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Black soldier fly larvae composting of
plant-based food and agro- industry
waste. Process efficiency and impact
of pre-treatment.

Abstract

Black soldier fly larvae (BSFL) composting is becoming increasingly recognised as
a sustainable bioconversion technology aligned with circular economy principles.
However, when applied to plant-based food and agro- industry waste—such as
cucumber plant residuals, orange peels, and vegetable mixes—its biological
efficiency and economic viability remains unclear. This study evaluated the effects
of various pre-treatments (ammonia, fungal, enzymatic) and co-substrate additions
(e.g., frass) on BSFL process efficiency, greenhouse gas and ammonia emissions,
and larval biomass yield across both small- and large-scale systems. Whilst fungal
and enzymatic pre-treatments improved material reduction, their impact on biomass
conversion efficiency (BCE) was substrate- and scale-dependent. The addition of
both enzymes and frass significantly enhanced BCE and larval yield in small-scale
systems but was less effective at larger scales. Direct emissions of CH4 and N>O
were low relative to CO,, however, ammonia pre-treatment increased NHj3
emissions. Despite reduced larval yields, BSFL composting achieved substantial
waste volume reduction and partial degradation of pesticide residues. These
environmental benefits suggest that the technology may still offer a viable treatment
pathway for nutritionally imbalanced, fibrous waste streams, particularly where
conventional composting or anaerobic digestion is unsuitable. For successful large-
scale implementation, system modifications—such as improved environmental
control, passive harvesting strategies, and decentralised processing models—will be
essential. Overall, BSFL composting presents a promising waste management
solution for plant-based residues, with potential value lying more in environmental
services than in larval biomass production.

Keywords: Biological treatment; plant-based waste; Hermetia illucens; pre-
treatment; co-treatment; ammonia; 7richoderma reesei; enzyme; frass



Fluglarvskompostering av vaxtbaserat
livsmedels- och jordbruksavfall med den
amerikanska vapenflugan.
Processeffektivitet och paverkan av
forbehandlingen.

Sammanfattning

Fluglarvskompostering med larver fran den amerikanska vapenflugan
uppmérksammas alltmer som en hallbar metod for biomassaomvandling i linje med
principerna for en cirkulir ekonomi. Néar metoden tillimpas pa véxtbaserat avfall
frén livsmedels- och jordbruksindustrin — sdsom gurkplantrester, apelsinskal och
blandade gronsaksrester — dr dess biologiska effektivitet och ekonomiska barkraft
dock fortfarande osdker. Denna studie utvéirderade hur olika féorbehandlingar (med
ammoniak, svamp eller enzymer) samt tillsats av substrat (t.ex. frass) paverkar
processeffektivitet, utsldpp av vixthusgaser och ammoniak, samt larvbiomassans
tillvaxt i bade sméaskaliga och storskaliga system. Svamp- och enzymbehandling
forbattrade materialreduktionen, men effekten pa biomassaomvandlings-
effektiviteten (BOE) visade sig bero pa bade substrattyp och systemets skala. Tillsats
av enzymer och frass 6kade BOE och larvtillvaxten i smaskaliga forsok, men gav
begransad effekt 1 storre system. Direkta utsldpp av metan och lustgas var laga i
forhéllande till koldioxid, medan ammoniakforbehandling okade ammoniak-
utsldppen. Trots begridnsad larvproduktion uppnaddes betydande reduktion av
avfallsvolym och delvis nedbrytning av bekdmpningsmedel. Dessa miljovinster
tyder pé att metoden kan utgora ett relevant behandlingsalternativ for naringsmassigt
obalanserade och fiberhaltiga avfallsstrommar, sérskilt dér konventionella metoder
som kompostering eller rotning &r mindre 1dmpliga. For att mojliggora storskalig
implementering krdvs dock systemanpassningar — exempelvis forbattrad
miljokontroll, passiva separeringsstrategier samt decentraliserade behandlings-
modeller. Sammantaget erbjuder fluglarvskompostering en lovande 16sning for
hantering av vixtbaserade restprodukter, ddr det huvudsakliga virdet snarare ligger
i miljonytta dn i larvbiomassa som produkt.

