Ldhteenmiki-Uutela et al., 2018). These critters feed on insects
in the wild. Production firms that have been established for a while and primarily supply
hobby-pet stores and zoos are the ones that focus on those markets. Although this market
is seasonal, due to bird breeding season and reptile hibernation, there is less demand in
the winter and the autumn (Léhteenmiki-Uutela et al., 2018). Dogs and cats make up the
largest category of hobby pets globally; in 2018, there were over 470 million dogs and 370
million cats owned as pets globally (Okin, 2017).

In the USA, there is a sizable pet food market; the two main species, cats and dogs,
are primarily carnivores. According to a study on the effects of cats and dogs on the envi-
ronment, "if just one-quarter of the estimated 33% animal-derived energy in pet food was
consumable by humans, it alone would support the animal-derived energy consumption
of 26 million Americans" (assuming that the typical American diet consists of about 19%
animal-derived foods). Therefore, the possibility for using insects in pet food is quite high
(Higa et al., 2021).

BSF is a species deemed safe for incorporation in pet food. In Europe, BSFL, meal,
and oil have received approval for utilization in pet food for several years. Authors are
delighted to share that pet food manufacturers in the United States can now also embrace
these innovative ingredients in the production of dog food and treats. This recent devel-
opment occurred when the Association of American Feed Control Officials (AAFCO)
decided to include adult dogs as one of the animals for which whole dried BSFL, BSF
meal, and BSF oil are suitable. It is anticipated that the approval of BSF ingredients for use
in cat food by AAFCO will transpire in 2022.

BSFL can also be used as pet food. Since meat is the primary source of protein for pet
cats and dogs, the pet food industry is thought to be responsible for around 25% of the
environmental effects of the meat industry. The number of pets globally is growing, accord-
ing to research. The development of new protein sources is encouraged by the expanding
rivalry because the pet food sector competes for the same resources as other food and feed
industries (Kumcu & Woolverton, 2015; Okin, 2017). Insects can effectively replace (part
of) the meat in pet food as a source of protein, according to Hilkens and De Klerk (2016).
There have been three studies on the use of BSF in the diets of dogs or cats. The first trial
demonstrated that feeding 2% whole BSF meal to beagle dogs enhanced their digestibility
and had anti-inflammatory and anti-oxidative benefits (Zieliriska et al., 2018). The results
of a second experiment suggested that dog food utilizing whole BSF meal as a protein
source was more easily digestible than dog food including typical proteins, such as meat
(Higa et al., 2021). In the third trial with cats, whole BSF meal was used in place of the kit-
ties’ usual sources of protein. The majority of the cats in this experiment tolerated the BSF-
containing chow, according to research, but the researchers still suggest more study. The
partial replacement of traditional proteins in cat and dog food with BSF full BSF meal has
shown positive outcomes in investigation. However, more investigation is required before
any judgments can be made (Okin, 2017).

5.1.2 BSFfrass

The market potential of BSF frass is substantial, thanks to its numerous benefits and the
increasing demand for sustainable and organic agricultural products. As concerns about the
environmental impact of conventional farming practices rise, the need for sustainable and
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organic alternatives is growing. BSF frass, being a natural and organic fertilizer, perfectly
aligns with these principles, making it highly appealing to environmentally conscious con-
sumers (Lopes et al., 2022).

One of the primary reasons for the high value placed on BSF frass is its nutrient-rich
composition. Packed with essential nutrients like nitrogen, phosphorus, potassium, and
micronutrients, it presents an attractive option for enhancing soil fertility and promot-
ing robust plant growth (Beesigamukama et al., 2020a). By applying BSF frass to soil or
plants, nutrient availability and uptake can be improved, leading to increased crop yield
and improved produce quality (Berendsen et al., 2012). This benefit is particularly attrac-
tive to farmers seeking to optimize productivity and maximize the nutritional value of their
harvests (Beesigamukama et al., 2021a).

Moreover, the remarkable ability of BSF larvae to consume and break down organic
waste contributes to its market potential. This characteristic makes the larvae valuable in
waste management systems, including food waste recycling and livestock manure manage-
ment. Utilizing BSF frass helps convert waste into a valuable resource, effectively reducing
the environmental impact associated with waste disposal (Beesigamukama et al., 2021a;
Bernal et al., 2009). The versatility of BSF frass is another aspect that drives its market
potential. It can be used across various agricultural applications, including field crops, veg-
etables, fruits, herbs, flowers, and even hydroponic systems. Its compatibility with different
growing systems makes it adaptable to a wide range of market segments, enhancing its
appeal to farmers and gardeners alike (Nyakeri et al., 2017; Wang & Shelomi, 2017).

While the use of BSF frass is not yet as widespread as other fertilizers, there is a grow-
ing awareness of its benefits and potential. As more research and information become
available, along with increased adoption and success stories from early adopters, market
awareness and demand for BSF frass are expected to expand. Overall, the market potential
for BSF frass is promising, driven by the increasing demand for sustainable agriculture,
organic products, and effective waste management solutions. As the market continues to
evolve and more consumers and producers recognize its value, the demand for BSF frass is
expected to grow.

5.2 Top global companies and countries leading the market of products derived
from black soldier fly larvae: as animal feed and fertilizer

By 2033, the BSF market is anticipated to develop at a 30.5% CAGR (Compound annual
growth rate) from 2022 to $3.96 billion (Meticulous Market Report, 2022). This market is
anticipated to expand in volume by 36.9% CAGR from 2022 to 8003.7 thousand tons by
2033 (Meticulous Market Report, 2022). The rising demand for meat worldwide is the key
factor driving the expansion of the black soldier fly business. The market for black soldier
flies is also being driven by the expanding aquaculture sector, rising soymeal prices, grow-
ing government support for the use of insect meal in livestock feed, rising investment by
major BSF industry players, and rising demand from the animal feed sector for alternative
proteins.

According to Meticulous Market Report (2022), top ten leading companies in BSF mar-
ket are Agriprotein, Biofly Tech, Protix B.V., Entofeed Sdn Bhd, Nutrition Technologies
Group, Enviro Flight Corporation, SFly Comgrof SAS, HexaFly, FAFSpA, and Innova-
Feed. The primary market segments for black soldier flies are based on product, applica-
tion, and region. According to product, the protein meal category is anticipated to hold the
greatest market share for black soldier flies in 2022. The significant market share is mostly
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related to the rising demand for protein meals from producers of animal feed, the rising
costs of soy and fish meals, and government backing and approval for the use of insect
meal in animal feed. Additionally, the biofertilizers (frass) industry is anticipated to hold
the greatest proportion of the overall black soldier fly market in terms of volume in 2022.
The animal feed market is anticipated to experience rapid expansion over the course of the
forecast period, depending on application. The rapid expansion of this industry is primar-
ily related to increased demand for animal-derived goods and the ensuing rise in demand
for animal feed high in protein, rising soy meal prices, and official approval of the use of
BSF as an ingredient in animal feed. Additionally, there are numerous potentials for market
expansion due to the increasing use of insects as a substitute source of protein in animal
feed.

In terms of geography, Europe is projected to have the largest market share for BSF in
2022. This substantial market share can be attributed to the expanding aquaculture sec-
tor, increased interest in alternative protein sources for animal feed, and the upward trend
in fish meal prices. Furthermore, throughout the projected period, Europe is expected to
experience the highest (CAGR) in this field. Additionally, this region is anticipated to con-
trol the highest proportion of the worldwide black soldier fly market in terms of volume in
2022.

The global black soldier fly market is characterized by the presence of several key play-
ers, including Protix B.V. (Netherlands), Enterra Feed Corporation (Canada), InnovaFeed
(France), EnviroFlight LLC (U.S.), Bioflytech (Spain), Entobel Holding PTE. Ltd. (Singa-
pore), Entofood (Malaysia), Sfly (France), Hexafly (Ireland), FAF (Chile), Nutrition Tech-
nologies Group (Malaysia), nextProtein (France), and Protenga Pte Ltd (Singapore), among
others, which are mentioned by Meticulous Research Market (2022). Some of the key lead-
ing companies in BSF market as animal feed and frass production are listed in Table 3.

6 Policy and regulations of products derived from black soldier fly
treatment

In order to create more and larger batches of insects, it is necessary to be aware of potential
techniques for stabilizing insects as intermediate or final goods, ideally with a cost-benefit
analysis. Dehydration has so far drawn the most interest as a method of insect preserva-
tion in both industry and research. Chemical and microbiological breakdown processes are
known to be slowed down or even stopped when water is removed from a product (Van
Campenhout et al., 2021). The chemical and/or microbiological stability of dried edible
insects during storage has been the subject of several investigations as for BSFL (Kamau
et al., 2020; Larouche et al., 2019), for long horned grasshopper (Fombong et al., 2017),
for yellow mealworm (Kroncke et al., 2018, 2019; Lenaerts et al., 2018), and for different
cricket species (Bawa et al., 2020; Lee et al., 2020; Lucas-Gonzélez et al., 2019; Vandew-
eyer et al., 2018).

Industrial-scale insect production primarily serves as a replacement for less environ-
mentally friendly protein sources in feed. Currently, the most significant species raised for
this purpose are the BSFL. The larvae must be transported and stored in a stable man-
ner following production to prevent degradation. Both fermentation and vacuum packag-
ing technology are viable stabilization options (Van Campenhout et al., 2021). The logis-
tic chain includes stabilization, storage, and transportation in addition to the creation of
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larvae. A good preservation technique to pursue for the storage and transportation of BSFL
is not thought to be vacuum packaging (Van Campenhout et al., 2021).

Van Campenhout et al. (2021), investigated the potential perseveration technology
between vacuum packaging and fermentation for the BSFL. The vacuum packaging was
applied to living, blanched and frozen larvae while fermentation pulverised blanched BSFL
were used for the investigation. The vacuum packaged BSFL were stored for 6-10 days at
various temperatures and gas composition, for the killed larvae-microbial counts while for
the living larvae- survival rate recorded. In fermentation, the pulverised BSFL were fer-
mented for one week at 35 °C and stored at 4 °C for two weeks, pH and microbial counts
was observed and recorded. Author reported that fermentation allowed for the storage of
pulverized larvae. However, certain factors to consider were the rapid decrease in pH and
the presence of bacterial endospores. On the other hand, vacuum packaging did not offer
any additional benefits compared to cooling alone. This conclusion applied to all types
of larvae investigated. Thus, vacuum packaging is not considered a valuable preservation
technique to pursue for the storage and transportation of BSFL (Van Campenhout et al.,
2021).

Salomone et al. (2017), conducted measurements of toxic and essential metal concentra-
tions in the BSFL frass that was fed with food waste substrates. The results revealed that
the concentrations of both toxic and essential metals were below the limits specified in the
Italian regulation for fertilizers. This indicates that BSFL frass has minimal amounts of
heavy metals due to the capability of BSFL to effectively decrease and accumulate differ-
ent forms of heavy metals during the treatment process (Basri et al., 2022).

In actuality, storage and transportation methods should be able to maximize the survival
of living insects and (microbiological) quality of insects that have already been killed. The
BSFL placed in pouches without a vacuum had the highest rate of survival (Rumpold &
Schliiter, 2013). A lower storage temperature led to better survival, which indicated that the
storage temperature was a significant influencing factor. Vacuum packaging has no benefi-
cial effects on the microbiological quality of dead BSFL. The microbiological quality and
dynamics of the gas composition in the package were significantly influenced by the ini-
tial microbiological quality following killing (which was better after blanching than merely
freezing). Additionally, the insects’ quality during storage was marginally improved by the
lower temperature (Vandeweyer et al., 2021).

The "traditional" usage of insects as food is not usually connected to the regulatory
framework governing the use of insects as feed, which varies greatly between nations glob-
ally. Table 4 gives a succinct overview of the laws that are now in effect in the different
countries or union around the globe regarding the use of insects as feed.

Insects are a rising source of protein that is relevant to farmers, feed manufacturers,
food producers, and food marketers worldwide. Due to antiquated food and feed restric-
tions regarding the use of insects, this industry’s expansion is somewhat constrained. Since
2018, measures bringing insects under the purview of Regulation (EU) 2015/2283 on
new foods have been in effect with regard to insects as food for human consumption. In
accordance with this new Regulation, EFSA-approved marketing of insect feeding items
is the only condition for their sale (Ldhteenméki-Uutela et al., 2018). Regulation (EU) No
2017/893 brought about one of the most significant modifications in 2017 with regard to
insects used as animal feed. This legislation brought about amendments to Regulations
(EC) No 999/2001 and (EU) No 142/2011, permitting the utilization of seven insect spe-
cies as feed for aquaculture animals (Ldhteenméki-Uutela et al., 2021). These species
include the house cricket (Acheta domesticus), black soldier fly (Hermetia illucens), com-
mon housefly (Musca domestica), yellow mealworm (Tenebrio molitor), lesser mealworm
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(Alphitobius diaperinus), banded cricket (Gryllodes sigillatus), and field cricket (Gryllus
assimilis) (Lahteenmaki-Uutela et al., 2017).

Only one species of bug has been defined by the Association of American Feed Control
Officials (AAFCO) as an animal food item for cattle feed. Aquaculture salmonids includ-
ing salmon, trout, and char can be fed BSFL, including dried entire larvae (since 2016) and
processed BSF meal (since 2018). The AAFCO’s choice has been examined and author-
ized by the FDA (Belluco et al., 2017). It is worth noting that various feed-grade materials,
such as pre-consumer food waste used as a substrate, by-products from food production
like brewery grains, and other approved feed-grade materials, can all be utilized for the
cultivation of black soldier fly larvae. Products made from black soldier flies have been
approved for use in the feeding of broiler chickens, tilapia, salmonids, and other poultry
such as chickens, turkey, ducks, and geese.

Another regulation category is pet foods. Mealworms, silkworm pupae, and black army
fly larvae are all offered for sale as pet food in Canada (Arbour & Hoeung, 2016; Pisanello
& Caruso, 2018). Brazilian scientists, farmers, and businesses are becoming more and
more interested in using insects as food and feed, especially when it comes to feeding poul-
try black soldier fly meal instead of soybean meal. The use of insects as food and feed
might one day be regulated internationally. The scientific community may approve the use
of insects worldwide as food and feed (Allegretti et al., 2018). In the absence of a global
food and feed administration organization, the global harmonization of substantive and
procedural norms would prove advantageous for both business owners and authorities. The
FAO/Who is Codex Alimentarius Commission is the setting for creating international feed
and food standards (Lihteenmiki-Uutela et al., 2021).

Due to current ambiguous statutory limitations surrounding its usage as feed, the com-
mercialization of BSFL is restricted. Under certain restrictions, the manufacture and trade
of BSFL as feed is particularly permitted in the European Union, Australia, Canada, and
the United States. It is interesting to note that while regulatory frameworks are now being
developed, the majority of nations where entomophagy is a tradition lack particular restric-
tions regarding their usage as feed. Harmonizing the industrial upscaling of BSFL as ani-
mal feed requires an understanding of the legislative structure (Alagappan et al., 2022).

7 Life cycle assessment of products derived from black soldier fly
treatment

It is necessary to enumerate the environmental effects connected with the entire life cycle
of these processes in order to estimate the environmental profile of products derived from
insects. An important method for analysing and assessing the environmental influence of
industrial processes and insect-based products is life cycle assessment (LCA) (Spinelli
et al., 2019). Technical advancements can aid a shift towards renewable energy, lessening
the possibility for global warming. LCA demonstrate increased energy use in the genera-
tion of some insects, such as BSF and housefly larvae (van Zanten et al., 2015). According
to Smith and Barnes (2015), "regions with year-round high temperatures, high density of
concentrated animal operations, and presence of food processing industry facilities" are
where the best insect-rearing facilities can be found. According to IPIFF, adding insects to
conventional feed (such soybean or fishmeal) will ease the strain on the environment, pro-
tected areas, and the world’s fish populations. The various parameters considered for LCA
studies on BSF by different authors are discussed in Table 5. A comprehensive LCA offers
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a holistic perspective on the environmental impact of products derived from black soldier
fly treatment. Analyzing each stage of the life cycle allows for the identification of potential
environmental hotspots and informs sustainable practices in the production and utilization
of these valuable insect-derived materials (Boakye-Yiadom et al., 2021).

7.1 The environmental benefits of products derived from BSF larvae: as animal
feed and fertilizer

Because food systems are the main cause of environmental deterioration, recent publica-
tions have highlighted the need for diet change (FAO, 2021; Kim et al., 2020). In compari-
son to the base period average of 2018-2020, the output of meat worldwide is predicted
to rise by 13% (44 Mt) over the next ten years, reaching 374 Mt by 2030 (OECD/FAO,
2021; p. 48). According to FAOSTAT 2021, the percentage of all agricultural emissions
attributed to animals through intestinal fermentation and manure is 44% and 20%, respec-
tively, in 2019. According to OECD/FAO (2021; p. 165), greenhouse gas productions from
agriculture over the 2018-2020 period accounted for around 54% of all emissions (on CO,
equivalence basis). Edible insects could be created to replace meat products and also be
used as feed elements because they have a high protein content on the edge and a strong
nutrient profile, making them a significant substitute to conventional cattle (Rumpold &
Schliiter, 2013). Insects require very little land or energy to produce, and they can be pro-
duced quickly and all year round, unlike other feedstock such as soybeans. FAO endorsed
insects for their sustainability benefits, saying, “Insects have a high food conversion rate,
e.g. crickets require six times less feed than cattle, four times a lesser amount of than sheep,
and twice less than pigs and broiler chickens to produce the same amount of protein.” And
finally, insects can serve as a protein-rich substitute for the wild-caught fish that are often
used as aquaculture inputs, rendering aquaculture a sustainable solution to overfishing (Sli-
men et al., 2023).

According to Celitron, 2021, cattle need 7.7 kg of feed to produce 1 kg of meat, sheep
needs 6.3 kg, pork needs 3.6 kg, chicken needs 2.2 kg, and BSFL meat needs 1.5 kg. This
leads to the inference that plant-based diets are preferable to animal products obtained
from conventional cattle in terms of global water consumption as well as the increased
demand for food brought on by an expanding worldwide population (Celitron, 2021). It
would be exciting to compare insects’ water footprint with that of animal products as well
as feed crops in terms of nutritional quality because they have a much higher feed conver-
sion efficiency since they are cold-blooded, can derive their moisture demand from food
and do not necessarily need drinking water, and can grow on organic waste (Van Huis,
2015). Nevertheless, it has to be considered, that the feed conversion efficiency of BSF is
temperature-dependent (Chia et al., 2018). It may be inferred that temperature-controlled
raising containers are required for insects to gain maximum mass in the shortest amount of
time, use the least amount of food, and emit the fewest amount of emissions, which indi-
cates greater energy consumption than for conventional livestock (Rumpold & Schliiter,
2013). In addition to the water used in the manufacture of food and feed, its effects on
greenhouse gas emissions must be taken into account. Regarding livestock’s overall world-
wide contribution to greenhouse gas emissions, it was discovered that cattle produced 9%
of CO,, 35-40% of CH4, 65% of N20, and 64% of NH3 of all anthropogenetic greenhouse
gas emissions (Rumpold & Schliiter, 2013). When comparing the environmental impact of
lab-grown meat and mycoprotein-based analogues scored highest and insect-based and soy
meal-based substitutes lowest (Smetana et al., 2015). But Onwezen et al. (2021) found that
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consumer acceptance is a challenge, because insect-based protein scored lowest, followed
by cultured meat, while plant-based alternative proteins scored highest.

One of the ecological services that insects may offer is the decomposition of organic
waste, and the insect diet and feed industry benefits from this ability (Aidoo et al., 2023).
Dung burial is one ecological service offered by insects in nature (van Huis, 2022). Insects
are frequently employed to break down agricultural and culinary waste when raising insects
in large numbers for food. According to UNEP (2021), 931 million tonnes of food were
wasted in 2019 (households 61%, food services 26%, and retail 13% of the total amount of
food produced worldwide). BSF is one of the most effective bioconverters (Surendra et al.,
2020). BSF can also create useful products like fertiliser, medicines, biofuels, lubricants,
surfactants, cosmetics, and insect biomass (proteins, lipids) at the same time (Fowles &
Nansen, 2020). House fly breeding was stopped by BSFL, which reduced manure by up
to 50% (Edea et al., 2022). The larvae aerate and dry the waste as they process it, which
inhibits bacterial development. Salmonella enterica and Escherichia coli 0157:H7 may be
reduced by the larvae’s alteration of the microbiota in manure (van Huis, 2013). BSF lar-
vae decrease the nutrient concentration and the amount of manure residue, which results in
a decrease in pollution that may be as much as 50-60% (Newton et al., 2005) and makes
the environment less hospitable to house fly larvae. The sum of all these qualities results in
less pollution and odours (Diener et al., 2011).