Nyckelord: Biologisk behandling; véxtbaserat avfall; Hermetia illucens;
forbehandling; sambehandling; ammoniak; Trichoderma reesei; enzym; frass



Preface

Becoming a doctor has been a dream of mine since I was sixteen. From an
early age, [ have been deeply fascinated by environmental issues and the
urgent challenges facing our planet. Over time, this broad interest gradually
took shape, into a focused passion for engineering solutions in resource
management and recycling. It was through this journey that I found my true
calling: to improve process efficiency in the recovery and reuse of valuable
materials, contributing to a sustainable and circular economy.

This work reflects my commitment to applying engineering principles to
real-world environmental problems, optimising processes to maximise
resource utilisation and minimise waste. It is the result of years of learning,
experimentation, and determination to make a meaningful difference in how
we manage the Earth's finite resources.

I am grateful to everyone who has supported me along this path, helping me
grow both personally and professionally, and enabling me to pursue this
lifelong ambition.






Dedication

To my fiancé, William, whose unwavering love, patience, and
encouragement have been my greatest strength. Your belief in me has given
me the energy to keep going, especially knowing how hard you work to keep
everything else running smoothly when I need to focus. Your quiet
dedication and support have made every challenge feel possible, and it all
means more than words can say.

To my wonderful children, who fill my life with joy, laughter, and purpose.
You inspire me to be better and to strive for a future where you can thrive.
This is for you — may you always chase your dreams with courage and
kindness.






Contents

List of publications...........ccoooiiiiiiiiii e, 13
List Of tables .. oo 15
LiSt Of fIQUIES ...t 17
ABDreviations ... ... 19
1. INtrOAUCHION .. e 21
2. Aim and structure.........ccocoooiii i 25
21 Aimand objectives. ... 25

2.2 ThesSis StrUCUIE .......eeiiiiiieee e 26

3. Background...........cooiiiiiiiiiiiiiiiiiei 27
3.1  Life cycle of a black soldier fly .........ccccccovoiiiniiiiiiiicee 27