It is frequently emphasised as a benefit of BSF-based organics conversion that it is sus-
tainable. With an emphasis on protein, several life-cycle assessments have looked into the
sustainability elements of producing products produced from BSF (Suryati et al., 2023).
BSF production was extremely efficient in terms of land use, but this scale of production
had a higher impact on global warming than similar sources of protein for feed, like soy
meal (Salomone et al., 2017; Smetana et al., 2016). BSF meat has less of an impact than
food proteins like chicken meat in a number of areas, including acidification, land use, and
the creation of greenhouse gases. The environmental influence of frass and what causes
its variation may only be inferred indirectly from a conclusion about the effects of protein
production, but it can still be useful for determining whether it might have a lower envi-
ronmental impact than another source (Aragao et al., 2023). For instance, the production
of BSF frass is anticipated to have a minor environmental effect than the production of
chicken manure since BSF meat has a lower environmental influence than chicken meat
across a wide variety of categories. Advanced estimations have been performed in two
additional recent papers (Bosch et al., 2019; Smetana et al., 2019) on how the feed ingested
by BSF affects the environmental consequence of their production. According to both stud-
ies, the environmental impact of the feed that BSF eats is a significant factor in influencing
the environmental impact of the products made from BSF. Fortunately, BSF can eat a vari-
ety of environmentally friendly feed sources, even though some are currently prohibited by
laws. The effects of feed sourcing on frass have an impact on the ecosystem as well. The
reduction in our dependence on pesticides could have significant implications for biodi-
versity in the event that the bio stimulant capabilities of insect by-products in the frass are
decisively proved to boost plant resilience to pests. Additionally, applying frass introduces
organic matter that is absent from chemical fertilisers. The application of frass would also
have the added benefit of increasing soil biodiversity in our agricultural ecosystems if frass
research shows that the soil microbiome diversifies when it is treated. The effects of apply-
ing BSF frass on soil quality have not yet been thoroughly explored (Schmitt & de Vries,
2020).

BSFL has also been used in poultry feed as a partial replacement for maize or soy-based
feeds, mainly because the species naturally colonizes and breaks down poultry manure and
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populations are often kept by poultry farms for the purpose of waste management and pol-
lution reduction (Cullere et al., 2018). The environmental aids of insect mass production
include low greenhouse gas emissions (van Huis, 2017), the small amount of land required
to produce 1 kg of protein (Oonincx & de Boer, 2012), reduced land use due to lower feed-
food competition (Makkar, 2018), and the ability to transform organic waste streams into
high-value protein products (Meneguz et al., 2018). One innovative strategy and outstand-
ing illustration of a sustainable circular economy is the usage of insects in the bioconver-
sion of waste materials (Meneguz et al., 2018).

7.2 Life cycle assessment of black soldier fly farming: potency for animal feed
and fertilizer

LCA is a decision-making tool that provides a comprehensive overview for evaluating a
product’s environmental performance during its entire life cycle such as climate change,
GHG emission, acidification, and eutrophication (Larrey-lassalle et al., 2022). LCA offers
a strong ecological tool in the movement toward sustainability and can support research
and development, product and process development, labelling, marketing, and policy mak-
ing. LCA communication can positively influence the purchase of eco-friendly products
amid the growing consumer interest in environmental sustainability (Boakye-Yiadom
et al., 2021; Cooper & Fava, 2006). The method complies with ISO 14040 and ISO 14044
requirements and entails gathering and assessing a product’s inputs, outputs, and poten-
tial environmental effects across the course of its existence. Goal and scope definition, life
cycle inventory analysis (LCI), life cycle impact assessment (LCIA), and result interpreta-
tion are the four interconnected elements that make up the technique (ISO 20064, b). It is
complex and iterative but flexible enough to allow life cycle experts to modify and model
their product systems (Foppa Pedretti et al., 2021; Sultana et al., 2022). A systemized
multi-season database of BSF production and processing from a pilot facility producing
above average volumes is used to conduct an LCA for BSFL products. In order to define
more sustainable solutions, these data are then analysed using attributional (definition of
the best production and allocation amongst products) and consequential life cycle assess-
ment methodologies (Smetana et al., 2019). Life cycle assessment containing the steps as
Gaol and scope, Life cycle inventory. Life cycle impact assessment and Interpretation of
black soldier fly farming for animal feed and fertilizer is depicted in Fig. 3.

7.2.1 Goal and scope

The production of insects is about to go from a pilot scale to an industrial scale. To
show the potential of their production technique, producers at the pilot size have con-
centrated on stable, safe production (Smetana et al., 2019). The use of BSFL as animal
feed, as well as its derived products, is limited by the type of feeding material for its
rearing. EC No. 1069/2009 restricts the use of food waste as feeding material, espe-
cially when it contains or is derived from catering waste (European Commission, 2019).
However, agri-food residues are permissible. Thus, studies with food waste as the sub-
strate (50%) have focused solely on the environmental impact of organic waste biocon-
version by the BSFL with bio-treated waste as the main product, though insect products
could also be obtained. A BSFL value chain can generate several high-value products.
Crude protein from the insect cake can be further processed to obtain bioplastic film
(Nuvoli et al., 2021; Rosa et al., 2020; Setti et al., 2020). The bioplastics thus derived
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Fig.3 Life cycle assessment of black soldier fly farming for animal feed and fertilizer

can be used in the agricultural sector (e.g. sheet mulching), aside from carrying out
their primary function, act as a slow-release fertilizer, releasing nitrogen during their
decomposition (Rosa et al., 2020; Spinelli et al., 2019). Chitin from insect meals can
also be refined to produce an edible film, surgical thread, binders, and chitosan (Suren-
dra et al., 2020). Refined fats/oil can also be re-refined into biodiesel and lubricating
agents (Franco et al., 2021; Li et al., 2011; Wong et al., 2020). The residue, which is
not assimilated by the larvae, is also useful for agronomic purposes, as it is high qual-
ity compost (Spinelli et al., 2019). According to Smetana et al. (2019), evaluations of
these BSF-derived goods quantify their scope and identify the most promising avenues
for the sector to realise the upcycling potential of insects. LCA has, however, been used
on a few BSFL products. As a result, there is still a lot of room to lessen the impact that
insects have on the ecosystem (Smetana et al., 2019).

The LCA take a multi-dimensional approach in order to understand the various envi-
ronmental implications of insect production (Beyers et al., 2023). Any life cycle assess-
ment system’s typical objective is to evaluate the factors that affect the environmental
impacts of intermediate insect-based products (useful for feed, food, and fertiliser) and
to offer recommendations on how the industry should proceed in order to maximise the
use of insects while minimising their environmental impact, with a focus on the poten-
tial use of unused biomass from the food and feed industries (Smetana et al., 2019). The
study typically has two sections. The historical production data from a pilot plant are
first subjected to LCA assessments. These are carried out to comprehend the environ-
mental dynamics of the production of BSF. To identify areas for improvement to reduce
the environmental impact, sensitivity analysis of industrial advancement is performed
in the second stage (Smetana et al., 2019). The goals for LCA studies are discussed in
Table 6 studied under various LCA model by different researchers.
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7.2.2 Life cycle inventory

The harmonisation of LCA methodology is essential for a fair and more accurate compari-
son of environmental sustainability between different products (Santero & Hendry, 2016).
Therefore, Life cycle inventory (LCI) analysis involves creating an inventory of flows from
and to nature for a product system. Inventory flows include inputs of water, energy and raw
materials, and releases to air, land and water. Using information on inputs and outputs, a
flow model of the technical system is built in order to generate the inventory. The accuracy
and reliability of LCA results can be strongly impacted by the quality of the data and criti-
cal assumptions, which might result in incorrect conclusions (Zargar et al., 2022). Some-
times, the unavailability of the correct inventory data can hinder the inclusion of key inputs
or emissions in inventory modelling. Conducting an LCA for BSFL products requires data
on direct GHG emissions from the bioconversion phase. Most LCA studies on BSFL strug-
gle to consider these emissions as part of their inventory modelling, mainly due to the una-
vailability of reliable background data (Boakye-Yiadom et al., 2022). Some studies did not
include it under the assumption that it was negligible (Salomone et al., 2017). Others also
included emission data for other insects (Smetana et al., 2019), which is not ideal. Mertenat
et al. (2019) analysed the systems viz., BSF rearing, waste-processing, waste treatment,
product harvesting, larvae processing, residue composting, cleaning, avoided emissions,
fishmeal production, transport and composting.

Results show that the overall Global Warming Potential (GWP) for BSF treatment
mainly depends on the type of residue post-processing and the electricity consumption and
energy source used (Mertenat et al., 2019). Non-agro residues, insect production, energy
and materials consumption and remaining emissions are stages included in conventional
agro-residue treatments and insect production (Beyers et al., 2023) indicates that the bal-
ance between insect production and alternative protein sources depends greatly on the
insect feed used and the source of energy for heating during insect production. Salomone
et al. (2017) considered parameters viz., transport of input materials, egg and larvae pro-
duction, substratum production and compost & dried larvae production for LCA analysis
during LCA of BSF for studying the environmental impact of food waste bioconversion by
nsects.

7.2.3 Life cycle impact assessment

All of the many inputs entered during the LCI phase are given environmental burdens by
the LCIA. The environmental impacts are first categorised into the proper impact cate-
gories and referred to an intermediate position along the cause-effect chain, resulting in
the so-called midpoint results. Thereafter, they are grouped into damage categories and
allocated at the location where the environmental effect occurs (i.e., the end point results)
(Rosa et al., 2020). The Environmental Footprint 3.0 technique was chosen for the impact
assessment because it was established for Europe and provides for simple normalisation
and weighting (Fazio et al., 2018). The broad suggestions of the Product Environmental
Footprint (PEF) Method (Annex I of PEF) are also permitted to the greatest extent pos-
sible since no Product Environmental Footprint Category Rule has been defined for insect
production (European union website). To calculate the environmental impact, the LCIA
data were modelled using the IMPACT 2002 + approach (Jolliet et al., 2003). Compared
to other techniques, this impact assessment method contains more compounds and covers
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more impact categories. It offers a thorough assessment of the environmental performance
because it is middle and endpoint orientated. However, in order to describe the system
under consideration in a more representative manner, the following additions and modi-
fications were made: modification to land use (different types of land transformations are
considered), mineral extraction categories (additional resources are added), and radioactive
waste (radioactive waste and its occupied volume are evaluated) (Spinelli et al., 2019). The
midpoint and endpoint values are used to calculate the LCIA results. We only report the
endpoint outcomes, though, in order to keep this short. These effects are typically depicted
as having an effect on ecosystem quality, climate change, and resource depletion. The
results of LCI can be used to evaluate the life cycle impact, including its effects on the
environment. According to the associated inventory, five impact categories were selected:
GWP, terrestrial eutrophication, marine eutrophication, acidification and particulate mat-
ter. The International Reference Life Cycle Data System (ILCD) Handbook (Laurent et al.,
2014) will be used to determine the characteristics of the corresponding inventories in the
selected impact categories. To evaluate how the systems under consideration would affect
the environment, SimaPro 8 software (Pré Consultant, 2010) is employed.

7.2.4 Interpretation

According to Cao (2017), life cycle interpretation is a systematic process aimed at identify-
ing, quantifying, verifying, and assessing data obtained from both the life cycle inventory
and life cycle impact assessment. The interpretation phase involves condensing the results
of the inventory study and impact assessment, ultimately leading to the generation of find-
ings and recommendations. As defined by ISO 14040:2006, this phase encompasses the
identification of major concerns based on the outcomes of the LCI and LCIA stages in a
LCA. It involves estimating the study’s completeness, sensitivity, and consistency through
thorough checks, and addressing findings, limitations, and recommendations.

A key objective of life cycle interpretation, in accordance with Cao (2017), is to deter-
mine the level of confidence in the final conclusions and communicate them in a fair, thor-
ough, and accurate manner. This emphasizes the importance of transparent and clear com-
munication of the assessment results.

Additionally, in line with the advice from Clavreul et al. (2012), a sensitivity analy-
sis was conducted. This analysis aimed to identify which factors had a disproportionate
impact on the final outcomes of the life cycle assessment. Sensitivity analysis is crucial for
understanding the robustness of the results and recognizing key variables that significantly
influence the overall findings. By considering the advice of Clavreul et al. (2012), the inter-
pretation phase becomes a more robust and comprehensive process, ensuring that the LCA
outcomes are reliable and well-informed.

8 Conclusion

This review aimed to assess the viability of utilizing products derived from black soldier
fly (BSF) for animal feeds and fertilizers. In the realm of animal feeds, BSF emerges as a
sustainable protein source with applications in diverse food products for consumers. Par-
ticularly noteworthy is the suitability of BSF protein meal as a substitute for soybean meal
in the diets of laying hens, weaning and growing pigs, finishing pigs, and fish. Incorporat-
ing BSF and BSFL into finishing pig diets even enhances meat and carcass quality. Despite
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these benefits, current regulations hinder the introduction of these products into the west-
ern livestock feed market. Additionally, by-products of BSF, such as antimicrobial pep-
tides, show potential for serving as novel antimicrobial medicines for animals and humans.
Chitin, another BSF by-product, exhibits immunological effects on human lung diseases
and holds promise for medical applications.

In the domain of organic fertilizers, BSF larvae frass emerges as a valuable option
for sustainable cultivation globally. However, further investigation is needed regarding
the potential of frass obtained from composting biodegradable wastes using BSF larvae.
The composition of frass varies considerably, with nutrient concentrations like P, K, and
micronutrients being heavily dependent on the feed substrate. As frass may not possess
the optimal nutrient composition, particularly being P-dominated, supplementing it with
another nutrient input, specifically N-dominated, could create a more balanced fertilizer.
Future studies should explore nutrient supplementation for frass-based fertilizers to meet
the specific needs of different crops. Additionally, the role of bio-stimulants, plant growth-
promoting rhizobacteria, and fungi in BSFL frass requires further exploration, offering sig-
nificant potential for advancing sustainable cultivation practices globally. A comprehen-
sive approach connecting different process steps with various aspects of interest is crucial
for fully understanding the potential of BSF-derived products in animal feeds and waste-
derived fertilizers.

Author contributions SAS—Conceptualization, Methodology, Validation, Data Curation, Writing—Origi-
nal Draft, Writing—Review and Editing, Visualization, Supervision, Project Administration, Investigation,
Funding Acquisition, Resources. ASG— Writing-Original Draft. MH—Writing—Original Draft. TR—
Conceptualization, Review and Editing. SNP—Validation. [F—Writing—Review and Editing. RC-M- For-
mal Analysis.

Funding Open Access funding enabled and organized by Projekt DEAL. The open access publishing fee
is covered under the agreement between the DEAL Consortium and Springer and Springer Nature upon
acceptance due to Shahida Anusha Siddiqui being affiliated to the Technical University of Munich.

Data availability No data were used or analysed in this study.

Declarations

Competing interest The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, 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 Com-
mons licence, and indicate if changes were made. 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 not included 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/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://mostwiedzy.pl

A\ MOST

S. A. Siddiqui et al.

References

Abbott, L. K., Macdonald, L. M., Wong, M. T. F., Webb, M. J., Jenkins, S. N., & Farrell, M. (2018). Poten-
tial roles of biological amendments for profitable grain production - A review. Agriculture Ecosystems
and Environment, 256, 34-50. https://doi.org/10.1016/j.agee.2017.12.021

Abd El-Wahab, A., Meyer, L., Kolln, M., Chuppava, B., Wilke, V., Visscher, C., & Kamphues, J. (2021).
Insect larvae meal (Hermetia illucens) as a sustainable protein source of canine food and its
impacts on nutrient digestibility and fecal quality. Animals, 11(9), 2525.

Abiya, A. A., Kupesa, D. M., Beesigamukama, D., Kassie, M., Mureithi, D., Thairu, D., Wesonga, J.,
Tanga, C. M., & Niassy, S. (2022). Agronomic performance of Kale (Brassica oleracea) and
Swiss Chard (Beta vulgaris) grown on soil amended with Black Soldier Fly Frass fertilizer under
wonder multistorey gardening system. Agronomy, 12(9), 2211. https://doi.org/10.3390/agron
omy 12092211

Abro, Z., Kassie, M., Tanga, C., Beesigamukama, D., & Diiro, G. (2020). Socio-economic and environ-
mental implications of replacing conventional poultry feed with insect-based feed in Kenya. Jour-
nal of Cleaner Production, 265, 121871. https://doi.org/10.1016/j.jclepro.2020.121871

Ahemad, M., & Kibret, M. (2014). Mechanisms and applications of plant growth promoting rhizobacte-
ria: Current perspective. Journal of King Saud University Science, 26(1), 1-20. https://doi.org/10.
1016/j.jksus.2013.05.001

Ahmad, S., Igbal, N., Jamil, F., & Kim, D. (2020). Optimal policy-making for municipal waste manage-
ment based on predictive model optimization. IEEE Access, 8, 218458-218469. https://doi.org/10.
1109/ACCESS.2020.3042598

Aidoo, O. F., Osei-Owusu, J., Asante, K., Dofuor, A. K., Boateng, B. O., Debrah, S. K., & Chia, S. Y.
(2023). Insects as food and medicine: A sustainable solution for global health and environmental
challenges. Frontiers in Nutrition, 10, 1113219. https://doi.org/10.3389/fnut.2023.1113219

Alagappan, S., Rowland, D., Barwell, R., Mantilla, S. M. O., Mikkelsen, D., James, P., Yarger, O., &
Hoffman, L. C. (2022). Legislative landscape of black soldier fly (Hermetia illucens) as feed.
Journal of Insects as Food Feed, 8(4), 343-355. https://doi.org/10.3920/JIFF2021.0111

Alattar, M. A., Alattar, F. N., & Popa, R. (2016). Effects of microaerobic fermentation and black soldier
fly larvae food scrap processing residues on the growth of corn plants (Zea mays). Plant Science
Today, 3(1), 57-62. https://doi.org/10.14719/pst.2016.3.1.179

Alhujaili, A., Nocella, G., & Macready, A. (2023). Insects as food: consumers’ acceptance and market-
ing. Foods, 12(4), 886. https://doi.org/10.3390/foods12040886

Allegretti, G., Talamini, E., Schmidt, V., Bogorni, P. C., & Ortega, E. (2018). Insect as feed: An energy
assessment of insect meal as a sustainable protein source for the Brazilian poultry industry. Jour-
nal of Cleaner Production, 171, 403-412. https://doi.org/10.1016/j.jclepro.2017.09.244

Alltech. (2016). Global feed survey. Alltech, Lexington, KY, USA. http://stories.alltech.com/global-
feed-survey-2016.html

Amrul, N. F,, Kabir, A. I., Ahmad, B. N. E., Suja, F., Abdul, J. N. A., & Azman, N. A. (2022). A review
of organic waste treatment using black soldier fly (Hermetia illucens). Sustainability, 14(8), 4565.
https://doi.org/10.3390/su14084565

Anyega, A. O., Korir, N. K., Beesigamukama, D., Changeh, G. J., Nkoba, K., Subramanian, S., van
Loon, J. J., Dicke, M., & Tanga, C. M. (2021). Black soldier fly-composted organic fertilizer
enhances growth, yield, and nutrient quality of three key vegetable crops in Sub-Saharan Africa.
Frontiers of Plant Science, 12, 1. https://doi.org/10.3389/fpls.2021.680312

Arabzadeh, G., Delisle-Houde, M., Tweddell, R. J., Deschamps, M., Dorais, M., Lebeuf, Y., Derome,
N., & Vandenberg, G. (2022). Diet composition influences growth performance, bioconversion
of black soldier fly larvae: Agronomic value and in vitro biofungicidal activity of derived frass.
Agronomy, 12(8), 1765. https://doi.org/10.3390/agronomy 12081765

Arbour, M. E., & Hoeung, S. (2016). Country Report: Canada. Genetic Technology and Food Safety, 14,
333-354. https://doi.org/10.1007/s13197-012-0899-1

Attiogbe, F. K., Ayim, N. Y. K., & Martey, J. (2019). Effectiveness of black soldier fly larvae in com-
posting mercury contaminated organic waste. Scientific Afrrican, 6, €00205. https://doi.org/10.
1016/j.sciaf.2019.e00205

Babalola, O. O. (2010). Beneficial bacteria of agricultural importance. Biotechnological Letters, 32,
1559-1570. https://doi.org/10.1007/s10529-010-0347-0

Balestrini, R., Chitarra, W., Fotopoulos, V., & Ruocco, M. (2017). Potential role of beneficial soil micro-
organisms in plant tolerance to abiotic stress factors. In Lukac, M., Grennis, P., & Gamboni, M.
(Eds.) Soil Biological Communities and Ecosystem Resilience (pp. 191-207). Springer. https://doi.
org/10.1007/978-3-319-63336-7_12

@ Springer


https://doi.org/10.1016/j.agee.2017.12.021
https://doi.org/10.3390/agronomy12092211
https://doi.org/10.3390/agronomy12092211
https://doi.org/10.1016/j.jclepro.2020.121871
https://doi.org/10.1016/j.jksus.2013.05.001
https://doi.org/10.1016/j.jksus.2013.05.001
https://doi.org/10.1109/ACCESS.2020.3042598
https://doi.org/10.1109/ACCESS.2020.3042598
https://doi.org/10.3389/fnut.2023.1113219
https://doi.org/10.3920/JIFF2021.0111
https://doi.org/10.14719/pst.2016.3.1.179
https://doi.org/10.3390/foods12040886
https://doi.org/10.1016/j.jclepro.2017.09.244
http://stories.alltech.com/global-feed-survey-2016.html
http://stories.alltech.com/global-feed-survey-2016.html
https://doi.org/10.3390/su14084565
https://doi.org/10.3389/fpls.2021.680312
https://doi.org/10.3390/agronomy12081765
https://doi.org/10.1007/s13197-012-0899-1
https://doi.org/10.1016/j.sciaf.2019.e00205
https://doi.org/10.1016/j.sciaf.2019.e00205
https://doi.org/10.1007/s10529-010-0347-0
https://doi.org/10.1007/978-3-319-63336-7_12
https://doi.org/10.1007/978-3-319-63336-7_12
http://mostwiedzy.pl

A\ MOST

Future opportunities for products derived from black soldier...