3.2 BSFL treatment as a biowaste management strategy ................ 28

3.3  BSFL treatment products .........cccceeeeiiiiiiiiei e 29

3.3.1  Larval biomass. ......c.eeeeiiiiiiiiiiee e 29

3.3.2 Treatment residue..........oooouiiiiiiiiiiiiiiiiee e 31

3.4  Risks with circular waste management..................ccocin. 32

3.4.1 PathOgens .......cccuiiiiiiie e 33

3.4.2 PestiCides ......ceeeiiiiiiiiiie e 33

3.5 EMISSIONS...cciiiiiiie s 34

3.6 BSFL bioconversion proCess ..........cceeeeieeeeaaiieeeeiieeeeeieee e 36

3.6.1 Substrate degradation ...........ccccceeeeiiiiiiiee e 36

3.6.2 Density, feeding rate, temperature, and moisture content

37

3.7  Nutritional demand of BSFL..........cccooiiii e 38

3.7.1  Nutrients required ...........ccccoviiieeeieeiieee e 39

3.7.2 Nutrients in fruit and vegetable waste..............cccccceee. 39

3.7.3 Degradation of lignocellulose ............ccccooviiriiiiinicinncens 40

3.8 Pre-treatments ... 41

3.8.1  PRYSICAl ..eeiiiieieeeee e 41

3.8.2  Chemical.....ccooouiiiiiiie e 41

3.8.3  BI0lOgiCal ... 44



MethodOoIOGY ....cceviiiiiiiiiiiiiiiiiee e 47

4.1 Materials ... 47
411 BSOFL. e 47
4.1.2 Waste substrates..........cccooviiiiiiiiiii 47
4.1.3  MICroOrganiSMS ......cceeiuuriiieeeeeeiiirieeee e e e e sereeeeeaeeennnnnes 48
414 ENZYMES ..o e 48
4.2 MethodOlOgy ....ccceeeiiiiiie e 48
421 Experimental Set-Up.......cccoeveieiiiiiiiiiiee e 48
4.2.2  SamMPliNG..cccoieieieieee e 53
4.2.3  ANAIYSIS ..o e 54
4.3 CalCulations .......c.eeiiiiiie e 55
4.4  Statistical @nalysis...........ceeeeiiiiiiiiiiiee e 57
RESUIS.....eee e 59
5.1 BSFL composting (Papers 1-IV) ........ooovieiiiiieeeeeeeeeee e 59
5.1.1 Total solids, total volatile solids, and pH........................ 59
5.1.2 Process effiCienCy.......cccceeviiiiiiiiiiiiii 61
5.1.3 Nutritional composition of feedstock substrate................ 63
5.1.4 Emissions of greenhouse gases and ammonia.............. 65
5.1.5 Degradation effiCiency ........cccccceeeiiiiiiiiiee e 66
5.1.6 PeStiCides ...coooiiiiiiiiiiii e 69
DISCUSSION ..t 73
6.1 Pre-treatment ... 73
6.1.1 Impact of pre-treatment on larval VS-load...................... 73
6.1.2 Chemical pre-treatment with ammonia solution ............. 74
6.1.3 Biological pre-treatment with fungi ...........cccceeeiiiinieen. 76
6.1.4 Effect of enzyme pre-treatment duration on substrates with
varying lignocellulose contents .............cccoeeveeiniiee e 78
6.2 ASSESSMENT ... s 80
6.2.1  Process effiCiENCY.........ccevvieiiiiiiiiiee e 80
6.2.2 Greenhouse gas emMiSSIONS .........cccueerveerieeniieeenieeeneeenns 82
6.2.3 Lignin degradation..............cccoooiiiiiiiii i 83
6.2.4 Pesticide degradation ...........ccccuvveeeeeiiiiiiiiiee e 83
6.3 BSFL composting of high-lignocellulose substrates in a pilot scale
setting85

6.4  Feasibility of BSFL treatment of high-lignocellulose substrates..87

CONCIUSIONS .. 91



8. FUtUrE reSEarcCh ... ..o, 93

REFEIENCES ... e 95
Popular science SUMMAIY .........cooviiiiiiieeiiieeeeeie e 11
Popularvetenskaplig sammanfattning ..............ceeeeviiiiiiiiiiiiiiiinnnnns 113

AcKknNowledgements ........ccouuiiiiiii e 115






List of publications

This thesis is based on the work contained in the following papers, referred
to by Roman numerals in the text:

L. Lindberg, E. Ermolaev, B. Vinneras, C. Lalander (2022). Process
efficiency and greenhouse gas emissions in black soldier fly larvae
composting of fruit and vegetable waste with and without pre-
treatment. Journal of Cleaner Production, 338

L. Lindberg, B. Vinneras, C. Lalander (2022). Process efficiency in
relation to enzyme pre-treatment duration in black soldier fly larvae
composting. Waste Management, 137, pp. 121-127

L. Lindberg, B. Vinneras, C. Lalander. Process efficiency and
impact of enzyme and frass additions in black soldier fly larvae
composting with fibrous plant-based waste. Journal of
Environmental Chemical Engineering, 13(5)

. L.Lindberg, I. Lopes G., B. Vinneras, C. Lalander. Pilot scale waste

management using black soldier fly larvae composting with fibrous
plant-based waste in Sweden (manuscript)

All published papers are reproduced with the permission of the publisher or
published open access.

13






List of tables

Table 1. List of pre-treatments used in each treatment, duration of pre-
treatment and black soldier fly larvae (BSFL) composting, and total amount
of substrate on a wet weight (ww) basis added in each treatment. Substrates
used in treatments: food waste (FW), orange peels (OP), broccoli and
cauliflower trimmings (BC), lettuce and cabbage (LC), cucumber plant
residuals (PR). Pre-treatments used: no pre-treatment (C), Trichoderma
reesei (T), ammonia (A), enzymes for 0d, 2d, and 4d (EOd), added enzymes
(E) of different concentrations with frass (E/2, E2), frass (F), different larval
densities with enzymes and frass (L2, L4), half substrate density with
enzymes and frass (H), and cover (B). Values presented are mean + SD
(n=3), where LD (low deviation) means SD < 0.0008. ............ccccerevveenunenne 52

Table 2. Total solids (TS) and total volatile solids (VS) of all substrates
measured before pre-treatment and before BSFL composting, larvae and
residue with substrates of orange peels (OP), broccoli and cauliflower
trimmings (BC), food waste (FW), lettuce and cabbage (LC), cucumber plant
residuals (PR), and frass (F). Pre-treatments used: no pre-treatment (C),
Trichoderma reesei (T), ammonia (A), enzymes for 0d, 2d, and 4d (EOd),
added enzymes (E) of different concentrations with frass (E/2, E2), frass (F),
different larval densities with enzymes and frass (L2, L4), half substrate
density with enzymes and frass (H) and cover (B). Differences (p<0.05) in
TS, VS, and pH of before BSFL composting compared with before pre-
treatment, larvae, and residue are marked with *. Different superscript letters
within columns indicate significant differences (p<0.05). Values are
presented as mean = SD (n=3), where LD (low deviation) means SD < 0.001.