Banavar, A., Amirkolaei, S. K., Duscher, L., Khairunisa, B. H., Mukhopadhyay, B., Schwarz, M., Urick,
S., & Ovissipour, R. (2022). Nutritional evaluation of black soldier fly frass as an ingredient in
Florida Pompano (Trachinotus carolinus L.) diets. Animals, 12(18), 2407. https://doi.org/10.3390/
anil2182407

Banks, I. J. (2014). To assess the impact of black soldier fly (Hermetia illucens) larvae on faecal reduc-
tion in pit latrines (Doctoral dissertation, London School of Hygiene & Tropical Medicine).
https://doi.org/10.17037/PUBS.01917781

Barral, M. T., & Paradelo, R. (2011). A review on the use of phytotoxicity as a compost quality indica-
tor. Dynamic Soil Dynamic Plant, 5(2), 36-44.

Barroso, F. G., de Haro, C., Sanchez-Muros, M. J., Venegas, E., Martinez-Sanchez, A., & Pérez-Baiion,
C. (2014). The potential of various insect species for use as food for fish. Aquaculture, 422,
193-201.

Barragan-Fonseca, K. B., Dicke, M., & van Loon, J. J. (2017). Nutritional value of the black soldier fly
(Hermetia illucens L.) and its suitability as animal feed—a review. Journal of Insects as Food and
Feed, 3(2), 105-120.

Basri, N. E. A., Azman, N. A., Ahmad, I. K., Suja, F., Jalil, N. A. A., & Amrul, N. F. (2022). Poten-
tial applications of frass derived from black soldier fly larvae treatment of food waste: A review.
Foods, 11(17), 2664. https://doi.org/10.3390/foods 11172664

Bawa, M., Songsermpong, S., Kaewtapee, C., & Chanput, W. (2020). Effects of microwave and hot air
oven drying on the nutritional, microbiological load, and color parameters of the house crickets
(Acheta domesticus). Journal of Food Processing and Preservation, 44(5), e14407. https://doi.org/
10.1111/jfpp.14407

Belghit, 1., Liland, N. S., Gjesdal, P., Biancarosa, I., Menchetti, E., Li, Y., & Lock, E. J. (2019a). Black
soldier fly larvae meal can replace fish meal in diets of sea-water phase Atlantic salmon (Salmo
salar). Aquaculture, 503, 609-619.

Beesigamukama, D., Mochoge, B., Korir, N. K., Fiaboe, K. K., Nakimbugwe, D., Khamis, F. M., Subra-
manian, S., Dubois, T., Musyoka, M. W., Ekesi, S., & Kelemu, S. (2020a). Exploring black soldier
fly frass as novel fertilizer for improved growth, yield, and nitrogen use efficiency of maize under
field conditions. Frontiers in Plant Science, 11, 574592. https://doi.org/10.3389/fpls.2020.574592

Beesigamukama, D., Mochoge, B., Korir, N. K., Fiaboe, K. K., Nakimbugwe, D., Khamis, F. M., Sub-
ramanian, S., Wangu, M. M., Dubois, T., Ekesi, S., & Tanga, C. M. (2021a). Low-cost technol-
ogy for recycling agro-industrial waste into nutrient-rich organic fertilizer using black soldier fly.
Waste Management, 119, 183—194. https://doi.org/10.1016/j.wasman.2020.09.043

Beesigamukama, D., Mochoge, B., Korir, N. K., Fiaboe, K. K., Nakimbugwe, D., Khamis, F. M.,
Dubois, T., Subramanian, S., Wangu, M. M., Ekesi, S., & Tanga, C. M. (2020b). Biochar and gyp-
sum amendment of agro-industrial waste for enhanced black soldier fly larval biomass and quality
frass fertilizer. PLoS ONE, 15(8), €0238154. https://doi.org/10.1371/journal.pone.0238154

Beesigamukama, D., Mochoge, B., Korir, N., Ghemoh, C. J., Subramanian, S., & Tanga, C. M. (2021b).
In situ nitrogen mineralization and nutrient release by soil amended with black soldier fly frass
fertilizer. Scientific Reports, 11(1), 14799. https://doi.org/10.1038/541598-021-94269-3

Beesigamukama, D., Mochoge, B., Korir, N., Menale, K., Muriithi, B., Kidoido, M., Kirscht, H., Diiro,
G., Ghemoh, C. J., Sevgan, S., & Nakimbugwe, D. (2022). Economic and ecological values of
frass fertiliser from black soldier fly agro-industrial waste processing. Journal of Insects as Food
and Feed, 8(3), 245-254. https://doi.org/10.3920/JIFF2021.0013

Belluco, S., Halloran, A., & Ricci, A. (2017). New protein sources and food legislation: The case of
edible insects and EU law. Food Security, 9, 803—-814. https://doi.org/10.1007/S12571-017-0704-0

Belghit, 1., Liland, N. S., Gjesdal, P., Biancarosa, 1., Menchetti, E., Li, Y., & Lock, E. J. (2019b). Black
soldier fly larvae meal can replace fish meal in diets of sea-water phase Atlantic salmon (Salmo
salar). Aquaculture, 503, 609-619.

Berendsen, R. L., Pieterse, C. M., & Bakker, P. A. (2012). The rhizosphere microbiome and plant health.
Trends in Plant Science, 17(8), 478—486. https://doi.org/10.1016/j.tplants.2012.04.001

Bernal, M. P., Sommer, S. G., Chadwick, D., Qing, C., Guoxue, L., & Michel, F. C., Jr. (2017). Current
approaches and future trends in compost quality criteria for agronomic, environmental, and human
health benefits. Advances in Agronomy, 144, 143-233. https://doi.org/10.1016/bs.agron.2017.03.002

Bernal, M. P., Alburquerque, J. A., & Moral, R. (2009). Composting of animal manures and chemical
criteria for compost maturity assessment. A review. Bioresource Technology, 100(22), 5444-5453.
https://doi.org/10.1016/j.biortech.2008.11.027

Beski, S. S., Swick, R. A., & Iji, P. A. (2015). Specialized protein products in broiler chicken nutrition:
A review. Animal Nutrition, 1(2), 47-53.

@ Springer


https://doi.org/10.3390/ani12182407
https://doi.org/10.3390/ani12182407
https://doi.org/10.17037/PUBS.01917781
https://doi.org/10.3390/foods11172664
https://doi.org/10.1111/jfpp.14407
https://doi.org/10.1111/jfpp.14407
https://doi.org/10.3389/fpls.2020.574592
https://doi.org/10.1016/j.wasman.2020.09.043
https://doi.org/10.1371/journal.pone.0238154
https://doi.org/10.1038/s41598-021-94269-3
https://doi.org/10.3920/JIFF2021.0013
https://doi.org/10.1007/S12571-017-0704-0
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1016/bs.agron.2017.03.002
https://doi.org/10.1016/j.biortech.2008.11.027
http://mostwiedzy.pl

A\ MOST

S. A. Siddiqui et al.

Beyers, M., Coudron, C., Ravi, R., Meers, E., & Bruun, S. (2023). Black soldier fly larvae as an alterna-
tive feed source and agro-waste disposal route—A life cycle perspective. Resources, Conservation
and Recycling, 192, 106917. https://doi.org/10.1016/j.resconrec.2023.106917

Biasato, 1., Renna, M., Gai, F., Dabbou, S., Meneguz, M., Perona, G., & Gasco, L. (2019). Partially
defatted black soldier fly larva meal inclusion in piglet diets: Effects on the growth performance,
nutrient digestibility, blood profile, gut morphology and histological features. Journal of Animal
Science and Biotechnology, 10, 1-11.

Boakye-Yiadom, K. A., Duca, D., Foppa Pedretti, E., & Ilari, A. (2021). Environmental performance of
chocolate produced in Ghana using life cycle assessment. Sustainability, 13(11), 6155. https://doi.org/
10.3390/sul3116155

Boakye-Yiadom, K. A., Ilari, A., & Duca, D. (2022). Greenhouse gas emissions and life cycle assessment
on the black soldier fly (Hermetia illucens L.). Sustainability, 14(16), 10456. https://doi.org/10.3390/
sul41610456

Bogevik, A. S., Seppinen-Laakso, T., Samuelsen, T. A., & Thoresen, L. (2022). Fractionation of oil from
black soldier fly larvae (Hermetia illucens). European Journal of Lipid Science and Technology,
124(5), 2100252. https://doi.org/10.1002/ej1t.202100252

Bortolini, S., Macavei, L. 1., Saadoun, J. H., Foca, G., Ulrici, A., Bernini, F., Malferrari, D., Setti, L., Ronga,
D., & Maistrello, L. (2020). Hermetia illucens (L.) larvae as chicken manure management tool for cir-
cular economy. Journal of Cleaner Production, 262, 121289. https://doi.org/10.1016/j.jclepro.2020.
121289

Bosch, G., Van Zanten, H. H. E., Zamprogna, A., Veenenbos, M., Meijer, N. P., Van der Fels-Klerx, H. J.,
& Van Loon, J. J. A. (2019). Conversion of organic resources by black soldier fly larvae: Legislation,
efficiency and environmental impact. Journal of Cleaner Production, 222, 355-363. https://doi.org/
10.1016/j.jclepro.2019.02.270

Buiani, R. (2015). The rise of the insect industry. Sustainable potential or wasteful accumulation. Italian
Journal of Science & Technology Studies, 6(1), 109-132.

Bulak, P., Proc, K., Pawtowska, M., Kasprzycka, A., Berus, W., & Bieganowski, A. (2020). Biogas gen-
eration from insects breeding post production wastes. Journal of Cleaner Production, 244, 118777.
https://doi.org/10.1016/j.jclepro.2019.118777

Cai, R., Wu, X., Wang, X., & Xu, X. (2020). Effects of insect frass with different cadmium content on maize
plant growth and cadmium accumulation. /OP Conference Series: Earth and Environmental Science,
450(1), 012123. https://doi.org/10.1088/1755-1315/450/1/012123

Calderon, A., Coles, S., Davis, D., Lanier, J., & Oliveira, A. (2018). How to hear the shape of a billiard
table. http://arxiv.org/abs/1806.09644

Canellas, L. P., & Olivares, F. L. (2014). Physiological responses to humic substances as plant growth pro-
moter. Chemical and Biological Technologies in Agriculture, 1(1), 1-11. https://doi.org/10.1186/
2196-5641-1-3

Cao, C. (2017). Sustainability and life assessment of high strength natural fibre composites in construc-
tion. In Fan, M. & Fu, F (Eds.) Advanced high strength natural fibre composites in construction (pp.
529-544), Woodhead Publishing. https://doi.org/10.1016/B978-0-08-100411-1.00021-2.

Cardinaletti, G., Randazzo, B., Messina, M., Zarantoniello, M., Giorgini, E., Zimbelli, A., & Tulli, F.
(2019). Effects of graded dietary inclusion level of full-fat Hermetia illucens prepupae meal in practi-
cal diets for rainbow trout (Oncorhynchus mykiss). Animals, 9(5), 251.

Celitron. (2021). Black soldier fly larvae farming: is insect protein the revolution the food industry needs?
https://celitron.com/en/blog/black-soldier-fly-larvae-farming-is-insect-protein-the-revolution-the-
food-industry-needs#: ~:text=Thanks%20to%20their%20short%20life, 1 %20kg%200f%20consumab
1e%20BSFL.

Chakraborty, P., Mallik, A., Sarang, N., & Lingam, S. S. (2019). A review on alternative plant protein
sources available for future sustainable aqua feed production. International Journal of Chemical Stud-
ies, 7(3), 1399-1404.

Charlton, A. J., Dickinson, M., Wakefield, M. E., Fitches, E., Kenis, M., Han, R., Zhu, F., Kone, N., Grant,
M., Devic, E., & Bruggeman, G. (2015). Exploring the chemical safety of fly larvae as a source of
protein for animal feed. Journal of Insects as Food and Feed, 1(1), 7-16. https://doi.org/10.3920/
JIFF2014.0020

Chavez, M., & Uchanski, M. (2021). Insect left-over substrate as plant fertiliser. Journal of Insects as Food
and Feed, 7(5), 683-694. https://doi.org/10.3920/JIFF2020.0063

Chen, B., Liu, E., Tian, Q., Yan, C., & Zhang, Y. (2014). Soil nitrogen dynamics and crop resi-
dues. A Review. Agronomy for Sustainable Development, 34, 429-442. https://doi.org/10.1007/
$13593-014-0207-8

@ Springer


https://doi.org/10.1016/j.resconrec.2023.106917
https://doi.org/10.3390/su13116155
https://doi.org/10.3390/su13116155
https://doi.org/10.3390/su141610456
https://doi.org/10.3390/su141610456
https://doi.org/10.1002/ejlt.202100252
https://doi.org/10.1016/j.jclepro.2020.121289
https://doi.org/10.1016/j.jclepro.2020.121289
https://doi.org/10.1016/j.jclepro.2019.02.270
https://doi.org/10.1016/j.jclepro.2019.02.270
https://doi.org/10.1016/j.jclepro.2019.118777
https://doi.org/10.1088/1755-1315/450/1/012123
http://arxiv.org/abs/1806.09644
https://doi.org/10.1186/2196-5641-1-3
https://doi.org/10.1186/2196-5641-1-3
https://doi.org/10.1016/B978-0-08-100411-1.00021-2
https://celitron.com/en/blog/black-soldier-fly-larvae-farming-is-insect-protein-the-revolution-the-food-industry-needs#:~:text=Thanks%20to%20their%20short%20life,1%20kg%20of%20consumable%20BSFL
https://celitron.com/en/blog/black-soldier-fly-larvae-farming-is-insect-protein-the-revolution-the-food-industry-needs#:~:text=Thanks%20to%20their%20short%20life,1%20kg%20of%20consumable%20BSFL
https://celitron.com/en/blog/black-soldier-fly-larvae-farming-is-insect-protein-the-revolution-the-food-industry-needs#:~:text=Thanks%20to%20their%20short%20life,1%20kg%20of%20consumable%20BSFL
https://doi.org/10.3920/JIFF2014.0020
https://doi.org/10.3920/JIFF2014.0020
https://doi.org/10.3920/JIFF2020.0063
https://doi.org/10.1007/s13593-014-0207-8
https://doi.org/10.1007/s13593-014-0207-8
http://mostwiedzy.pl

A\ MOST

Future opportunities for products derived from black soldier...

Chen, J., Hou, D., Pang, W., Nowar, E. E., Tomberlin, J. K., Hu, R., Chen, H., Xie, J., Zhang, J., Yu, Z., &
Li, Q. (2019). Effect of moisture content on greenhouse gas and NH3 emissions from pig manure con-
verted by black soldier fly. Science of the Total Environment, 697, 133840. https://doi.org/10.1016/j.
scitotenv.2019.133840

Chen, X., Jin, J., Hou, F., Song, B., Li, Z., & Zhao, Y. (2022). Effects of black soldier fly larvae oil on
growth performance, immunity and antioxidant capacity, and intestinal function and microbiota of
broilers. Journal of Applied Poultry Research, 31(4), 100292. https://doi.org/10.1016/j.japr.2022.
100292

Cheng, J. Y., Chiu, S. L., & Lo, I. M. (2017). Effects of moisture content of food waste on residue sepa-
ration, larval growth and larval survival in black soldier fly bioconversion. Waste Management,
67, 315-323. https://doi.org/10.1016/j.wasman.2017.05.046

Chia, S. Y., Tanga, C. M., Khamis, F. M., Mohamed, S. A., Salifu, D., Sevgan, S., Fiaboe, K. K., Niassy,
S., van Loon, J. J., Dicke, M. and Ekesi, S. (2018). Threshold temperatures and thermal require-
ments of black soldier fly Hermetia illucens: Implications for mass production. PloS One, 13(11),
€0206097 .https://doi.org/10.1371/journal.pone.0206097.

Chia, S. Y., Tanga, C. M., Osuga, I. M., Alaru, A. O., Mwangi, D. M., Githinji, M., Subramanian, S.,
Fiaboe, K. K., Ekesi, S., van Loon, J. J., & Dicke, M. (2019). Effect of dietary replacement of
fishmeal by insect meal on growth performance, blood profiles and economics of growing pigs in
Kenya. Animals, 9(10), 705. https://doi.org/10.3390/ani9100705

Chiam, Z., Lee, J. T. E., Tan, J. K. N., Song, S., Arora, S., Tong, Y. W., & Tan, H. T. W. (2021). Evalu-
ating the potential of okara-derived black soldier fly larval frass as a soil amendment. Journal of
Environmental Management, 286, 112163. https://doi.org/10.1016/j.jenvman.2021.112163

Chirere, T. E. S., Khalil, S., & Lalander, C. (2021). Fertiliser effect on Swiss chard of black soldier fly
larvae-frass compost made from food waste and faeces. Journal of Insects as Food and Feed, 7(4),
457-469. https://doi.org/10.3920/JIFF2020.0120

Choi, S., & Hassanzadeh, N. (2019). BSFL frass: a novel biofertilizer for improving plant health while
minimizing environmental impact. Candian Science Fair Journal, 2, 41-46. https://doi.org/10.
18192/csfj.v2i220194146

Choi, Y. C., Choi, J. Y., Kim, J. G, Kim, M. S., Kim, W. T., Park, K. H., Bae, S. W., & Jeong, G. S.
(2009). Potential usage of food waste as a natural fertilizer after digestion by Hermetia illucens
(Diptera: Stratiomyidae). International Journal of Industrial Entomology, 19(1), 171-174.

Clavreul, J., Guyonnet, D., & Christensen, T. H. (2012). Quantifying uncertainty in LCA-modelling of
waste management systems. Waste Management, 32(12), 2482-2495. https://doi.org/10.1016/j.
wasman.2012.07.008

Conselvan, G. B., Fuentes, D., Merchant, A., Peggion, C., Francioso, O., & Carletti, P. (2018). Effects of
humic substances and indole-3-acetic acid on Arabidopsis sugar and amino acid metabolic profile.
Plant and Soil, 426, 17-32. https://doi.org/10.1007/s11104-018-3608-7

Consultant, P. (2010). Simapro PReé Consultant: Amersfoort. The Netherlands.

Cooper, J. S., & Fava, J. A. (2006). Life-cycle assessment practitioner survey: Summary of results. Jour-
nal of Industrial Ecology, 10(4), 12—14. https://doi.org/10.1162/jiec.2006.10.4.12

Cooperband, L. (2002). The art and science of composting. Centre for Integrated Agricultural Systems.
https://cias.wisc.edu/crop-soil/the-art-and-science-of-composting/.

Coudron, C., Sprangher, T., Elliot, D., & Halstead, J. (2019). Insect Breeding: Lab Scale and Pilot Scale
Experiments with Mealworm and Black Soldier Fly. BioBoost: Roeselare, Belgium. https://www.
bioboosteurope.com/assets/files/Publications/BIOBOOST-REPORT-Insects---final.pdf.