Table 3. Material reduction (Red) after pre-treatment; Red and biomass
conversion efficiency (BCE) after black soldier fly larvae (BSFL) composting
on a volatile solids (VS) basis and for the entire process on a VS and wet
weight (ww) basis for the different substrates. Substrates used in treatments:
food waste (FW), orange peels (OP), broccoli and cauliflower trimmings
(BC), lettuce and cabbage (LC), cucumber plant residuals (PR). Pre-
treatments used: no pre-treatment (C), Trichoderma reesei (T), ammonia (A),
enzymes for 0d, 2d, and 4d (EO0d), added enzymes (E) of different

15



concentrations with frass (E/2, E2), frass (F), different larval densities with
enzymes and frass (L2, L4), half substrate density with enzymes and frass
(H), and cover (B). Values presented are mean + SD (n=3). Different
superscript letters within columns indicate significant differences (p<0.05).

Table 4. Larval weight, survival rate, and larval yield for all treatments.
Substrates used in treatments: food waste (FW), orange peels (OP), broccoli
and cauliflower trimmings (BC), lettuce and cabbage (LC), cucumber plant
residuals (PR). Pre-treatments used: no pre-treatment (C), Trichoderma
reesei (T), ammonia (A), enzymes for 0d, 2d, and 4d (EOQd), added enzymes
(E) of different concentrations with frass (E/2, E2), frass (F), different larval
densities with enzymes and frass (L2, L4), half substrate density with
enzymes and frass (H), and cover (B). Values presented are mean + SD
(n=3). Different superscript letters within columns indicate significant
differences (P<0.05). ....oii i 63

Table 5. List of treatments with the total initial amount of nitrogen before pre-
treatment and before BSFL composting, lignin, cellulose, hemicellulose, and
lipids [mg/larva], and the nitrogen and lipid content [%] in larvae. Substrates
used in treatments: food waste (FW), orange peels (OP), broccoli and
cauliflower trimmings (BC), lettuce and cabbage (LC), cucumber plant
residuals (PR). Pre-treatments used: no pre-treatment (C), Trichoderma
reesei (T), ammonia (A), enzymes for 0d, 2d, and 4d (EQd), added enzymes
(E) of different concentrations with frass (E/2, E2), frass (F), different larval
densities with enzymes and frass (L2, L4), half substrate density with
enzymes and frass (H), and cover (B). Different letters within columns
indicate significant difference (p<0.05). Values are presented as mean £ SD
(n=3), where LD (low deviation) means SD < 0.005. ...........ccccceverriierennnnn 64

16



List of figures

Fig 1. Schematic illustration of thesis structure.................cccccoo i 26

Fig 2. Mass balance (total solids (TS) basis) of nitrogen in black soldier fly
larvae (BSFL) composting of orange peels (OP), broccoli and cauliflower
(BC), food waste (FW), and plant residuals (PR) without pre-treatments (C)
or with pre-treatments of ammonia (A), Trichoderma reesei (T), frass (F),
enzymes (E), half amount of substrate (H) with a cover (HT), and only frass
as a substrate with (F-E) or without addition of enzymes (F-C). Distribution
of nitrogen is divided into three fractions: larvae (light green), residue (green),
and loss of nitrogen (dark green). ... 65

Fig 3. Total emissions, i.e., emissions during black soldier fly larvae (BSFL)
composting and during pre-treatment, calculated per kg of initial VS for food
waste (FW, blue), orange peels (OP, orange), and broccoli and cauliflower
trimmings (BC, green) without pre-treatment (control), pre-treated with
Trichoderma reesei (tri), and ammonia solution (amm): a) CH4 [mg/kg VS];
b) N20 [mg/kg VS]; c) NHs [mg/kg VS]; d) total CO2 [kg/kg VS]; e) CO2
equivalents [g CO2-eq/kg VS] of the CH4 and N20 emissions; and f) CO2
equivalents [kg COz2-eq/kg VS] of all emissions. .........ccccvveeeiiiiiiiieeeeeeeee 66