Cummins, V. C., Rawles, S. D., Thompson, K. R., Velasquez, A., Kobayashi, Y., Hager, J., & Web-
ster, C. D. (2017). Evaluation of black soldier fly (Hermetia illucens) larvae meal as partial or
total replacement of marine fish meal in practical diets for Pacific white shrimp (Litopenaeus van-
namei). Aquaculture, 473, 337-344. https://doi.org/10.1016/j.aquaculture.2017.02.022

Cullere, M., Tasoniero, G., Giaccone, V., Acuti, G., Marangon, A., & Dalle Zotte, A. (2018). Black
soldier fly as dietary protein source for broiler quails: Meat proximate composition, fatty acid and
amino acid profile, oxidative status and sensory traits. Animal, 12(3), 640-647. https://doi.org/10.
1017/S1751731117001860

Devi, S. M., & Kim, I. H. (2014). Effect of medium chain fatty acids (MCFA) and probiotic (Enterococ-
cus faecium) supplementation on the growth performance, digestibility and blood profiles in wean-
ling pigs. Veterinarni Medicina, 59(11), 1. https://doi.org/10.3390/ani10020216

Devic, E. D. P. (2016). Assessing insect-based products as feed ingredients for aquaculture. http://hdl.
handle.net/1893/24370.

Insam, H., De Bertoldi, M., Diaz, L. F., Bidlingmaier, W., & Stentiford, E. (2007). Compost science and
technology. Microbiology of the Composting Process, Waste Manage Series, 8, 25-48.

@ Springer


https://doi.org/10.1016/j.scitotenv.2019.133840
https://doi.org/10.1016/j.scitotenv.2019.133840
https://doi.org/10.1016/j.japr.2022.100292
https://doi.org/10.1016/j.japr.2022.100292
https://doi.org/10.1016/j.wasman.2017.05.046
https://doi.org/10.1371/journal.pone.0206097
https://doi.org/10.3390/ani9100705
https://doi.org/10.1016/j.jenvman.2021.112163
https://doi.org/10.3920/JIFF2020.0120
https://doi.org/10.18192/csfj.v2i220194146
https://doi.org/10.18192/csfj.v2i220194146
https://doi.org/10.1016/j.wasman.2012.07.008
https://doi.org/10.1016/j.wasman.2012.07.008
https://doi.org/10.1007/s11104-018-3608-7
https://doi.org/10.1162/jiec.2006.10.4.12
https://cias.wisc.edu/crop-soil/the-art-and-science-of-composting/
https://www.bioboosteurope.com/assets/files/Publications/BIOBOOST-REPORT-Insects---final.pdf
https://www.bioboosteurope.com/assets/files/Publications/BIOBOOST-REPORT-Insects---final.pdf
https://doi.org/10.1016/j.aquaculture.2017.02.022
https://doi.org/10.1017/S1751731117001860
https://doi.org/10.1017/S1751731117001860
https://doi.org/10.3390/ani10020216
http://hdl.handle.net/1893/24370
http://hdl.handle.net/1893/24370
http://mostwiedzy.pl

A\ MOST

S. A. Siddiqui et al.

Diener, S., Zurbriigg, C., Gutiérrez, F. R., Nguyen, D. H., Morel, A., Koottatep, T., & Tockner, K.
(2011). Black soldier fly larvae for organic waste treatment-prospects and constraints. Proceedings
of the WasteSafe, 2, 13—15.

Do, S., Koutsos, E. A., McComb, A., Phungviwatnikul, T., De Godoy, M. R., & Swanson, K. S. (2022).
Palatability and apparent total tract macronutrient digestibility of retorted black soldier fly larvae-
containing diets and their effects on the fecal characteristics of cats consuming them. Journal of
Animal Science, 100(4), skac068.

Dobermann, D., Swift, J. A., & Field, L. M. (2017). Opportunities and hurdles of edible insects for food and
feed. Nutrition Bulletin, 42(4), 293-308. https://doi.org/10.1111/nbu.12291

Dorper, A., Veldkamp, T., & Dicke, M. (2021). Use of black soldier fly and house fly in feed to promote
sustainable poultry production. Journal of Insects as Food and Feed, 7(5), 761-780. https://doi.org/
10.3920/JIFF2020.0064

Dortmans, B. (2015). Valorisation of organic waste-Effect of the feeding regime on process parameters in a
continuous black soldier fly larvae composting system. Department of Energy and Technology, Swed-
ish University of Agricultural Sciences, Swedish.

Dortmans, B. M. A., Diener, S., Verstappen, B. M., & Zurbriigg, C. (2017). Black soldier fly biowaste pro-
cessing-a step-by-step. Guide Eawag: Swiss Federal Institute of Aquatic Science and Technology.,
100, 6-54.

Dong, H., Dai, T., Liang, L., Deng, L., Liu, C., Li, Q., & Chen, J. (2021). Physicochemical properties of
pectin extracted from navel orange peel dried by vacuum microwave. Lwt, 151, 112100.

Dumas, A., Raggi, T., Barkhouse, J., Lewis, E., & Weltzien, E. (2018). The oil fraction and partially defat-
ted meal of black soldier fly larvae (Hermetia illucens) affect differently growth performance, feed
efficiency, nutrient deposition, blood glucose and lipid digestibility of rainbow trout (Oncorhynchus
mykiss). Aquaculture, 492, 24-34.

Ebanyat, P. (2009). A road to food?: Efficacy of nutrient management options targeted to heterogeneous soil
scapes in the Teso farming system, Uganda. Wageningen University and Research. https://edepot.wur.
nl/12559

Edea, C., Tesfaye, E., Yirgu, T., & Alewi, M. (2022). Black Soldier Fly (Hermetia illucens) Larvae as a sus-
tainable source of protein in poultry feeding: A review. Ethiopian Journal of Agricultural Sciences,
32(1), 89-104.

EFSA Scientific Committee. (2015). Risk profile related to production and consumption of insects as food
and feed. EFSA Journal, 13(10), 4257. https://doi.org/10.2903/j.efsa.2015.4257

El-Haggar, S. M. (2007). Sustainability of agricultural and rural waste management. Sustainable Industrial
Design and Waste Management, 1, 223-260.

Elissen, H., van der Weide, R., & Gollenbeek, L. (2023). Effects of Black Soldier Fly Frass on Plant and
Soil Characteristics: A Literature Overview., 527, 913-996. https://doi.org/10.1874/587213

Ellison, A. M. (2019). Foundation species, non-trophic interactions, and the value of being common. Isci-
ence, 13,254-268.

Elangovan, A. V., Udayakumar, A., Saravanakumar, M., Awachat, V. B., Mohan, M., Yandigeri, M. S., &
Bhatta, R. (2021). Effect of black soldier fly, Hermetia illucens (Linnaeus) prepupae meal on growth
performance and gut development in broiler chicken. International Journal of Tropical Insect Sci-
ence, 41, 2077-2082.

Emino, E. R., & Warman, P. R. (2004). Biological assay for compost quality. Compost Science & Utiliza-
tion, 12(4), 342-348. https://doi.org/10.1080/1065657X.2004.10702203

Ermolaev, E., Lalander, C., & Vinnerés, B. (2019). Greenhouse gas emissions from small-scale fly larvae
composting with Hermetia illucens. Waste Management, 96, 65-74. https://doi.org/10.1016/j.was-
man.2019.07.011

Esteves, C. F. M. (2020). Use of organic compost from larvae of Hermetia illucens as fertilizer in let-
tuce. Doctoral dissertation, University of Lisbon (Portugal).

European Commission (EC). (2017). Commission Regulation (EU) 2017/893 of 24 May 2017 amending
Annexes I and IV to Regulation (EC) No 999/2001 of the European Parliament and of the Council
and Annexes X, XIV and XV to Commission Regulation (EU) No 142/2011 as regards the provisions
on processed animal protein. OJEU L13, 92—-116. http://data.europa.eu/eli/reg/2017/893/0j

European Commission Regulation (EU). (2019). 1069/2009 animal by-products (2019). OJEU, 53,
1689-1699.

European Union. (2021). Commission Regulation (EU) 2021/1925. https://eur-lex.europa.eu/legalcontent/
EN/TXT/?uri=CELEX:32021R1925

European union website, Available at: https://ec.europa.eu/environment/eussd/smgp/PEFCR_OEFSR_en.
htm

@ Springer


https://doi.org/10.1111/nbu.12291
https://doi.org/10.3920/JIFF2020.0064
https://doi.org/10.3920/JIFF2020.0064
https://edepot.wur.nl/12559
https://edepot.wur.nl/12559
https://doi.org/10.2903/j.efsa.2015.4257
https://doi.org/10.1874/587213
https://doi.org/10.1080/1065657X.2004.10702203
https://doi.org/10.1016/j.wasman.2019.07.011
https://doi.org/10.1016/j.wasman.2019.07.011
http://data.europa.eu/eli/reg/2017/893/oj
https://eur-lex.europa.eu/legalcontent/EN/TXT/?uri=CELEX:32021R1925
https://eur-lex.europa.eu/legalcontent/EN/TXT/?uri=CELEX:32021R1925
https://ec.europa.eu/environment/eussd/smgp/PEFCR_OEFSR_en.htm
https://ec.europa.eu/environment/eussd/smgp/PEFCR_OEFSR_en.htm
http://mostwiedzy.pl

A\ MOST

Future opportunities for products derived from black soldier...

FAO (2014). Environmental performance of animal feeds supply chains. FAO. https://www.fao.org/3/
18254¢/i8254e.pdf

FAO (2021). Meat. OECD-FAO Agricultural Outlook 2021-2030, (pp. 163-177).

Fatondji, D., Martius, C., Zougmore, R., Vlek, P. L., Bielders, C. L., & Koala, S. (2009). Decomposition
of organic amendment and nutrient release under the zai technique in the Sahel. Nutrient Cycling in
Agroecosystems, 85, 225-239. https://doi.org/10.1007/s10705-009-9261-z

Fawole, F. J., Adeoye, A. A., Tiamiyu, L. O., Ajala, K. I., Obadara, S. O., & Ganiyu, I. O. (2020). Substitut-
ing fishmeal with Hermetia illucens in the diets of African catfish (Clarias gariepinus): Effects on
growth, nutrient utilization, haemato-physiological response, and oxidative stress biomarker. Aqua-
culture, 518, 734849.

Fazio, S., Castellani, V., Sala, S., Schau, E., Secchi, M., Zampori, L., & Diaconu, E. (2018). Supporting
information to the characterisation factors of recommended EF Life Cycle Impact Assessment meth-
ods: new methods and differences with ILCD. 1-42, https://doi.org/10.2760/002447.

Ferronato, N., Paoli, R., Romagnoli, F., Tettamanti, G., Bruno, D., & Torretta, V. (2023). Environmental
impact scenarios of organic fraction municipal solid waste treatment with Black Soldier Fly larvae
based on a life cycle assessment. Environmental Science and Pollution Research, 12, 1-19. https://
doi.org/10.1007/s11356-023-27140-9

Finke, M. D. (2013). Complete nutrient content of four species of feeder insects. Zoo Biology, 32(1), 27-36.
https://doi.org/10.1002/200.21012

Florou-Paneri, P., Christaki, E., Giannenas, 1., Bonos, E., Skoufos, 1., Tsinas, A., Tzora, A., & Peng, J.
(2014). Alternative protein sources to soybean meal in pig diets. Journal Food Agriculture. Environ-
ment, 12, 655-660.

Fombong, F. T., Van Der Borght, M., & Vanden Broeck, J. (2017). Influence of freeze-drying and oven-
drying post blanching on the nutrient composition of the edible insect Ruspolia differens. InSects,
8(3), 102. https://doi.org/10.3390/insects8030102

Foo, B., Lin, Y., & Li, A. (2021). A primer on the Black Soldier Fly Market in Asia. https://www.manai
mpact.com/post/a-primer-on-the-black-soldier-fly-market-in-asia

Food and Agriculture Organization of the United Nations. (2017). The future of food and agriculture: Trends
and challenges. FAO.

Foppa Pedretti, E., Boakye-Yiadom, K. A., Valentini, E., Ilari, A., & Duca, D. (2021). Life cycle assessment
of spinach produced in central and southern Italy. Sustainability, 13(18), 10001. https://doi.org/10.
3390/sul131810001

Fowles, T. M., & Nansen, C. (2020). Insect-based bioconversion: value from food waste. In Nérvénen, E.,
Mesiranta, N., Mattila, M. & Heikkinen, A. (Eds.), Food Waste Management: Solving the Wicked
Problem (pp. 321-346). Springer. https://doi.org/10.1007/978-3-030-20561-4_12.

Franco, A., Scieuzo, C., Salvia, R., Petrone, A. M., Tafi, E., Moretta, A., Schmitt, E., & Falabella, P. (2021).
Lipids from Hermetia illucens, an innovative and sustainable source. Sustainability, 13(18), 10198.
https://doi.org/10.3390/sul131810198

Freel, T. A., McComb, A., & Koutsos, E. A. (2021). Digestibility and safety of dry black soldier fly larvae
meal and black soldier fly larvae oil in dogs. Journal of Animal Science, 99(3), skab047.

Fuhrmann, A., Wilde, B., Conz, R. F., Kantengwa, S., Konlambigue, M., Masengesho, B., Kintche, K.,
Kassa, K., Musazura, W., Spith, L., & Gold, M. (2022). Residues from black soldier fly (Hermetia
illucens) larvae rearing influence the plant-associated soil microbiome in the short term. Frontiers in
Microbiology, 13, 994091. https://doi.org/10.3389/fmicb.2022.994091

Fumiere, O., Veys, P., Boix, A., von Holst, C., Baeten, V., & Berben, G. (2009). Methods of detection, spe-
cies identification and quantification of processed animal proteins in feeding stuffs. BASE, 13, 59-70.

Gao, Z., Wang, W,, Lu, X., Zhu, F.,, Liu, W., Wang, X., & Lei, C. (2019). Bioconversion performance and
life table of black soldier fly (Hermetia illucens) on fermented maize straw. Journal of Cleaner Pro-
duction, 230, 974-980. https://doi.org/10.1016/j.jclepro.2019.05.074

Girttling, D., & Schulz, H. (2022). Compilation of black soldier fly frass analyses. Journal of Soil Science
and Plant Nutrition, 22, 1-7. https://doi.org/10.1007/s42729-021-00703-w

Girttling, D., Kirchner, S. M., & Schulz, H. (2020). Assessment of the N-and P-fertilization effect of black
soldier fly (Diptera: Stratiomyidae) by-products on maize. Journal of Insect Science, 20(5), 8. https://
doi.org/10.1093/jisesa/ieaa089

Gebremikael, M. T., Wickeren, N. V., Hosseini, P. S., & De Neve, S. (2022). The impacts of black soldier
fly frass on nitrogen availability, microbial activities, C sequestration, and plant growth. Frontiers in
Sustainable Food Systems, 6, 1. https://doi.org/10.3389/fsufs.2022.795950

Gebremikael, M. T., Ranasinghe, A., Hosseini, P. S., Laboan, B., Sonneveld, E., Pipan, M., Oni, F. E., Mon-
temurro, F., Hofte, M., Sleutel, S., & De Neve, S. (2020). How do novel and conventional agri-food

@ Springer


https://www.fao.org/3/i8254e/i8254e.pdf
https://www.fao.org/3/i8254e/i8254e.pdf
https://doi.org/10.1007/s10705-009-9261-z
https://doi.org/10.2760/002447
https://doi.org/10.1007/s11356-023-27140-9
https://doi.org/10.1007/s11356-023-27140-9
https://doi.org/10.1002/zoo.21012
https://doi.org/10.3390/insects8030102
https://www.manaimpact.com/post/a-primer-on-the-black-soldier-fly-market-in-asia
https://www.manaimpact.com/post/a-primer-on-the-black-soldier-fly-market-in-asia
https://doi.org/10.3390/su131810001
https://doi.org/10.3390/su131810001
https://doi.org/10.1007/978-3-030-20561-4_12
https://doi.org/10.3390/su131810198
https://doi.org/10.3389/fmicb.2022.994091
https://doi.org/10.1016/j.jclepro.2019.05.074
https://doi.org/10.1007/s42729-021-00703-w
https://doi.org/10.1093/jisesa/ieaa089
https://doi.org/10.1093/jisesa/ieaa089
https://doi.org/10.3389/fsufs.2022.795950
http://mostwiedzy.pl

A\ MOST

S. A. Siddiqui et al.

wastes, co-products and by-products improve soil functions and soil quality? Waste Management,
113, 132-144. https://doi.org/10.1016/j.wasman.2020.05.040

Gitz, V., Meybeck, A., Lipper, L., Young, C. D., & Braatz, S. (2016). Climate change and food security:
risks and responses. Food and Agriculture Organization of the United Nations (FAO) Report, 110(2).

Global Industry Report. (2019-2025). Poultry Feed Market Size, Share & Trends Analysis Report By Live-
stock (Layers, Broilers, Turkeys), By Additives (Antibiotics, Vitamins, Amino Acid, Feed Enzymes,
Feed Acidifiers), By Region, And Segment Forecasts. https://www.grandviewresearch.com/industry-
analysis/poultry-feed-market.

Gold, M., Von Allmen, F., Zurbriigg, C., Zhang, J., & Mathys, A. (2020). Identification of bacteria in two
food waste black soldier fly larvae rearing residues. Frontiers in Microbiology, 11, 582867. https://
doi.org/10.3389/fmicb.2020.582867

Gold, M., Tomberlin, J. K., Diener, S., Zurbriigg, C., & Mathys, A. (2018). Decomposition of biowaste
macronutrients, microbes, and chemicals in black soldier fly larval treatment: A review. Waste Man-
agement, 82, 302-318.

Grigatti, M., Boanini, E., Cavani, L., Ciavatta, C., & Marzadori, C. (2015). Phosphorus in digestate-based
compost: Chemical speciation and plant-availability. Waste and Biomass Valorization, 6, 481-493.
https://doi.org/10.1007/s12649-015-9383-2

Guo, X., Zhao, B., Mao, Z., Wang, X., & Xu, X. (2021, May). Effects of insect frass and distiller’s grains
on physicochemical properties of saline alkali soil. IOP Conference Series: Earth and Environmental
Science, 781(5), 052023, https://doi.org/10.1088/1755-1315/781/5/052023

Halloran, A., & Vantomme, P. (2013). The contribution of insects - to food security, livelihoods and the
environment. FAO.

Halloran, A., Roos, N., & Hanboonsong, Y. (2016). Cricket farming as a livelihood strategy in Thailand.
https://www.jstor.org/stable/44202837

Hamid, H. A., Qi, L. P,, Harun, H., Sunar, N. M., Ahmad, F. H., & Muhamad, M. S. (2019). Development
of organic fertilizer from food waste by composting in UTHM campus Pagoh. Journal of Design for
Sustainable and Environment, 1(1), 1-6.

Han, R., Shin, J. T., Kim, J., Choi, Y. S., & Kim, Y. W. (2017). An overview of the South Korean edible
insect food industry: Challenges and future pricing/promotion strategies. Entomological Research,
47(3), 141-151. https://doi.org/10.1111/1748-5967.12230

Henchion, M., Moloney, A. P., Hyland, J., Zimmermann, J., & McCarthy, S. (2021). Trends for meat, milk
and egg consumption for the next decades and the role played by livestock systems in the global pro-
duction of proteins. Animal, 15, 100287. https://doi.org/10.1016/j.animal.2021.100287

Heuel, M., Sandrock, C., Leiber, F., Mathys, A., Gold, M., Zurbriigg, C., Gangnat, I. D. M., Kreuzer, M.,
& Terranova, M. (2021). Black soldier fly larvae meal and fat can completely replace soybean cake
and oil in diets for laying hens. Poultry Science, 100(4), 101034. https://doi.org/10.1016/j.psj.2021.
101034

Heugten, E. V., Martinez, G., McComb, A., & Koutsos, E. (2019). Black soldier fly (Hermetia illucens)
larvae oil improves growth performance of nursery pigs. Journal of Animal Science, 97, 118-118.

Higa, J. E., Ruby, M. B., & Rozin, P. (2021). Americans’ acceptance of black soldier fly larvae as food for
themselves, their dogs, and farmed animals. Food Quality and Preference, 90, 104119. https://doi.org/
10.1016/j.foodqual.2020.104119

Hilkens, W., & De Klerk, B. (2016). Insectenkweek: kleine sector, grote kansen. https://www.bom.nl/uploa
ds/content/file/Insectenkweek-def 1565254395.pdf.

Ho, T. T. K., Le, T. H., Tran, C. S., Nguyen, P. T., Thai, V. N., & Bui, X. T. (2022). Compost to improve
sustainable soil cultivation and crop productivity. Case Studies in Chemical and Environmental Engi-
neering, 6, 100211. https://doi.org/10.1016/j.cscee.2022.100211

Hodge, S., & Conway, J. (2022). The effects of insect frass fertilizer and biochar on the shoot growth of
chicory and plantain, two forage herbs commonly used in multispecies swards. Agronomy, 12(10),
2459. https://doi.org/10.3390/agronomy 12102459

Hong, Y. H., Jung, E. Y., Park, Y., Shin, K. S., Kim, T. Y., Yu, K. W,, Chang, U. J., & Suh, H. J. (2013).
Enzymatic improvement in the polyphenol extractability and antioxidant activity of green tea extracts.
Bioscience, Biotechnology, and Biochemistry, 77(1), 22-29.