Fig 4. Mass balance (total solids (TS) basis) of lignin in black soldier fly
larvae (BSFL) composting of plant residuals (PR) without additions (C) or
with additions of ammonia (A), Trichoderma reesei (T), frass (F), enzymes
(E), half amount of substrate (H) with a cover (HT), and only frass as a
substrate with (F-E) or without addition of enzymes (F-C). Distribution of
lignin is divided into two fractions: residue (green) and loss of lignin (dark
Lo Y= o | PP RPPRR 67

Fig 5. Mass balance (total solids (TS) basis) of cellulose in black soldier fly
larvae (BSFL) composting of plant residuals (PR) without additions (C) or
with additions of ammonia (A), Trichoderma reesei (T), frass (F), enzymes
(E), half amount of substrate (H) with a cover (HT), and only frass as a
substrate with (F-E) or without addition of enzymes (F-C). Distribution of
lignin is divided into two fractions: residue (green) and loss of cellulose (dark
Lo 1= o TR PRPRRRPRPRR 68

17



Fig 6. Mass balance (total solids (TS) basis) of hemicellulose in black soldier
fly larvae (BSFL) composting of plant residuals (PR) without additions (C) or
with additions of ammonia (A), Trichoderma reesei (T), frass (F), enzymes
(E), half amount of substrate (H) with a cover (HT), and only frass as a
substrate with (F-E) or without addition of enzymes (F-C). Distribution of
lignin is divided into two fractions: residue (green) and loss of hemicellulose
(o F= 14 Qe (== o | PSSP 69

Fig 7. Mass balance of pesticides from large- and small-scale trial with
cucumber plant residuals. Pesticides with an * have been tested for both
LU= PP 70

Fig 8. Concentrations of pesticides in larvae and prepupae from the large-
scale setting and larvae from the small-scale setting together with the
threshold values for meat from cattle and cucumber. ..........cccccoccvieeennnen. 71

18



Abbreviations

BCE
BSF
BSFL
M.Red
WWwW
TS

VS
GHG
C/N

Biomass conversion efficiency
Black soldier fly

Black soldier fly larvae
Material reduction

Wet weight

Total solids

Total volatile solids
Greenhouse gas
carbon-to-nitrogen ratio

19






1. Introduction

The rapid increase in global food production in recent decades has been
crucial to meet the demands of a growing population (FAO, 2023).
According to the Food and Agriculture Organization (FAO, 2023), global
agricultural output has more than doubled since the 1960s, driven by
advances in mechanisation, irrigation, synthetic fertilisers, and high yield
crop varieties.

However, this intensification has also led to unprecedented levels of
waste generation across the supply chain, from production and processing to
retail and consumption. It is estimated that approximately one-third of all
food produced globally is lost or wasted, amounting to around 1.3 billion
tonnes per year (United Nations Environment Programme, 2024). This waste
not only includes edible food but also large volumes of inedible plant
material such as peels, stems, husks, and crop residues.

The inadequate handling of biodegradable waste (biowaste) presents
serious environmental and logistical challenges (Ercoli et al., 2023). When
biowaste is landfilled or dumped, it undergoes anaerobic degradation,
releasing methane (CHa4), a greenhouse gas with a global warming potential
more than 25 times greater than carbon dioxide (CO-) over a 100-year period
(Ercoli et al., 2023).

Additionally, the decomposition of nitrogen-rich biomass can result in
emissions of reactive nitrogen, contributing to air pollution, eutrophication,
acidification, and global warming (EEA, 2024). The main reactive nitrogen
compound, ammonia (NH3), can be emitted in particular high amounts from
poorly managed compost heaps, especially when the carbon-to-nitrogen ratio
is not balanced or not under aerobic conditions (Castro-Herrera et al., 2023).
Methane, ammonia, and nitrous oxide (N2O)—another potent greenhouse
gas produced during incomplete nitrification/denitrification (IPCC, 2019)—
are pollutants that exacerbate climate change either directly or indirectly.

Food loss and waste represent a significant inefficiency in the global food
system because all resources used in food production—such as water, land,
and energy—are wasted if the food is not consumed (Skawinska and
Zalewski, 2022). Horticultural crops—including high-value fruits and
vegetables such as tomatoes and cucumbers, as well as staple vegetables
more broadly—experience some of the highest postharvest loss rates, often
exceeding one-third of total production (Gage et al., 2025; Gage et al., 2024).
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This is largely due to their perishable nature, stringent quality requirements,
and susceptibility to diseases, pests, and climate variability, all of which
exacerbate resource wastage and environmental impacts across the supply
chain unless effectively managed. In horticulture, large and seasonal
quantities of similar types of plant waste (e.g., damaged fruits and
vegetables, leaves and stems) are generated, creating challenges for
conventional waste management methods, which often struggle to
effectively process these high volumes of homogeneous, seasonal waste
biomass (Mehta et al., 2024).

Although conventional composting methods, such as industrial-scale
windrow systems, can be employed, the process typically requires several
months (usually 3—4 months) to convert waste into stable compost.
Substantial space is also necessary to accommodate the full processing of all
biowaste (Andraskar et al., 2023).

If the material is too high in carbon, lignin and pectin (e.g., dry leaves)
and lacks nitrogen, microbial activity is reduced, leading to a significant
increase in composting time (Eiland et al., 2001). As prolonged processing
times may be associated with increased operational costs, there is an evident
demand for more rapid treatment methods for such waste streams. This need
is particularly pressing given that the resulting compost product generally
holds low market value (approximately 300 SEK per tonne'), which is
insufficient to offset treatment expenditures.

Another growing concern within agriculture and biodegradable waste
management is the presence of pesticide residues in crop residuals. As
intensive farming relies heavily on chemical pest control—targeting insects,
weeds, fungi, and other harmful substances—and such residues are
frequently found in crop residuals (Bajwa and Sandhu, 2014). These
compounds can persist in the environment, leach into soil and water,
accumulate in biomass and pose risks to non-target organisms as well as
human health (Gunther et al., 2010; Lofkvist et al., 2009).

Circular waste management strategies that recover nutrients and reduce
emissions are a potential pathway to mitigate nutrient losses and emitted
emissions. One such approach is black soldier fly larvae (BSFL, Hermetia
illucens L. (Diptera: Stratiomyidae)) composting, a biological process in

! https://www.sysav.se/privat/produkter-tjanster/jordprodukter/gronkompost
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which insect larvae rapidly convert biodegradable waste into high-value
products (Tomberlin et al., 2015). BSFL can consume a wide variety of
biodegradable substrates, concentrating proteins and lipids into their
biomass, allowing the larvae to be used as feedstock in biofuel production or
as valuable feed ingredients (Suckling et al., 2021; Surendra et al., 2016).

The treatment residue, called frass, is a nutrient-rich material suitable for
use as an organic fertiliser due to its high content of nitrogen (3%),
phosphorus (1-5%), and potassium (0.5-4%) (Lopes et al., 2022), which is
comparable to other organic fertilisers (Bhandari et al., 2019).

Compared to conventional composting or landfilling, BSFL composting
has been shown to emit significantly less methane and ammonia, notably
when operated under controlled conditions (Ermolaev et al., 2019; Mertenat
et al., 2019). BSFL composting is comparatively simpler to operate than
anaerobic digestion, requiring less stringent control of environmental and
process parameters (Surendra et al., 2016).

Despite its environmental advantages, the efficiency of BSFL-based
bioconversion—measured by biomass conversion efficiency (BCE) and
material reduction—depends heavily on the type and quality of the organic
input material (Gold et al., 2018). Single-stream fruit and vegetable waste
sources, particularly those with low protein and high lignocellulosic content,
tend to yield poor larval growth and result in incomplete degradation (Isibika
et al., 2021; Lemme and Kliiber, 2024). To overcome these limitations,
studies investigating the impact of bio-chemical and biological pre-
treatments of these biowaste streams on the bioavailability of nutrients and
degradation have been conducted (Dzepe et al., 2025; Gold et al., 2022;
Rehman et al., 2025).