Hong, J., & Kim, Y. Y. (2022). Insect as feed ingredients for pigs. Animal Bioscience, 35(2), 347.

Hol, S., Elissen, H., & van der Weide, R. (2022). Combined digestion of insect frass and cow manure for
biogas production (No. WPR-OT-944). Stichting Wageningen Research, Wageningen Plant Research,
Business unit Open Teelten. https://doi.org/10.18174/584607

Hornyak, T. (2021). More pets are eating insect-based food to fight climate change for their owners. https://
www.cnbe.com/2021/06/12/more-pets-eating-insect-food-to-fight-climate-change-for-owners.html.

@ Springer


https://doi.org/10.1016/j.wasman.2020.05.040
https://www.grandviewresearch.com/industry-analysis/poultry-feed-market
https://www.grandviewresearch.com/industry-analysis/poultry-feed-market
https://doi.org/10.3389/fmicb.2020.582867
https://doi.org/10.3389/fmicb.2020.582867
https://doi.org/10.1007/s12649-015-9383-2
https://doi.org/10.1088/1755-1315/781/5/052023
https://www.jstor.org/stable/44202837
https://doi.org/10.1111/1748-5967.12230
https://doi.org/10.1016/j.animal.2021.100287
https://doi.org/10.1016/j.psj.2021.101034
https://doi.org/10.1016/j.psj.2021.101034
https://doi.org/10.1016/j.foodqual.2020.104119
https://doi.org/10.1016/j.foodqual.2020.104119
https://www.bom.nl/uploads/content/file/Insectenkweek-def_1565254395.pdf
https://www.bom.nl/uploads/content/file/Insectenkweek-def_1565254395.pdf
https://doi.org/10.1016/j.cscee.2022.100211
https://doi.org/10.3390/agronomy12102459
https://doi.org/10.18174/584607
https://www.cnbc.com/2021/06/12/more-pets-eating-insect-food-to-fight-climate-change-for-owners.html
https://www.cnbc.com/2021/06/12/more-pets-eating-insect-food-to-fight-climate-change-for-owners.html
http://mostwiedzy.pl

A\ MOST

Future opportunities for products derived from black soldier...

Houben, D., Daoulas, G., & Dulaurent, A. M. (2021). Assessment of the short-term fertilizer potential of
mealworm frass using a pot experiment. Frontiers in Sustainable Food Systems, 5, 714596. https://
doi.org/10.3389/fsufs.2021.714596

Houben, D., Daoulas, G., Faucon, M. P., & Dulaurent, A. M. (2020). Potential use of mealworm frass as a
fertilizer: Impact on crop growth and soil properties. Scientific Reports, 10(1), 4659. https://doi.org/
10.1038/s41598-020-61765-x

Hua, K. (2021). A meta-analysis of the effects of replacing fish meals with insect meals on growth per-
formance of fish. Aquaculture, 530, 735732.

Ilari, A., Duca, D., Toscano, G., & Pedretti, E. F. (2019). Evaluation of cradle to gate environmental
impact of frozen green bean production by means of life cycle assessment. Journal of Cleaner
Production, 236, 117638. https://doi.org/10.1016/j.jclepro.2019.117638

Ilari, A., Toscano, G., Boakye-Yiadom, K. A., Duca, D., & Foppa Pedretti, E. (2021). Life cycle assess-
ment of protected strawberry productions in central Italy. Sustainability, 13(9), 4879. https://doi.
org/10.3390/su13094879

IPIFF (International Platform of Insects for Food and Feed) (2018). The European insect sector today:
challenges, opportunities and regulatory landscape. https://www.sustainabilityconsult.com/downl
oads-blanks/our-work/150-ipiff-vision-paper-on-the-future-of-the-insect-sector-towards-2030/file.

Ipema, A. F., Bokkers, E. A., Gerrits, W. J., Kemp, B., & Bolhuis, J. E. (2021). Providing live black
soldier fly larvae (Hermetia illucens) improves welfare while maintaining performance of piglets
post-weaning. Scientific Reports, 11(1), 7371.

ISO 14040. (2006). Environmental Management—Life Cycle Assessment—Principles and Framework.
ISO: Geneva, Switzerland, https://www.iso.org/standard/37456.html.

ISO 14044. (2006). Environmental management—life cycle assessment—requirements and guidelines.
ISO.

Ites, S., Smetana, S., Toepfl, S., & Heinz, V. (2020). Modularity of insect production and processing as a
path to efficient and sustainable food waste treatment. Journal of Cleaner Production, 248, 119248.

Jackson, L. (2020). World’s largest fly factory attracting investors eyeing aquafeed expansion. https://
www.aquaculturealliance.org.

Jeon, H., Park, S., Choi, J., Jeong, G., Lee, S. B., Choi, Y., & Lee, S. J. (2011). The intestinal bacte-
rial community in the food waste-reducing larvae of Hermetia illucens. Current Microbiology, 62,
1390-1399. https://doi.org/10.1007/S00284-011-9874-8

Jo, Y. H., & Lee, J. W. (2016). Insect feed for animals under the Hazard Analysis and Critical Control Points
(HACCP) regulations. Entomological Research, 46(1), 2—4. https://doi.org/10.1111/1748-5967.12157

Jolliet, O., Margni, M., Charles, R., Humbert, S., Payet, J., Rebitzer, G., & Rosenbaum, R. (2003).
IMPACT 2002+: A new life cycle impact assessment methodology. The International Journal of
Life Cycle Assessment, 8, 324-330. https://doi.org/10.1007/BF02978505

Kagata, H., & Ohgushi, T. (2012). Positive and negative impacts of insect frass quality on soil nitrogen avail-
ability and plant growth. Population Ecology, 54, 75-82. https://doi.org/10.1007/s10144-011-0281-6

Kamaruzzaman, F., Zain, S. M., Saad, N. F. M., Basri, H., & Basri, N. E. A. (2018). Effective use of
indigenous microorganism (IMO) in composting a mixture of food and yard wastes on an indus-
trial scale. Jurnal Kejuruteraan, 1(5), 53-58. https://doi.org/10.17576/jkukm-2018-si1(5)-08

Kamau, E., Mutungi, C., Kinyuru, J., Imathiu, S., Affognon, H., Ekesi, S., Nakimbugwe, D., & Fiaboe,
K. K. M. (2020). Changes in chemical and microbiological quality of semi-processed black soldier
fly (Hermetia illucens L.) larval meal during storage. Journal of Insects as Food and Feed, 6(4),
417-428. https://doi.org/10.3920/JIFF2019.0043

Kar, S. K., Schokker, D., Harms, A. C., Kruijt, L., Smits, M. A., & Jansman, A. J. (2021). Local intesti-
nal microbiota response and systemic effects of feeding black soldier fly larvae to replace soybean
meal in growing pigs. Scientific Reports, 11(1), 15088.

Kawasaki, K., Kawasaki, T., Hirayasu, H., Matsumoto, Y., & Fujitani, Y. (2020). Evaluation of fertilizer
value of residues obtained after processing household organic waste with black soldier fly larvae
(Hermetia illucens). Sustainability, 12(12), 4920. https://doi.org/10.3390/sul12124920

Kaza, S., Yao, L., Bhada-Tata, P., & Van Woerden, F. (2018). What a waste 2.0: A global snapshot of
solid waste management to 2050. World Bank Publications.

Kebli, H., & Sinaj, S. (2017). Agronomic potential of a natural fertiliser based on fly larvae frass.
Recherche Agronomique Suisse, 8(3), 88-95.

Kieroriczyk, B., Sypniewski, J., Rawski, M., Czekata, W., Swiatkiewicz, S., & Jozefiak, D. (2020). From
waste to sustainable feed material: The effect of Hermetia illucens oil on the growth performance,
nutrient digestibility, and gastrointestinal tract morphometry of broiler chickens. Annals of Animal
Science, 20(1), 157-177. https://doi.org/10.2478/aoas-2019-0066

@ Springer


https://doi.org/10.3389/fsufs.2021.714596
https://doi.org/10.3389/fsufs.2021.714596
https://doi.org/10.1038/s41598-020-61765-x
https://doi.org/10.1038/s41598-020-61765-x
https://doi.org/10.1016/j.jclepro.2019.117638
https://doi.org/10.3390/su13094879
https://doi.org/10.3390/su13094879
https://www.sustainabilityconsult.com/downloads-blanks/our-work/150-ipiff-vision-paper-on-the-future-of-the-insect-sector-towards-2030/file
https://www.sustainabilityconsult.com/downloads-blanks/our-work/150-ipiff-vision-paper-on-the-future-of-the-insect-sector-towards-2030/file
https://www.iso.org/standard/37456.html
https://www.aquaculturealliance.org
https://www.aquaculturealliance.org
https://doi.org/10.1007/S00284-011-9874-8
https://doi.org/10.1111/1748-5967.12157
https://doi.org/10.1007/BF02978505
https://doi.org/10.1007/s10144-011-0281-6
https://doi.org/10.17576/jkukm-2018-si1(5)-08
https://doi.org/10.3920/JIFF2019.0043
https://doi.org/10.3390/su12124920
https://doi.org/10.2478/aoas-2019-0066
http://mostwiedzy.pl

A\ MOST

S. A. Siddiqui et al.

Kim, B. F.,, Santo, R. E., Scatterday, A. P., Fry, J. P., Synk, C. M., Cebron, S. R., Mekonnen, M. M.,
Hoekstra, A. Y., De Pee, S., Bloem, M. W., & Neff, R. A. (2020). Country-specific dietary shifts to
mitigate climate and water crises. Global Environmental Change, 62, 101926. https://doi.org/10.
1016/j.gloenvcha.2019.05.010

Kim, C. H., Ryu, J., Lee, J., Ko, K., Lee, J. Y., Park, K. Y., & Chung, H. (2021). Use of black soldier fly
larvae for food waste treatment and energy production in Asian countries: A review. Processes,
9(1), 161. https://doi.org/10.3390/pr9010161

Kimmy Farm (2020). The benefits of BSFL for organic waste management. https://kimmyfarm.com/en/
the-benefits-of-bsfl-for-organic-waste-management.

Klammsteiner, T., Turan, V., Fernandez-Delgado Juarez, M., Oberegger, S., & Insam, H. (2020). Suit-
ability of black soldier fly frass as soil amendment and implication for organic waste hygieniza-
tion. Agronomy, 10(10), 1578. https://doi.org/10.3390/agronomy 10101578

Klonick, A. (2017). Bug ideas: Assessing the market potential and regulation of insects. Master’s pro-
ject, Duke University. https://hdl.handle.net/10161/14175.

Klunder, H. C., Wolkers-Rooijackers, J., Korpela, J. M., & Nout, M. R. (2012). Microbiological aspects
of processing and storage of edible insects. Food Control, 26(2), 628-631. https://doi.org/10.
1016/j.foodcont.2012.02.013

Komakech, A. J., Sundberg, C., Jonsson, H., & Vinneras, B. (2015). Life cycle assessment of biodegrad-
able waste treatment systems for sub-Saharan African cities. Resources, Conservation and Recy-
cling, 99, 100-110.

Kragt, M. E., Dempster, F., & Subroy, V. (2023). Black soldier fly fertilisers by bioconversion of live-
stock waste: Farmers’ perceptions and willingness-to-pay. Journal of Cleaner Production, 411,
137271. https://doi.org/10.1016/j.jclepro.2023.137271

Kroncke, N., Boschen, V., Woyzichovski, J., Demtroder, S., & Benning, R. (2018). Comparison of suit-
able drying processes for mealworms (ZTenebrio molitor). Innovative Food Science & Emerging
Technologies, 50, 20-25. https://doi.org/10.1016/J.IFSET.2018.10.009

Kroncke, N., Grebenteuch, S., Keil, C., Demtroder, S., Kroh, L., Thiinemann, A. F., Benning, R., &
Haase, H. (2019). Effect of different drying methods on nutrient quality of the yellow mealworm
(Tenebrio molitor L.). Insects, 10(4), 84. https://doi.org/10.3390/insects 10040084

Kumar, S., Negi, S., Mandpe, A., Singh, R. V., & Hussain, A. (2018). Rapid composting techniques in
Indian context and utilization of black soldier fly for enhanced decomposition of biodegradable
wastes-A comprehensive review. Journal of Environmental Management, 227, 189-199. https://
doi.org/10.1016/j.jenvman.2018.08.096

Kumcu, A., & Woolverton, A. E. (2015). Feeding Fido: Changing consumer food preferences bring pets
to the table. Journal of Food Products Marketing, 21(2), 213-230. https://doi.org/10.1080/10454
446.2012.715575

Lihteenmiki-Uutela, A., Hénault-Ethier, L., Marimuthu, S. B., Talibov, S., Allen, R. N., Nemane, V.,
Vandenberg, G. W., & Jozefiak, D. (2018). The impact of the insect regulatory system on the
insect marketing system. Journal of Insects as Food and Feed, 4(3), 187-198. https://doi.org/10.
3920/JIFF2017.0073

Lihteenmiki-Uutela, A., Marimuthu, S. B., & Meijer, N. (2021). Regulations on insects as food and
feed: A global comparison. Journal of Insects as Food and Feed, 7(5), 849-856. https://doi.org/
10.3920/J1IFF2020.0066

Lalander, C., Ermolaev, E., Wiklicky, V., & Vinneras, B. (2020). Process efficiency and ventilation
requirement in black soldier fly larvae composting of substrates with high water content. Science
of the Total Environment, 729, 138968. https://doi.org/10.1016/j.scitotenv.2020.138968

Lalander, C. H., Fidjeland, J., Diener, S., Eriksson, S., & Vinnerés, B. (2015). High waste-to-biomass
conversion and efficient Salmonella spp. reduction using black soldier fly for waste recycling.
Agronomy for Sustainable Development, 35,261-271.

Lamb, W. F., Wiedmann, T., Pongratz, J., Andrew, R., Crippa, M., Olivier, J. G., Wiedenhofer, D., Mat-
tioli, G., Al Khourdajie, A., House, J., & Pachauri, S. (2021). A review of trends and drivers of
greenhouse gas emissions by sector from 1990 to 2018. Environmental Research Letters, 16(7),
073005. https://doi.org/10.1088/1748-9326/abec4e

Lanno, M., Klavins, M., Purmalis, O., Shanskiy, M., Kisand, A., & Kriipsalu, M. (2022). Properties of
humic substances in composts comprised of different organic source material. Agriculture, 12(11),
1797. https://doi.org/10.3390/agriculture12111797

Larouche, J., Deschamps, M. H., Saucier, L., Lebeuf, Y., Doyen, A., & Vandenberg, G. W. (2019).
Effects of killing methods on lipid oxidation, colour and microbial load of black soldier fly (Her-
metia illucens) larvae. Animals, 9(4), 182. https://doi.org/10.3390/ani9040182

@ Springer


https://doi.org/10.1016/j.gloenvcha.2019.05.010
https://doi.org/10.1016/j.gloenvcha.2019.05.010
https://doi.org/10.3390/pr9010161
https://kimmyfarm.com/en/the-benefits-of-bsfl-for-organic-waste-management
https://kimmyfarm.com/en/the-benefits-of-bsfl-for-organic-waste-management
https://doi.org/10.3390/agronomy10101578
https://hdl.handle.net/10161/14175
https://doi.org/10.1016/j.foodcont.2012.02.013
https://doi.org/10.1016/j.foodcont.2012.02.013
https://doi.org/10.1016/j.jclepro.2023.137271
https://doi.org/10.1016/J.IFSET.2018.10.009
https://doi.org/10.3390/insects10040084
https://doi.org/10.1016/j.jenvman.2018.08.096
https://doi.org/10.1016/j.jenvman.2018.08.096
https://doi.org/10.1080/10454446.2012.715575
https://doi.org/10.1080/10454446.2012.715575
https://doi.org/10.3920/JIFF2017.0073
https://doi.org/10.3920/JIFF2017.0073
https://doi.org/10.3920/JIFF2020.0066
https://doi.org/10.3920/JIFF2020.0066
https://doi.org/10.1016/j.scitotenv.2020.138968
https://doi.org/10.1088/1748-9326/abee4e
https://doi.org/10.3390/agriculture12111797
https://doi.org/10.3390/ani9040182
http://mostwiedzy.pl

A\ MOST

Future opportunities for products derived from black soldier...

Larrey-Lassalle, P., Armand Decker, S., Perfido, D., Naneci, S., & Rugani, B. (2022). Life cycle assess-
ment applied to nature-based solutions: Learnings, methodological challenges, and perspectives
from a critical analysis of the literature. Land, 11(5), 649. https://doi.org/10.3390/land 11050649

Laurent, A., Bakas, 1., Clavreul, J., Bernstad, A., Niero, M., Gentil, E., Hauschild, M. Z., & Christensen,
T. H. (2014). Review of LCA studies of solid waste management systems—Part I: Lessons learned
and perspectives. Waste Management, 34(3), 573-588. https://doi.org/10.1016/j.wasman.2013.10.
045

Lee, C. G., Da Silva, C. A., Lee, J. Y., Hartl, D., & Elias, J. A. (2008). Chitin regulation of immune
responses: An old molecule with new roles. Current Opinion in Immunology, 20(6), 684—689. https://
doi.org/10.1016/j.c01.2008.10.002

Lee, H. E., Bang, W. Y., Kim, Y., Bae, S., Hahn, D., & Jung, Y. H. (2020). Storage characteristics of two-
spotted cricket (Gryllus bimaculatus De Geer) powder according to drying method and storage tem-
perature. Entomological Research, 50(11), 517-524. https://doi.org/10.1111/1748-5967.12472

Lei, X. J., Kim, T. H., Park, J. H., & Kim, I. H. (2019). Evaluation of Supplementation of Defatted Black
Soldier Fly (Hermetia illucens) Larvae Meal in Beagle Dogs. Annals of Animal Science, 19(3),
767-771.

Lenaerts, S., Van Der Borght, M., Callens, A., & Van Campenhout, L. (2018). Suitability of microwave dry-
ing for mealworms (Zenebrio molitor) as alternative to freeze drying: Impact on nutritional quality
and colour. Food Chemistry, 254, 129—136. https://doi.org/10.1016/j.foodchem.2018.02.006

Li, Q., Zheng, L., Cai, H., Garza, E., Yu, Z., & Zhou, S. (2011). From organic waste to biodiesel: Black
soldier fly, Hermetia illucens, makes it feasible. Fuel, 90(4), 1545-1548. https://doi.org/10.1016/].
fuel.2010.11.016

Li, S., Ji, H., Zhang, B., Tian, J., Zhou, J., & Yu, H. (2016). Influence of black soldier fly (Hermetia illu-
cens) larvae oil on growth performance, body composition, tissue fatty acid composition and lipid
deposition in juvenile Jian carp (Cyprinus carpio var. Jian). Aquaculture, 465, 43-52.

Liland, N. S., Araujo, P., Xu, X. X., Lock, E. J., Radhakrishnan, G., Prabhu, A. J. P., & Belghit, I. (2021). A
meta-analysis on the nutritional value of insects in aqua feeds. Journal of Insects as Food and Feed,
7(5), 743-759. https://doi.org/10.3920/JIFF2020.0147

Liland, N. S., Biancarosa, I., Araujo, P., Biemans, D., Bruckner, C. G., Waagbg, R., Torstensen, B. E., &
Lock, E. J. (2017). Modulation of nutrient composition of black soldier fly (Hermetia illucens) lar-
vae by feeding seaweed-enriched media. PLoS ONE, 12(8), e0183188. https://doi.org/10.1371/journ
al.pone.0183188

Liu, Q., Tomberlin, J. K., Brady, J. A., Sanford, M. R., & Yu, Z. (2008). Black soldier fly (Diptera: Stratio-
myidae) larvae reduce i in dairy manure. Environmental Entomology, 37(6), 1525-1530. https://doi.
org/10.1603/0046-225x-37.6.1525

Liu, T., Awasthi, M. K., Chen, H., Duan, Y., Awasthi, S. K., & Zhang, Z. (2019). Performance of black
soldier fly larvae (Diptera: Stratiomyidae) for manure composting and production of cleaner compost.
Journal of Environmental Management, 251, 109593. https://doi.org/10.1016/j.jenvman.2019.109593

Lopes, I. G., Yong, J. W., & Lalander, C. (2022). Frass derived from black soldier fly larvae treatment
of biodegradable wastes. A critical review and future perspectives. Waste Management, 142, 65-76.
https://doi.org/10.1016/j.wasman.2022.02.007

Lucas-Gonzalez, R., Fernandez-Lépez, J., Pérez-AlvaIez, J. A., & Viuda-Martos, M. (2019). Effect of dry-
ing processes in the chemical, physico-chemical, techno-functional and antioxidant properties of
flours obtained from house cricket (Acheta domesticus). European Food Research and Technology,
245(7), 1451-1458. https://doi.org/10.1007/s00217-019-03301-4

Lugato, E., Cescatti, A., Jones, A., Ceccherini, G., & Duveiller, G. (2020). Maximising climate mitiga-
tion potential by carbon and radiative agricultural land management with cover crops. Environmental
Research Letters, 15(9), 094075. https://doi.org/10.1088/1748-9326/abal37

Lugtenberg, B., & Kamilova, F. (2009). Plant-growth-promoting rhizobacteria. Annual Review of Microbi-
ology, 63, 541-556. https://doi.org/10.1146/annurev.micro.62.081307.162918

Luo, Y., Liang, J., Zeng, G., Chen, M., Mo, D., Li, G., & Zhang, D. (2018). Seed germination test for
toxicity evaluation of compost: Its roles, problems and prospects. Waste Management, 71, 109-114.
https://doi.org/10.1016/j.wasman.2017.09.023

Macik, M., Gryta, A., & Frac, M. (2020). Biofertilizers in agriculture: An overview on concepts, strategies
and effects on soil microorganisms. Advances in Agronomy, 162, 31-87. https://doi.org/10.1016/bs.
agron.2020.02.001

Magalhies, R., Sanchez-Lopez, A., Leal, R. S., Martinez-Llorens, S., Oliva-Teles, A., & Peres, H. (2017).
Black soldier fly (Hermetia illucens) pre-pupae meal as a fish meal replacement in diets for European
seabass (Dicentrarchus labrax). Aquaculture, 476, 719-85. https://doi.org/10.1016/j.aquaculture.2017.
04.021

@ Springer


https://doi.org/10.3390/land11050649
https://doi.org/10.1016/j.wasman.2013.10.045
https://doi.org/10.1016/j.wasman.2013.10.045
https://doi.org/10.1016/j.coi.2008.10.002
https://doi.org/10.1016/j.coi.2008.10.002
https://doi.org/10.1111/1748-5967.12472
https://doi.org/10.1016/j.foodchem.2018.02.006
https://doi.org/10.1016/j.fuel.2010.11.016
https://doi.org/10.1016/j.fuel.2010.11.016
https://doi.org/10.3920/JIFF2020.0147
https://doi.org/10.1371/journal.pone.0183188
https://doi.org/10.1371/journal.pone.0183188
https://doi.org/10.1603/0046-225x-37.6.1525
https://doi.org/10.1603/0046-225x-37.6.1525
https://doi.org/10.1016/j.jenvman.2019.109593
https://doi.org/10.1016/j.wasman.2022.02.007
https://doi.org/10.1007/s00217-019-03301-4
https://doi.org/10.1088/1748-9326/aba137
https://doi.org/10.1146/annurev.micro.62.081307.162918
https://doi.org/10.1016/j.wasman.2017.09.023
https://doi.org/10.1016/bs.agron.2020.02.001
https://doi.org/10.1016/bs.agron.2020.02.001
https://doi.org/10.1016/j.aquaculture.2017.04.021
https://doi.org/10.1016/j.aquaculture.2017.04.021
http://mostwiedzy.pl

A\ MOST

S. A. Siddiqui et al.

Makkar, H. P. S. (2018). Feed demand landscape and implications of food-not feed strategy for food security
and climate change. Animal, 12(8), 1744-1754. https://doi.org/10.1017/S175173111700324X

Makkar, H. P., Tran, G., Heuzé, V., & Ankers, P. (2014). State-of-the-art on use of insects as animal feed.
Animal Feed Science and Technology, 197, 1-33. https://doi.org/10.1016/j.anifeedsci.2014.07.008

Mason, B. (2016). Production of high value protein feeds and fertilizer from pre-consumer vegetable waste
utilizing a novel black soldier fly larvae conversion process. Verschuren Center for Sustainability in
Energy & Environment, Cape Breton University. Sydney, Nova Scotia, Canada.

Meticulous Market Report (2022). Black Soldier Fly Market Worth $3.96 Billion by 2033 - Exclusive
Report by Meticulous Research. https://www.globenewswire.com/en/news-release/2022/06/24/
2468653/0/en/Black-Soldier-Fly-Market-Worth-3-96-Billion-by-2033-Exclusive-Report-by-Metic
ulous-Research.html.

Maurer, V., Holinger, M., Amsler, Z., Friith, B., Wohlfahrt, J., Stamer, A., & Leiber, F. (2016). Replace-
ment of soybean cake by Hermetia illucens meal in diets for layers. Journal of Insects as Food and
Feed, 2(2), 83-90.

Mekonnen, M., & Hoekstra, A. Y. (2010). The green, blue and grey water footprint of farm animals and
animal products. Volume 2: Appendices. Value of Water Research Report Series No. 48, 48, Delft,
The Netherlands: UNESCO-IHE.

Meneguz, M., Schiavone, A., Gai, F., Dama, A., Lussiana, C., Renna, M., & Gasco, L. (2018). Effect of
rearing substrate on growth performance, waste reduction efficiency and chemical composition
of black soldier fly (Hermetia illucens) larvae. Journal of the Science of Food and Agriculture,
98(15), 5776-5784. https://doi.org/10.1002/jsfa.9127

Menino, R., Felizes, F., Castelo-Branco, M. A., Fareleira, P., Moreira, O., Nunes, R., & Murta, D.
(2021). Agricultural value of Black Soldier Fly larvae frass as organic fertilizer on ryegrass. Heli-
yon, 7(1), 1. https://doi.org/10.1016/j.heliyon.2020.05855

Mertenat, A., Diener, S., & Zurbriigg, C. (2019). Black Soldier Fly biowaste treatment—Assessment of
global warming potential. Waste Management, 84, 173-181. https://doi.org/10.1016/j.wasman.
2018.11.040

Miglietta, P. P., De Leo, F., Ruberti, M., & Massari, S. (2015). Mealworms for food: A water footprint
perspective. Water, 7(11), 6190-6203. https://doi.org/10.3390/w7116190

Modahl, I. S., & Brekke, A. (2022). Environmental performance of insect protein: A case of LCA
results for fish feed produced in Norway. SN Applied Sciences, 4(6), 183. https://doi.org/10.1007/
$42452-022-05065-1

Mohd-Noor, S. N., Wong, C. Y., Lim, J. W., Uemura, Y., Lam, M. K., Ramli, A., Bashir, M. J., & Tham,
L. (2017). Optimization of self-fermented period of waste coconut endosperm destined to feed
black soldier fly larvae in enhancing the lipid and protein yields. Renewable Energy, 111, 646—
654. https://doi.org/10.1016/j.renene.2017.04.067

Moher, D., Liberati, A., Tetzlaff, J., Altman, D. G., & PRISMA Group, T. (2009). Preferred reporting
items for systematic reviews and meta-analyses: The PRISMA statement. Annals of Internal Medi-
cine, 151(4), 264-269.

Monteiro dos Santos, D. K., Rodrigues de Freitas, O., Oishi, C. A., Ledo da Fonseca, F. A., Parisi, G., &
Uribe Gongalves, L. (2023). Full-fat black soldier fly larvae meal in diet for tambaqui, colossoma
macropomum: Digestibility, growth performance and economic analysis of feeds. Animals, 13(3),
360.

Mouithys-Mickalad, A., Schmitt, E., Dalim, M., Franck, T., Tome, N. M., van Spankeren, M., Serteyn,
D., & Paul, A. (2020). Black soldier fly (Hermetia illucens) larvae protein derivatives: Potential to
promote animal health. Animals, 10(6), 941. https://doi.org/10.3390/ani10060941

Musyoka, M. W., Adamtey, N., Biinemann, E. K., Muriuki, A. W., Karanja, E. N., Mucheru-Muna, M.,
Fiaboe, K. K., & Cadisch, G. (2019). Nitrogen release and synchrony in organic and conventional
farming systems of the Central Highlands of Kenya. Nutrient Cycling in Agroecosystems, 113,
283-305. https://doi.org/10.1007/s10705-019-09978-z

Mwaniki, Z., Shoveller, A. K., Huber, L. A., & Kiarie, E. G. (2020). Complete replacement of soybean
meal with defatted black soldier fly larvae meal in Shaver White hens feeding program (28-43
wks of age): Impact on egg production, egg quality, organ weight, and apparent retention of com-
ponents. Poultry Science, 99(2), 959-965.

Nagarajkumar, M., Bhaskaran, R., & Velazhahan, R. (2004). Involvement of secondary metabolites and
extracellular lytic enzymes produced by Pseudomonas fluorescens in inhibition of Rhizoctonia
solani, the rice sheath blight pathogen. Microbiological Research, 159(1), 73-81. https://doi.org/
10.1016/j.micres.2004.01.005

@ Springer


https://doi.org/10.1017/S175173111700324X
https://doi.org/10.1016/j.anifeedsci.2014.07.008
https://www.globenewswire.com/en/news-release/2022/06/24/2468653/0/en/Black-Soldier-Fly-Market-Worth-3-96-Billion-by-2033-Exclusive-Report-by-Meticulous-Research.html
https://www.globenewswire.com/en/news-release/2022/06/24/2468653/0/en/Black-Soldier-Fly-Market-Worth-3-96-Billion-by-2033-Exclusive-Report-by-Meticulous-Research.html
https://www.globenewswire.com/en/news-release/2022/06/24/2468653/0/en/Black-Soldier-Fly-Market-Worth-3-96-Billion-by-2033-Exclusive-Report-by-Meticulous-Research.html
https://doi.org/10.1002/jsfa.9127
https://doi.org/10.1016/j.heliyon.2020.e05855
https://doi.org/10.1016/j.wasman.2018.11.040
https://doi.org/10.1016/j.wasman.2018.11.040
https://doi.org/10.3390/w7116190
https://doi.org/10.1007/s42452-022-05065-1
https://doi.org/10.1007/s42452-022-05065-1
https://doi.org/10.1016/j.renene.2017.04.067
https://doi.org/10.3390/ani10060941
https://doi.org/10.1007/s10705-019-09978-z
https://doi.org/10.1016/j.micres.2004.01.005
https://doi.org/10.1016/j.micres.2004.01.005
http://mostwiedzy.pl

A\ MOST

Future opportunities for products derived from black soldier...

Nairuti, R. N., Musyoka, S. N., Yegon, M. J., & Opiyo, M. A. (2021). Utilization of black soldier fly
(Hermetia illucens L.) larvae as a protein source for fish feed—a review. Aquaculture Studies,
22(2), 1.

Ndambi, O. A., Pelster, D. E., Owino, J. O., De Buisonje, F., & Vellinga, T. (2019). Manure manage-
ment practices and policies in sub-Saharan Africa: Implications on manure quality as a fertilizer.
Frontiers in Sustainable Food Systems, 3, 29. https://doi.org/10.3389/fsufs.2019.00029

Newton, G. L., Sheppard, D. C., Watson, D. W., Burtle, G. J., Dove, C. R., Tomberlin, J. K., & Thelen,
E. E. (2005). The black soldier fly, Hermetia illucens, as a manure management/resource recovery
tool. Symposium on the state of the science of Animal Manure and Waste Management, 1(57).
https://citeseerx.ist.psu.edu/document?repid=rep 1 &type=pdf&doi=5aa581bf66145ee15551c0a86
df6436b9183fd05

Nicksy, J., Amiro, B., & Entz, M. (2021). Recycled nutrients supply phosphorus and improve ryegrass
yields on phosphorus-depleted soil. Canadian Journal of Soil Science, 101(3), 565-569. https://doi.
org/10.1139/cjss-2021-0004

Nolet, S. (2017). The Opportunities and Challenges of Insect Farming for Feed. AgFunder Network
Partners.

Nurfikari, A. (2022). Prospects of residual streams from insect cultivation for sustainable crop management.
Doctoral dissertation, Wageningen University. https://doi.org/10.18174/578680

Nuvoli, D., Montevecchi, G., Lovato, F., Masino, F., Van Der Borght, M., Messori, M., & Antonelli, A.
(2021). Protein films from black soldier fly (Hermetia illucens, Diptera: Stratiomyidae) prepupae:
Effect of protein solubility and mild crosslinking. Journal of the Science of Food and Agriculture,
101(11), 4506-4513. https://doi.org/10.1002/jsfa.11091

Nyakeri, E. M., Ogola, H. J. O., Ayieko, M. A., & Amimo, F. A. (2017). Valorisation of organic waste
material: Growth performance of wild black soldier fly larvae (Hermetia illucens) reared on different
organic wastes. Journal of Insects as Food and Feed, 3(3), 193-202. https://doi.org/10.3920/JIFF2
017.0004

OECD/FAO (2021). OECD-FAO Agricultural Outlook 2021-2030. OECD Publishing Paris.

Okin, G. S. (2017). Environmental impacts of food consumption by dogs and cats. PLoS ONE, 12(8),
e0181301. https://doi.org/10.1371/journal.pone.0181301

Olaetxea, M., De Hita, D., Garcia, C. A., Fuentes, M., Baigorri, R., Mora, V., Garnica, M., Urrutia, O., Erro,
J., Zamarrefio, A. M., & Berbara, R. L. (2018). Hypothetical framework integrating the main mecha-
nisms involved in the promoting action of rhizospheric humic substances on plant root-and shoot-
growth. Applied Soil Ecology, 123, 521-537. https://doi.org/10.1016/j.aps0il.2017.06.007

Onwezen, M. C., Bouwman, E. P., Reinders, M. J., & Dagevos, H. (2021). A systematic review on consumer
acceptance of alternative proteins: Pulses, algae, insects, plant-based meat alternatives, and cultured
meat. Appetite, 159, 105058. https://doi.org/10.1016/j.appet.2020.105058

Oonincx, D. G. A. B., Van Huis, A., & Van Loon, J. J. A. (2015). Nutrient utilisation by black soldier flies
fed with chicken, pig, or cow manure. Journal of Insects as Food and Feed, 1(2), 131-139. https://doi.
org/10.3920/JIFF2014.0023

Oonincx, D. G., & De Boer, 1. J. (2012). Environmental impact of the production of mealworms as a protein
source for humans—a life cycle assessment. PLoS ONE, 7(12), e51145.

Oonincx, D. G., Van Itterbeeck, J., Heetkamp, M. J., Van Den Brand, H., Van Loon, J. J., & Van Huis, A.
(2010). An exploration on greenhouse gas and ammonia production by insect species suitable for ani-
mal or human consumption. PLoS ONE, 5(12), e14445. https://doi.org/10.1371/journal.pone.0014445

Oteri, M., Chiofalo, B., Maricchiolo, G., Toscano, G., Nalbone, L., Lo Presti, V., & Di Rosa, A. R. (2022).
Black Soldier fly larvae meal in the diet of gilthead sea bream: Effect on chemical and microbiologi-
cal quality of filets. Frontiers in Nutrition, 9, 896552. https://doi.org/10.3389/fnut.2022.896552

Palma, L., Fernandez-Bayo, J., Putri, F., & VanderGheynst, J. S. (2020). Almond by-product composition
impacts the rearing of black soldier fly larvae and quality of the spent substrate as a soil amend-
ment. Journal of the Science of Food and Agriculture, 100(12), 4618-4626. https://doi.org/10.1002/
jsfa.10522

Pang, W., Hou, D., Chen, J., Nowar, E. E., Li, Z., Hu, R., Tomberlin, K., Yu, Z., Li, Q., & Wang, S. (2020).
Reducing greenhouse gas emissions and enhancing carbon and nitrogen conversion in food wastes by
the black soldier fly. Journal of Environmental Management, 260, 110066. https://doi.org/10.1016/j.
jenvman.2020.110066

Papa, G., Scaglia, B., D’Imporzano, G., Savoldelli, S., Jucker, C., Colombini, S., Toschi, I., & Adani, F.
(2022). Valorizing the organic fraction of municipal solid waste by producing black soldier fly larvae
and biomethane in a biorefinery approach. Journal of Cleaner Production, 379, 134422. https://doi.
org/10.1016/j.jclepro.2022.134422

@ Springer


https://doi.org/10.3389/fsufs.2019.00029
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=5aa581bf66145ee15551c0a86df6436b9183fd05
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=5aa581bf66145ee15551c0a86df6436b9183fd05
https://doi.org/10.1139/cjss-2021-0004
https://doi.org/10.1139/cjss-2021-0004
https://doi.org/10.18174/578680
https://doi.org/10.1002/jsfa.11091
https://doi.org/10.3920/JIFF2017.0004
https://doi.org/10.3920/JIFF2017.0004
https://doi.org/10.1371/journal.pone.0181301
https://doi.org/10.1016/j.apsoil.2017.06.007
https://doi.org/10.1016/j.appet.2020.105058
https://doi.org/10.3920/JIFF2014.0023
https://doi.org/10.3920/JIFF2014.0023
https://doi.org/10.1371/journal.pone.0014445
https://doi.org/10.3389/fnut.2022.896552
https://doi.org/10.1002/jsfa.10522
https://doi.org/10.1002/jsfa.10522
https://doi.org/10.1016/j.jenvman.2020.110066
https://doi.org/10.1016/j.jenvman.2020.110066
https://doi.org/10.1016/j.jclepro.2022.134422
https://doi.org/10.1016/j.jclepro.2022.134422
http://mostwiedzy.pl

A\ MOST

S. A. Siddiqui et al.

Parodi, A., De Boer, 1. J., Gerrits, W. J., Van Loon, J. J., Heetkamp, M. J., Bolhuis, J. E., & Van Zanten, H.
H. (2020). Bioconversion efficiencies, greenhouse gas and ammonia emissions during black soldier
fly rearing—A mass balance approach. Journal of Cleaner Production, 271, 122488. https://doi.org/
10.1016/j.jclepro.2020.122488

Pathania, P., Rajta, A., Singh, P. C., & Bhatia, R. (2020). Role of plant growth-promoting bacteria in sus-
tainable agriculture. Biocatalysis and Agricultural Biotechnology, 30, 101842. https://doi.org/10.
1016/j.bcab.2020.101842

Patterson, P. H., Acar, N., Ferguson, A. D., Trimble, L. D., Sciubba, H. B., & Koutsos, E. A. (2021). The
impact of dietary Black Soldier Fly larvae oil and meal on laying hen performance and egg quality.
Poultry Science, 100(8), 101272.

Pérez-Montafio, F., Alfas-Villegas, C., Bellogin, R. A., Del Cerro, P., Espuny, M. R., Jiménez-Guerrero, I.,
& Cubo, T. (2014). Plant growth promotion in cereal and leguminous agricultural important plants:
From microorganism capacities to crop production. Microbiological Research, 169(5-6), 325-336.

Penazzi, L., Schiavone, A., Russo, N., Nery, J., Valle, E., Madrid, J., & Prola, L. (2021). In vivo and in vitro
digestibility of an extruded complete dog food containing black soldier fly (Hermetia illucens) larvae
meal as protein source. Frontiers in Veterinary Science, 8, 653411.

Pieterse, E., Erasmus, S. W., Uushona, T., & Hoffman, L. C. (2019). Black soldier fly (Hermetia illucens)
pre-pupae meal as a dietary protein source for broiler production ensures a tasty chicken with stand-
ard meat quality for every pot. Journal of the Science of Food and Agriculture, 99(2), 893-903.

Poveda, J. (2021). Insect frass in the development of sustainable agriculture. A Review. Agronomy for Sus-
tainable Development, 41(1), 5. https://doi.org/10.1007/s13593-020-00656-x

Pisanello, D., & Caruso, G. (2018). Novel foods in the European Union. Springer.

Postma, J., Jansen, S., Franssen, M., Schilder, M., Visser, J., Bloem, J., & Korthals, G. (2022). Kringloop
voor organische stof én bodemweerbaarheid bevorderen. https://doi.org/10.18174/579469

Poveda, J., Jiménez-Gomez, A., Saati-Santamaria, Z., Usategui-Martin, R., Rivas, R., & Garcia-Fraile, P.
(2019). Mealworm frass as a potential biofertilizer and abiotic stress tolerance-inductor in plants.
Applied Soil Ecology, 142, 110-122. https://doi.org/10.1016/j.aps0il.2019.04.016

Protix (2023). All-natural sustainable insect fertiliser. https://protix.eu/

Purnamasari, L., Widyaningrum, D. C., Muhlison, W., Krismaputri, M. E., Sucipto, I., & Pratiwi, N. (2021).
Amino acid profile and proximate composition of black soldier fly larvae (Hermetia illucens) with
two drying methods. International Seminar on Livestock Production and Veterinary Technology, p.
48.

Putra, R. E., Hutami, R., Suantika, G., & Rosmiati, M. (2017). Application of compost produced by bio-
conversion of coffee husk by black soldier fly larvae (Hermetia illucens) as solid fertilizer to lettuce
(Lactuca sativa var. crispa): impact to harvested biomass and utilization of nitrogen, phosphor, and
potassium. Proceedings of the International Conference on Green Technology, 8(1), 466—472. https://
doi.org/10.18860/icgt.v8il.376

Quang Tran, H., Van Doan, H., & Stejskal, V. (2022). Environmental consequences of using insect meal as
an ingredient in aquafeeds: A systematic view. Reviews in Aquaculture, 14(1), 237-251.

Quilliam, R. S., Nuku-Adeku, C., Maquart, P., Little, D., Newton, R., & Murray, F. (2020). Integrating
insect frass biofertilisers into sustainable peri-urban agro-food systems. Journal of Insects as Food
and Feed, 6(3), 315-322. https://doi.org/10.3920/JIFF2019.0049

Raman, S. S., Stringer, L. C., Bruce, N. C., & Chong, C. S. (2022). Opportunities, challenges and solutions
for black soldier fly larvae-based animal feed production. Journal of Cleaner Production, 133802.
https://doi.org/10.1016/j.jclepro.2022.133802

Rawski, M., Mazurkiewicz, J., Kieronczyk, B., & Jozefiak, D. (2021). Black soldier fly full-fat larvae meal
is more profitable than fish meal and fish oil in Siberian sturgeon farming: The effects on aquaculture
sustainability, economy and fish GIT development. Animals, 11(3), 604. https://doi.org/10.3390/anil 1
030604

Rawski, M., Mazurkiewicz, J., Kieronczyk, B., & Jozefiak, D. (2020). Black soldier fly full-fat larvae meal
as an alternative to fish meal and fish oil in Siberian sturgeon nutrition: The effects on physical prop-
erties of the feed, animal growth performance, and feed acceptance and utilization. Animals, 10(11),
2119. https://doi.org/10.3390/ani10112119

Rehman, K. U., Hollah, C., Wiesotzki, K., Rehman, R. U., Rehman, A. U., Zhang, J., Zheng, L., Nienaber,
T., Heinz, V., & Aganovic, K. (2023). Black soldier fly, Hermetia illucens as a potential innovative
and environmentally friendly tool for organic waste management: A mini-review. Waste Management
& Research, 41(1), 81-97. https://doi.org/10.1177/0734242X221105441

Renna, M., Schiavone, A., Gai, F., Dabbou, S., Lussiana, C., Malfatto, V., & Gasco, L. (2017). Evaluation of
the suitability of a partially defatted black soldier fly (Hermetia illucens L.) larvae meal as ingredient

@ Springer


https://doi.org/10.1016/j.jclepro.2020.122488
https://doi.org/10.1016/j.jclepro.2020.122488
https://doi.org/10.1016/j.bcab.2020.101842
https://doi.org/10.1016/j.bcab.2020.101842
https://doi.org/10.1007/s13593-020-00656-x
https://doi.org/10.18174/579469
https://doi.org/10.1016/j.apsoil.2019.04.016
https://protix.eu/
https://doi.org/10.18860/icgt.v8i1.376
https://doi.org/10.18860/icgt.v8i1.376
https://doi.org/10.3920/JIFF2019.0049
https://doi.org/10.1016/j.jclepro.2022.133802
https://doi.org/10.3390/ani11030604
https://doi.org/10.3390/ani11030604
https://doi.org/10.3390/ani10112119
https://doi.org/10.1177/0734242X221105441
http://mostwiedzy.pl

A\ MOST

Future opportunities for products derived from black soldier...

for rainbow trout (Oncorhynchus mykiss Walbaum) diets. Journal of Animal Science and Biotechnol-
ogy, 8, 1-13.

Riera, B. A. (2018). Black soldier fly a circular economy solution for Scotland. Italian Journal of Animal
Science, 23, 1-4.

Romano, N. (2022). Cardboard supplementation on the growth and nutritional content of black solider fly
(Hermetia illucens) larvae and resulting frass. International Journal of Tropical Insect Science, 42(5),
3357-3362. https://doi.org/10.1007/s42690-022-00831-5

Romano, N., Powell, A., Islam, S., Fischer, H., Renukdas, N., Sinha, A. K., & Francis, S. (2022). Supple-
menting aquaponics with black soldier fly (Hermetia illucens) larvae frass tea: Effects on the pro-
duction and composition of sweetpotato slips and sweet banana peppers. Aquaculture, 555, 738160.
https://doi.org/10.1016/j.aquaculture.2022.738160

Rosa, R., Spinelli, R., Neri, P., Pini, M., Barbi, S., Montorsi, M., Marseglia, A., Caligiani, A., & Ferrari,
A. M. (2020). Life cycle assessment of chemical vs enzymatic-assisted extraction of proteins from
black soldier fly prepupae for the preparation of biomaterials for potential agricultural use. ACS
Sustainable Chemistry & Engineering, 8(39), 14752—-14764. https://doi.org/10.1021/acssuschem
eng.0c03795

Rufino, M. C., Tittonell, P., Van Wijk, M. T., Castellanos-Navarrete, A., Delve, R. J., De Ridder, N., &
Giller, K. E. (2007). Manure as a key resource within smallholder farming systems: Analysing
farm-scale nutrient cycling efficiencies with the NUANCES framework. Livestock Science, 112(3),
273-287. https://doi.org/10.1016/j.1ivsci.2007.09.011

Rummel, P. S., Beule, L., Hemkemeyer, M., Schwalb, S. A., & Wichern, F. (2021). Black soldier fly diet
impacts soil greenhouse gas emissions from frass applied as fertilizer. Frontiers in Sustainable
Food Systems, 5, 709993. https://doi.org/10.3389/fsufs.2021.709993

Rumpold, B. A., & Schliiter, O. K. (2013). Potential and challenges of insects as an innovative source for
food and feed production. Innovative Food Science & Emerging Technologies, 17, 1-11. https://
doi.org/10.1016/j.ifset.2012.11.005

Rustad, I. H. (2016). Life cycle assessment of fish feed produced from the black soldier fly (Hermetia
illucens). Master’s Thesis, NTNU.

Salomone, R., Saija, G., Mondello, G., Giannetto, A., Fasulo, S., & Savastano, D. (2017). Environmental
impact of food waste bioconversion by insects: Application of Life Cycle Assessment to process
using Hermetia illucens. Journal of Cleaner Production, 140, 890-905. https://doi.org/10.1016/j.
jelepro.2016.06.154

Santero, N., & Hendry, J. (2016). Harmonization of LCA methodologies for the metal and mining indus-
try. The International Journal of Life Cycle Assessment, 21, 1543-1553. https://doi.org/10.1007/
s11367-015-1022-4

Sarpong, D. E., Oduro-Kwarteng, S., Gyasi, S. F., Buamah, R., Donkor, E., Awuah, E., & Baah, M. K.
(2019). Biodegradation by composting of municipal organic solid waste into organic fertilizer using
the black soldier fly (Hermetia illucens)(Diptera: Stratiomyidae) larvae. International Journal of
Recycling of Organic Waste in Agriculture, 8, 45-54. https://doi.org/10.1007/s40093-019-0268-4

Schabel, H. G. (2010). Forest insects as food: A global review. In P. B. Durst, D. V. Johnson, R. N. Les-
lie, & K. Shono (Eds.), Forest insects as food: Humans bite back (pp. 37-64). FAO.

Schiavone, A., Cullere, M., De Marco, M., Meneguz, M., Biasato, 1., Bergagna, S., ... & Dalle Zotte, A.
(2017). Partial or total replacement of soybean oil by black soldier fly larvae (Hermetia illucens
L.) fat in broiler diets: Effect on growth performances, feed-choice, blood traits, carcass character-
istics and meat quality. [talian Journal of Animal Science, 16(1), 93—100. https://doi.org/10.1080/
1828051X.2016.1249968

Schiavone, A., Dabbou, S., De Marco, M., Cullere, M., Biasato, I., Biasibetti, E., Capucchio, M. T.,
Bergagna, S., Dezzutto, D., Meneguz, M., & Gasco, L. (2018). Black soldier fly larva fat inclusion
in finisher broiler chicken diet as an alternative fat source. Animal, 12(10), 2032-2039. https://doi.
org/10.1017/S1751731117003743

Schmitt, E., & de Vries, W. (2020). Potential benefits of using Hermetia illucens frass as a soil amend-
ment on food production and for environmental impact reduction. Current Opinion in Green and
Sustainable Chemistry, 25, 100335. https://doi.org/10.1016/j.cogsc.2020.03.005

Sealey, W. M., Gaylord, T. G., Barrows, F. T., Tomberlin, J. K., McGuire, M. A., Ross, C., & St-Hilaire,
S. (2011). Sensory analysis of rainbow trout, Oncorhynchus mykiss, fed enriched black soldier fly
prepupae, Hermetia illucens. Journal of the World Aquaculture Society, 42(1), 34-45.

Setti, L., Francia, E., Pulvirenti, A., De Leo, R., Martinelli, S., Maistrello, L., Macavei, L. 1., Montorsi,
M., Barbi, S., & Ronga, D. (2020). Bioplastic film from black soldier fly prepupae proteins used
as mulch: Preliminary results. Agronomy, 10(7), 933. https://doi.org/10.3390/agronomy 10070933

@ Springer


https://doi.org/10.1007/s42690-022-00831-5
https://doi.org/10.1016/j.aquaculture.2022.738160
https://doi.org/10.1021/acssuschemeng.0c03795
https://doi.org/10.1021/acssuschemeng.0c03795
https://doi.org/10.1016/j.livsci.2007.09.011
https://doi.org/10.3389/fsufs.2021.709993
https://doi.org/10.1016/j.ifset.2012.11.005
https://doi.org/10.1016/j.ifset.2012.11.005
https://doi.org/10.1016/j.jclepro.2016.06.154
https://doi.org/10.1016/j.jclepro.2016.06.154
https://doi.org/10.1007/s11367-015-1022-4
https://doi.org/10.1007/s11367-015-1022-4
https://doi.org/10.1007/s40093-019-0268-4
https://doi.org/10.1080/1828051X.2016.1249968
https://doi.org/10.1080/1828051X.2016.1249968
https://doi.org/10.1017/S1751731117003743
https://doi.org/10.1017/S1751731117003743
https://doi.org/10.1016/j.cogsc.2020.03.005
https://doi.org/10.3390/agronomy10070933
http://mostwiedzy.pl

A\ MOST

S. A. Siddiqui et al.

Setti, L., Francia, E., Pulvirenti, A., Gigliano, S., Zaccardelli, M., Pane, C., Caradonia, F., Bortolini,
S., Maistrello, L., & Ronga, D. (2019). Use of black soldier fly (Hermetia illucens (L.), Diptera:
Stratiomyidae) larvae processing residue in peat-based growing media. Waste Management, 95,
278-288. https://doi.org/10.1016/j.wasman.2019.06.017

Shaji, H., Chandran, V., & Mathew, L. (2021). Organic fertilizers as a route to controlled release of
nutrients. In F. B. Lewu, T. Volova, S. Thomas, & K. R. Rakhimol (Eds.), Controlled Release Fer-
tilizers for Sustainable Agriculture (pp. 231-245). Academic Press.

Shah, A. A., Totakul, P., Matra, M., Cherdthong, A., Hanboonsong, Y., & Wanapat, M. (2022). Nutri-
tional composition of various insects and potential uses as alternative protein sources in animal
diets. Animal Bioscience, 35(2), 317.

Shumo, M., Osuga, I. M., Khamis, F. M., Tanga, C. M., Fiaboe, K. K., Subramanian, S., Ekesi, S., van
Huis, A., & Borgemeister, C. (2019). The nutritive value of black soldier fly larvae reared on
common organic waste streams in Kenya. Scientific Reports, 9(1), 10110. https://doi.org/10.1038/
$41598-019-46603-z

Siddiqui, S. A., Siifer, O., Caligkan Kog, G., Lutuf, H., Rahayu, T., Castro-Muiioz, R., & Fernando, I.
(2024). Enhancing the bioconversion rate and end products of black soldier fly (BSF) treatment—
A comprehensive review. Environment, Development and Sustainability, 1-69. https://doi.org/10.
1007/s10668-023-04306-6

Siddiqui, S. A., Bahmid, N. A., Karim, I., Mehany, T., Gvozdenko, A. A., Blinov, A. V., Nagdalian, A.
A., Arsyad, M., & Lorenzo, J. M. (2022). Cultured meat: Processing, packaging, shelf life, and
consumer acceptance. LWT, 172, 114192. https://doi.org/10.1016/j.1wt.2022.114192

Slimen, I. B., Yerou, H., Larbi, M. B., M’Hamdi, N., & Najar, T. (2023). Insects as an alternative protein
source for poultry nutrition: a review. Frontiers in Veterinary Science, 10, 1200031. https://doi.
org/10.3389/fvets.2023.120003 1

Smetana, S., Mathys, A., Knoch, A., & Heinz, V. (2015). Meat alternatives: Life cycle assessment of
most known meat substitutes. The International Journal of Life Cycle Assessment, 20, 1254-1267.
https://doi.org/10.1007/s11367-015-0931-6

Smetana, S., Palanisamy, M., Mathys, A., & Heinz, V. (2016). Sustainability of insect use for feed and
food: Life Cycle Assessment perspective. Journal of Cleaner Production, 137, 741-751. https://
doi.org/10.1016/j.jclepro.2016.07.148

Smetana, S., Schmitt, E., & Mathys, A. (2019). Sustainable use of Hermetia illucens insect biomass for
feed and food: Attributional and consequential life cycle assessment. Resources, Conservation and
Recycling, 144, 285-296. https://doi.org/10.1016/j.resconrec.2019.01.042

Smith, R., & Barnes, E. (2015). PROteINSECT Consensus Business Case Report:‘Determining the
contribution that insects can make to addressing the protein deficit in Europe. Minerva Health &
Care Communications Ltd. http://www.proteinsect.eu/fileadmin/user_upload/deliverables/PROte
INSECT_CBC_FINALv1.pdf.

Sogari, G., Amato, M., Biasato, 1., Chiesa, S., & Gasco, L. (2019). The potential role of insects as feed:
A multi-perspective review. Animals, 9(4), 119. https://doi.org/10.3390/ani9040119

Song, S., Ee, A. W. L., Tan, J. K. N., Cheong, J. C., Chiam, Z., Arora, S., Lam, W. N., & Tan, H. T. W.
(2021). Upcycling food waste using black soldier fly larvae: Effects of further composting on frass
quality, fertilising effect and its global warming potential. Journal of Cleaner Production, 288,
125664. https://doi.org/10.1016/].jclepro.2020.125664

Spinelli, R., Neri, P., Pini, M., Barbi, S., Montorsi, M., & Ferrari, A. M. (2019). Using black soldier
flies (Hermetia illucens) to bioconvert waste from the livestock production chain: A life cycle
assessment case study. WIT Trans. Ecology and Environment, 231, 47-58. https://doi.org/10.2495/
WM180051

Spranghers, T., Ottoboni, M., Klootwijk, C., Ovyn, A., Deboosere, S., De Meulenaer, B., Michiels, J.,
Eeckhout, M., De Clercq, P., & De Smet, S. (2017). Nutritional composition of black soldier fly
(Hermetia illucens) prepupae reared on different organic waste substrates. Journal of the Science
of Food and Agriculture, 97(8), 2594-2600. https://doi.org/10.1002/jsfa.8081

Star, L., Arsiwalla, T., Molist, F., Leushuis, R., Dalim, M., & Paul, A. (2020). Gradual provision of
live black soldier fly (Hermetia illucens) larvae to older laying hens: Effect on production perfor-
mance, egg quality, feather condition and behavior. Animals, 10(2), 216. https://doi.org/10.3390/
ani10020216

Steinfeld, H. (2006). Livestock’s long shadow: Environmental issues and options. FAO.

Stejskal, V., Tran, H. Q., Prokesova, M., Gebauer, T., Giang, P. T., Gai, F., & Gasco, L. (2020). Partially
defatted Hermetia illucens larva meal in diet of Eurasian perch (Perca fluviatilis) juveniles. Ani-
mals, 10(10), 1876.

@ Springer


https://doi.org/10.1016/j.wasman.2019.06.017
https://doi.org/10.1038/s41598-019-46603-z
https://doi.org/10.1038/s41598-019-46603-z
https://doi.org/10.1007/s10668-023-04306-6
https://doi.org/10.1007/s10668-023-04306-6
https://doi.org/10.1016/j.lwt.2022.114192
https://doi.org/10.3389/fvets.2023.1200031
https://doi.org/10.3389/fvets.2023.1200031
https://doi.org/10.1007/s11367-015-0931-6
https://doi.org/10.1016/j.jclepro.2016.07.148
https://doi.org/10.1016/j.jclepro.2016.07.148
https://doi.org/10.1016/j.resconrec.2019.01.042
http://www.proteinsect.eu/fileadmin/user_upload/deliverables/PROteINSECT_CBC_FINALv1.pdf
http://www.proteinsect.eu/fileadmin/user_upload/deliverables/PROteINSECT_CBC_FINALv1.pdf
https://doi.org/10.3390/ani9040119
https://doi.org/10.1016/j.jclepro.2020.125664
https://doi.org/10.2495/WM180051
https://doi.org/10.2495/WM180051
https://doi.org/10.1002/jsfa.8081
https://doi.org/10.3390/ani10020216
https://doi.org/10.3390/ani10020216
http://mostwiedzy.pl

A\ MOST

Future opportunities for products derived from black soldier...

St-Hilaire, S., Cranfill, K., McGuire, M. A., Mosley, E. E., Tomberlin, J. K., Newton, L., ... & Irving,
S. (2007). Fish offal recycling by the black soldier fly produces a foodstuff high in omega-3
fatty acids. Journal of the World Aquaculture Society, 38(2), 309-313.Sultana, R., Rashedi, A.,
Khanam, T., Jeong, B., Hosseinzadeh-Bandbaftha, H., & Hussain, M. (2022). Life cycle environ-
mental sustainability and energy assessment of timber wall construction: A comprehensive over-
view. Sustainability, 14(7), 4161. https://doi.org/10.3390/su14074161

Surendra, K. C., Olivier, R., Tomberlin, J. K., Jha, R., & Khanal, S. K. (2016). Bioconversion of organic
wastes into biodiesel and animal feed via insect farming. Renewable Energy, 98, 197-202. https://
doi.org/10.1016/j.renene.2016.03.022

Surendra, K. C., Tomberlin, J. K., van Huis, A., Cammack, J. A., Heckmann, L. H. L., & Khanal, S. K.
(2020). Rethinking organic wastes bioconversion: Evaluating the potential of the black soldier fly
(Hermetia illucens (L.))(Diptera: Stratiomyidae)(BSF). Waste Management, 117, 58-80. https://
doi.org/10.1016/j.wasman.2020.07.050

Suryati, T., Julaeha, E., Farabi, K., Ambarsari, H., & Hidayat, A. T. (2023). Lauric acid from the black sol-
dier fly (Hermetia illucens) and its potential applications. Sustainability, 15(13), 10383. https://doi.
org/10.3390/sul51310383

Sutton, R., & Sposito, G. (2005). Molecular structure in soil humic substances: The new view. Environmen-
tal Science & Technology, 39(23), 9009-9015. https://doi.org/10.1021/es050778q

§wiatkiewicz, S., Arczewska-Wtosek, A., & Jozefiak, D. (2016). The use of cottonseed meal as a protein
source for poultry: An updated review. World’s Poultry Science Journal, 72(3), 473—484.

Sypniewski, J., Kieroriczyk, B., Benzertiha, A., Mikotajczak, Z., Pruszyriska-Oszmatek, E., Kotodziejski, P.,
Sassek, M., Rawski, M., Czekata, W., & Jozefiak, D. (2020). Replacement of soybean oil by Hermetia
illucens fat in turkey nutrition: Effect on performance, digestibility, microbial community, immune
and physiological status and final product quality. British Poultry Science, 61(3), 294-302. https://doi.
org/10.1080/00071668.2020.1716302

Tan, J. K. N,, Lee, J. T. E., Chiam, Z., Song, S., Arora, S., Tong, Y. W., & Tan, H. T. W. (2021). Applica-
tions of food waste-derived black soldier fly larval frass as incorporated compost, side-dress ferti-
lizer and frass-tea drench for soilless cultivation of leafy vegetables in biochar-based growing media.
Waste Management, 130, 155-166. https://doi.org/10.1016/j.wasman.2021.05.025

Tanga, C. M., Beesigamukama, D., Kassie, M., Egonyu, P. J., Ghemoh, C. J., Nkoba, K., & Ekesi, S. (2022).
Performance of black soldier fly frass fertiliser on maize (Zea mays L.) growth, yield, nutritional
quality, and economic returns. Journal of Insects as Food and Feed, 8(2), 185-196. https://doi.org/10.
3920/JIFF2021.0012

Tettamanti, G., & Bruno, D. (2024). Black soldier fly larvae should be considered beyond their use as feed-
stuff. Journal of Insects as Food and Feed, 1, 1-7. https://doi.org/10.1163/23524588-241001ED

Tinder, A. C., Puckett, R. T., Turner, N. D., Cammack, J. A., & Tomberlin, J. K. (2017). Bioconversion of
sorghum and cowpea by black soldier fly (Hermetia illucens (L.)) larvae for alternative protein pro-
duction. Journal of Insects as Food and Feed, 3(2), 121-130. https://doi.org/10.3920/JIFF2016.0048

Tirado, S. M. (2008). Effects of turning frequency, pile size and season on physical, chemical and biologi-
cal properties during composting of dairy manure/sawdust (dm+ s). Doctoral dissertation, The Ohio
State University.

Tran, H. Q., von Siebenthal, E. W., Luce, J. B., Nguyen, T. T., Tomcala, A., Stejskal, V., & Janssens, T.
(2024). Complementarity of insect meal and poultry by-product meal as replacement for fishmeal can
sustain the production performance of European perch (Perca fluviatilis), reduce economic fish-in
fish-out ratio and food-feed competition, and influence the environmental indices. Aquaculture, 579,
740166.

Treonis, A. M., Austin, E. E., Buyer, J. S., Maul, J. E., Spicer, L., & Zasada, 1. A. (2010). Effects of organic
amendment and tillage on soil microorganisms and microfauna. Applied Soil Ecology, 46(1), 103—
110. https://doi.org/10.1016/j.aps0il.2010.06.017

Ullah, S., Zhang, J., Xu, B., Tegomo, A. F., Sagada, G., Zheng, L., Wang, L., & Shao, Q. (2022). Effect
of dietary supplementation of lauric acid on growth performance, antioxidative capacity, intestinal
development and gut microbiota on black sea bream (Acanthopagrus schlegelii). PLoS ONE, 17(1),
€0262427. https://doi.org/10.1371/JOURNAL.PONE.0262427

UNEP (2021). Food Waste Index Report 2021. United Nations Environment Programme Nairobi. https://
wedocs.unep.org/itstream/handle/20.500.11822/35280/Food Waste.pdf

USDA (2014). https://www.nrcs.usda.gov/wps/PA_NRCSConsumption/download?cid=stelprdb1269818&
ext=pdf

Ushakova, N., Dontsov, A., Sakina, N., Bastrakov, A., & Ostrovsky, M. (2019). Antioxidative properties of
melanins and ommochromes from black soldier fly Hermetia illucens. Biomolecules, 9(9), 408.

@ Springer


https://doi.org/10.3390/su14074161
https://doi.org/10.1016/j.renene.2016.03.022
https://doi.org/10.1016/j.renene.2016.03.022
https://doi.org/10.1016/j.wasman.2020.07.050
https://doi.org/10.1016/j.wasman.2020.07.050
https://doi.org/10.3390/su151310383
https://doi.org/10.3390/su151310383
https://doi.org/10.1021/es050778q
https://doi.org/10.1080/00071668.2020.1716302
https://doi.org/10.1080/00071668.2020.1716302
https://doi.org/10.1016/j.wasman.2021.05.025
https://doi.org/10.3920/JIFF2021.0012
https://doi.org/10.3920/JIFF2021.0012
https://doi.org/10.1163/23524588-241001ED
https://doi.org/10.3920/JIFF2016.0048
https://doi.org/10.1016/j.apsoil.2010.06.017
https://doi.org/10.1371/JOURNAL.PONE.0262427
https://wedocs.unep.org/itstream/handle/20.500.11822/35280/FoodWaste.pdf
https://wedocs.unep.org/itstream/handle/20.500.11822/35280/FoodWaste.pdf
https://www.nrcs.usda.gov/wps/PA_NRCSConsumption/download?cid=stelprdb1269818&ext=pdf
https://www.nrcs.usda.gov/wps/PA_NRCSConsumption/download?cid=stelprdb1269818&ext=pdf
http://mostwiedzy.pl

A\ MOST

S. A. Siddiqui et al.

Van Campenhout, L., Lachi, D., & Vandeweyer, D. (2021). Potential of fermentation and vacuum packag-
ing followed by chilling to preserve black soldier fly larvae (Hermetia illucens). InSects, 12(8), 714.
https://doi.org/10.3390/insects 12080714

Van der Fels-Klerx, H. J., Meijer, N., Nijkamp, M. M., Schmitt, E., & Van Loon, J. J. A. (2020). Chemical
food safety of using former foodstuffs for rearing black soldier fly larvae (Hermetia illucens) for feed
and food use. Journal of Insects as Food and Feed, 6(5), 475-488. https://doi.org/10.3920/JIFF2020.
0024

Van Dijk, M., Morley, T., Rau, M. L., & Saghai, Y. (2021). A meta-analysis of projected global food demand
and population at risk of hunger for the period 2010-2050. Nature Food, 2(7), 494-501. https://doi.
org/10.1038/s43016-021-00322-9

van Huis, A. (2022). Edible insects: Challenges and prospects. Entomological Research, 52(4), 161-177.
https://doi.org/10.1111/1748-5967.12582

Van Huis, A., & Gasco, L. (2023). Insects as feed for livestock production. Science, 379(6628), 138—139.

Van Huis, A., & Oonincx, D. G. (2017). The environmental sustainability of insects as food and
feed. A Review. Agronomy for Sustainable Development, 37, 1-14. https://doi.org/10.1007/
S13593-017-0452-8

Van Huis, A., Dicke, M., & van Loon, J. J. (2015). Insects to feed the world. Journal of Insects as Food
and Feed, 1(1), 3-5. https://doi.org/10.3920/JIFF2015.x002

Van Huis, A. (2015). Edible insects contributing to food security? Agriculture & Food Security, 4, 1-9.
https://doi.org/10.1186/s40066-015-0041-5

Van Huis, A. (2013). Potential of insects as food and feed in assuring food security. Annual Review of
Entomology, 58, 563-583. https://doi.org/10.1146/annurev-ento-120811-153704

van Zanten, H. H., Mollenhorst, H., Oonincx, D. G., Bikker, P., Meerburg, B. G., & De Boer, 1. J. (2015).
From environmental nuisance to environmental opportunity: Housefly larvae convert waste to live-
stock feed. Journal of Cleaner Production, 102, 362-369. https://doi.org/10.1016/j.jclepro.2015.
04.106

Vandeweyer, D., Lachi, D., Deruytter, D., Van Der Borght, M., & Van Campenhout, L. (2021). Vac-
uum packaging as storage and transport strategy for living or killed black soldier fly larvae. 72nd
Annual Meeting of the European Federation of Animal Science, Davos, Switzerland.

Vandeweyer, D., Wynants, E., Crauwels, S., Verreth, C., Viaene, N., Claes, J., Lievens, B., & Van
Campenhout, L. (2018). Microbial dynamics during industrial rearing, processing, and storage of
tropical house crickets (Gryllodes sigillatus) for human consumption. Applied and Environmental
Microbiology, 84(12), e00255-e318. https://doi.org/10.1128/AEM.00255-18

Vantomme, P., Mertens, E., Van Huis, A., & Klunder, H. C. (2012). Summary report of the technical
consultation meeting" Assessing the Potential of Insects as Food and Feed in assuring Food Secu-
rity. FAO.

Veldkamp, T., Van Duinkerken, G., van Huis, A., Lakemond, C. M. M., Ottevanger, E., Bosch, G., &
Van Boekel, T. (2012). Insects as a sustainable feed ingredient in pig and poultry diets: a feasibil-
ity study. Wageningen UR Livestock Research.

Veldkamp, T., & Bosch, G. (2015). Insects: A protein-rich feed ingredient in pig and poultry diets. Ani-
mal Frontiers, 5(2), 45-50.

Visvini, L., Latifah, O., Ahmed, O. H., & Kurk, W. J. (2022). Frass Production From Black Soldier Fly
Larvae Reared On Palm Oil Wastes. IOP Conference Series: Earth and Environmental Science,
995(1), 012012. https://doi.org/10.1088/1755-1315/995/1/012012

Wang, Y. S., & Shelomi, M. (2017). Review of black soldier fly (Hermetia illucens) as animal feed and
human food. Foods, 6(10), 91. https://doi.org/10.3390/foods6100091

Wantulla, M., van Zadelhoff, K., van Loon, J. J., & Dicke, M. (2023). The potential of soil amend-
ment with insect exuviae and frass to control the cabbage root fly. Journal of Applied Entomology,
147(3), 181-191. https://doi.org/10.1111/jen.13097

Watson, C., Schlgsser, C., Vogerl, J., & Wichern, F. (2021). Excellent excrement? Frass impacts on a
soil’s microbial community, processes and metal bioavailability. Applied Soil Ecology, 168,
104110. https://doi.org/10.1016/j.aps0il.2021.104110

Wood, J. D., Richardson, R. I., Nute, G. R., Fisher, A. V., Campo, M. M., Kasapidou, E., Sheard, P. R.,
& Enser, M. (2004). Effects of fatty acids on meat quality: A review. Meat Science, 66(1), 21-32.

Wong, C. Y., Mohd Aris, M. N., Daud, H., Lam, M. K., Yong, C. S., Abu Hasan, H., Chong, S., Show, P. L.,
Hajoeningtijas, O. D., Ho, Y. C., & Lim, J. W. (2020). In-situ yeast fermentation to enhance biocon-
version of coconut endosperm waste into larval biomass of Hermetia illucens: Statistical augmenta-
tion of larval lipid content. Sustainability, 12(4), 1558. https://doi.org/10.3390/su12041558

Wynants, E., Frooninckx, L., Crauwels, S., Verreth, C., De Smet, J., Sandrock, C., Wohlfahrt, J., Van
Schelt, J., Depraetere, S., Lievens, B., & Van Campenhout, L. (2019). Assessing the microbiota of

@ Springer


https://doi.org/10.3390/insects12080714
https://doi.org/10.3920/JIFF2020.0024
https://doi.org/10.3920/JIFF2020.0024
https://doi.org/10.1038/s43016-021-00322-9
https://doi.org/10.1038/s43016-021-00322-9
https://doi.org/10.1111/1748-5967.12582
https://doi.org/10.1007/S13593-017-0452-8
https://doi.org/10.1007/S13593-017-0452-8
https://doi.org/10.3920/JIFF2015.x002
https://doi.org/10.1186/s40066-015-0041-5
https://doi.org/10.1146/annurev-ento-120811-153704
https://doi.org/10.1016/j.jclepro.2015.04.106
https://doi.org/10.1016/j.jclepro.2015.04.106
https://doi.org/10.1128/AEM.00255-18
https://doi.org/10.1088/1755-1315/995/1/012012
https://doi.org/10.3390/foods6100091
https://doi.org/10.1111/jen.13097
https://doi.org/10.1016/j.apsoil.2021.104110
https://doi.org/10.3390/su12041558
http://mostwiedzy.pl

A\ MOST

Future opportunities for products derived from black soldier...

black soldier fly larvae (Hermetia illucens) reared on organic waste streams on four different loca-
tions at laboratory and large scale. Microbial Ecology, 77, 913-930. https://doi.org/10.1007/
800248-018-1286-x

Xiao, X., Jin, P., Zheng, L., Cai, M., Yu, Z., Yu, J., & Zhang, J. (2018a). Effects of black soldier fly (Her-
metia illucens) larvae meal protein as a fishmeal replacement on the growth and immune index of
yellow catfish (Pelteobagrus fulvidraco). Aquaculture Research, 49(4), 1569—1577. https://doi.org/
10.1111/are.13611

Xiao, X., Mazza, L., Yu, Y., Cai, M., Zheng, L., Tomberlin, J. K., & Zhang, J. (2018b). Efficient co-con-
version process of chicken manure into protein feed and organic fertilizer by Hermetia illucens L.
(Diptera: Stratiomyidae) larvae and functional bacteria. Journal of Environmental Management,
217, 668—676. https://doi.org/10.1016/j.jenvman.2018.03.122

Yildirim-Aksoy, M., Eljack, R., Beck, B. H., & Peatman, E. (2022). Nutritional evaluation of frass from
black soldier fly larvae as potential feed ingredient for Pacific white shrimp. Litopenaeus Van-
namei. Aquaculture Reports, 27, 101353. https://doi.org/10.1016/j.aqrep.2022.101353

Zahn, N. H., & Quilliam, R. (2017). The effects of insect frass created by Hermetia illucens on spring onion
growth and soil fertility. Undergraduate disertation- University of Stirling.

Zande, E. M., Wantulla, M., van Loon, J. J., & Dicke, M. (2023). Soil amendment with insect frass and
exuviae affects rhizosphere bacterial community, shoot growth and carbon/nitrogen ratio of a bras-
sicaceous plant. Plant and Soil, 1-18.

Zargar, S., Yao, Y., & Tu, Q. (2022). A review of inventory modeling methods for missing data in life cycle
assessment. Journal of Industrial Ecology, 26(5), 1676—1689. https://doi.org/10.1111/jiec.13305
Zhang, K., Ni, Y., Liu, X., & Chu, H. (2020). Microbes changed their carbon use strategy to regulate the
priming effect in an 11-year nitrogen addition experiment in grassland. Science of the Total Environ-

ment, 727, 138645. https://doi.org/10.1016/j.scitotenv.2020.138645

Zhang, Z., & Yuen, G. Y. (2000). The role of chitinase production by Stenotrophomonas maltophilia strain
C3 in biological control of Bipolaris sorokiniana. Phytopathology, 90(4), 384-389. https://doi.org/10.
1094/PHYTO0.2000.90.4.384

Zhou, F., Tomberlin, J. K., Zheng, L., Yu, Z., & Zhang, J. (2013). Developmental and waste reduction plas-
ticity of three black soldier fly strains (Diptera: Stratiomyidae) raised on different livestock manures.
Journal of Medical Entomology, 50(6), 1224—1230. https://doi.org/10.1603/ME13021

Zhou, Y., Selvam, A., & Wong, J. W. (2014). Evaluation of humic substances during co-composting of
food waste, sawdust and Chinese medicinal herbal residues. Bioresource Technology, 168, 229-234.
https://doi.org/10.1016/j.biortech.2014.05.070

Zhu, Z., Rehman, K. U., Yu, Y., Liu, X., Wang, H., Tomberlin, J. K., Sze, S. H., Cai, M., Zhang, J., Yu, Z.,
& Zheng, L. (2019). De novo transcriptome sequencing and analysis revealed the molecular basis of
rapid fat accumulation by black soldier fly (Hermetia illucens, L.) for development of insectival bio-
diesel. Biotechnology for Biofuels, 12, 1-16. https://doi.org/10.1186/S13068-019-1531-7

Zielinska, E., Baraniak, B., & Karas, M. (2018). Identification of antioxidant and anti-inflammatory pep-
tides obtained by simulated gastrointestinal digestion of three edible insects species (Gryllodes sigil-
latus, Tenebrio molitor, Schistocerca gragaria). International Journal of Food Science & Technology,
53(11), 2542-2551. https://doi.org/10.1111/1JFS.13848

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

Authors and Affiliations

Shahida Anusha Siddiqui'?® . Ankush Subhash Gadge® - Muzaffar Hasan* -
Teguh Rahayu® - Sergey Nikolaevich Povetkin® - Ito Fernando’® .
Roberto Castro-Mufoz®

< Shahida Anusha Siddiqui
S.Siddiqui @dil-ev.de

P4 Roberto Castro-Muiioz
food.biotechnology88 @ gmail.com

@ Springer


https://doi.org/10.1007/s00248-018-1286-x
https://doi.org/10.1007/s00248-018-1286-x
https://doi.org/10.1111/are.13611
https://doi.org/10.1111/are.13611
https://doi.org/10.1016/j.jenvman.2018.03.122
https://doi.org/10.1016/j.aqrep.2022.101353
https://doi.org/10.1111/jiec.13305
https://doi.org/10.1016/j.scitotenv.2020.138645
https://doi.org/10.1094/PHYTO.2000.90.4.384
https://doi.org/10.1094/PHYTO.2000.90.4.384
https://doi.org/10.1603/ME13021
https://doi.org/10.1016/j.biortech.2014.05.070
https://doi.org/10.1186/S13068-019-1531-7
https://doi.org/10.1111/IJFS.13848
http://orcid.org/0000-0001-6942-4408
http://orcid.org/0000-0001-6776-4847
http://orcid.org/0000-0002-7657-3302
http://mostwiedzy.pl

AN\ MOST

S. A. Siddiqui et al.

Ankush Subhash Gadge
ankushgadge66 @ gmail.com

Muzaffar Hasan
muzaffarhassan88 @ gmail.com

Teguh Rahayu
teguh.rahayu1910@gmail.com

Sergey Nikolaevich Povetkin
d22003807-help@mail.ru

Ito Fernando

i_fernando@ub.ac.id

Campus Straubing for Biotechnology and Sustainability, Technical University of Munich,
Essigberg 3, 94315 Straubing, Germany

2 German Institute of Food Technologies (DIL E.V.), Prof.-Von-Klitzing Str. 7, 49610 Quakenbriick,
Germany

Forest College and Research Institute, Tamil Nadu Agricultural University,
Mettupalayam, Coimbatore, Tamil Nadu 641301, India

Centre of Excellence on Soybean Processing and Utilization, ICAR-Central Institute
of Agricultural Engineering, Bhopal, Madhya Pradesh 462038, India

5 ¢cv HermetiaTech, Voza Premium Office 20th Floor, JI. HR. Muhammad No. 31A, Putat Gede,
Surabaya, Jawa Timur 60189, Indonesia

Laboratory of Food and Industrial Biotechnology, North Caucasus Federal University, Pushkina
Street 1, Stavropol, Russia 355000

Department of Plant Pests and Diseases, Faculty of Agriculture, Universitas Brawijaya, Malang,
East Java 65145, Indonesia

Department of Sanitary Engineering, Faculty of Civil and Environmental Engineering, Gdansk
University of Technology, G. Narutowicza St. 11/12, 80 — 233 Gdarisk, Poland

@ Springer


http://mostwiedzy.pl

	Future opportunities for products derived from black soldier fly (BSF) treatment as animal feed and fertilizer - A systematic review
	Abstract
	1 Introduction
	2 Methodology
	2.1 Eligibility criteria, articles search strategy and dataset development

	3 Products derived from black soldier fly treatment
	3.1 Animal feed
	3.1.1 Commercial animal feed versus products derived from BSF larvae
	3.1.1.1 Aqua feed 
	3.1.1.2 Poultry feed 
	3.1.1.3 Pet feed 
	3.1.1.4 Pig feed 

	3.1.2 Types of products derived from black soldier fly larvae
	3.1.2.1 Dried larvae 
	3.1.2.2 Protein meal 
	3.1.2.3 Oil 


	3.2 Frass as fertilizer
	3.2.1 Commercial fertilizer versus black soldier fly frass
	3.2.2 Benefits of black soldier fly frass
	3.2.2.1 Contain chitin 
	3.2.2.2 Promote beneficial microorganisms 
	3.2.2.3 Rich in nutrient content 

	3.2.3 Physiochemical properties of BSF frass
	3.2.3.1 Moisture content 
	3.2.3.2 pH 
	3.2.3.3 Temperature 
	3.2.3.4 CN ratio 
	3.2.3.5 Contaminants (heavy metals, residual pesticides) 
	3.2.3.6 Maturity and stability 



	4 Challenges and opportunities of products derived from black soldier fly treatment
	4.1 Opportunities of products derived from black soldier fly
	4.1.1 Economical perspectives
	4.1.2 Environmental perspectives

	4.2 Challenges of products derived from black soldier fly
	4.2.1 Animal feed
	4.2.2 Frass as fertilizer


	5 Global market of products derived from black soldier fly treatment
	5.1 Marketing perspectives of products derived from black soldier fly larvae: as animal feed and fertilizer
	5.1.1 BSF as animal feed
	5.1.2 BSF frass

	5.2 Top global companies and countries leading the market of products derived from black soldier fly larvae: as animal feed and fertilizer

	6 Policy and regulations of products derived from black soldier fly treatment
	7 Life cycle assessment of products derived from black soldier fly treatment
	7.1 The environmental benefits of products derived from BSF larvae: as animal feed and fertilizer
	7.2 Life cycle assessment of black soldier fly farming: potency for animal feed and fertilizer
	7.2.1 Goal and scope
	7.2.2 Life cycle inventory
	7.2.3 Life cycle impact assessment
	7.2.4 Interpretation


	8 Conclusion
	References