Considering the growing need for circular waste management systems,
there is a growing interest in innovative bioconversion approaches such as
BSFL composting. However, further research is needed to assess the
feasibility of such processes, with particular attention placed on the effects
of pre-treatment methods, emission profiles, and whether the resulting
products meet the relevant criteria in terms of nutrient content, pesticide
residues, and volume reduction for their intended applications. Addressing
these aspects is essential to determining whether BSFL composting is
genuinely feasible, sustainable, and safe for large-scale implementation as a
waste valorisation strategy for fibrous and homogeneous biowaste streams.
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2. Aim and structure

2.1 Aim and objectives

The overall aim of this thesis was to investigate the feasibility of black
soldier fly larvae (BSFL) composting as a treatment method for fibrous,
homogeneous food and agro-industrial waste streams, and to evaluate the
effects of biological and chemical pre-treatments on process efficiency—
specifically in terms of biomass conversion efficiency and material
reduction—using both laboratory- and pilot-scale setups. In addition,
greenhouse gas emissions and pesticide degradation were examined in
selected parts of the study.

Specific objectives were:

To investigate the process efficiency in BSFL composting when pre-
treating fruit and vegetable waste with fungi and ammonia, and to
evaluate the associated direct emissions of greenhouse gases and
ammonia during the two treatment steps of the process (Paper I).

To investigate the impact of enzyme pre-treatment duration on
process efficiency in BSFL composting of vegetable waste (Paper II).
To identify an efficient treatment strategy for BSFL composting of
fibrous cucumber plant residuals by applying additions of either
enzymes, frass, or a combination of both, to increase process
efficiency (Paper III).

To assess the general feasibility of on-site BSFL composting of
fibrous cucumber plant residuals using the treatment strategy
identified in Paper III at pilot-scale, with a focus on process
efficiency, impact on pesticide residues and system complexity
(Paper 1V).
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Waste Scale

substrate

Pre-

treatment

Assesment

2.2 Thesis structure

This thesis is based on four studies. Study I evaluated two different pre-
treatments and their impact on both process efficiency in BSFL composting
and direct greenhouse gas emissions (GHG) from the treatment. Study II
investigated whether directly adding enzymes would be more effective than
using fungi pre-treatment (evaluated in Study I) and determined the optimal
pre-treatment duration needed to enhance process efficiency in BSFL
composting. Study III assessed the impact of various additives, along with
selected process parameters, on a fibrous substrate on process efficiency in
BSFL composting. In parallel, a master’s thesis project investigated the
impact on pesticide residue in one studied set-up. The best performing
treatment in terms of biomass conversion efficiency, material reduction, and
harvestability in Study III was selected for further testing in Study IV. The
selected treatment was evaluated in a pilot-scale experiment conducted on a
cucumber production farm. In Study IV, the assessment focused on process
efficiency, the impact on pesticide residues and the technical complexity of
the process.

Study | Study |I

Laboratory scale [ Pilot scale }

I Food industry waste I Agro industry waste l
Ammonia - Enzymes - [ Enzymes & frass ]

Process efficiency

Fig 1. Schematic illustration of thesis structure.

;
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3. Background

3.1 Life cycle of a black soldier fly

One insect species that can be efficiently applied to fly larvae composting is
the black soldier fly (BSF), Hermetia illucens, which belongs to the order
Diptera and the family Stratiomyidae. Optimal rearing conditions for this fly
species vary depending on the developmental stage and involves the
regulation and monitoring of temperature (~27°C), relative humidity
(~75%), light exposure, and nutritional requirements (Nayak et al., 2024;
Tomberlin and Sheppard, 2002; Tomberlin et al., 2009). The BSF is found
worldwide, from 45°N to 40°S, and is thought to have originated from the
American continent (Sheppard et al., 1994).

The BSF has four main life cycle stages, namely egg, larva, pupa, and fly
(adult stage). In natural environments, female BSFs lay between 400 and 800
eggs in proximity to heaps of mixed decomposing organic matter, such as
carcases, manure, and plant-based wastes (Laursen et al., 2024; Sheppard et
al., 1994). At an ambient temperature, the eggs hatch after around four days
and they begin to consume nearby food substrates. The larvae pass through
six instars before metamorphosing into flies. In the final larval stage prior to
pupation, called prepupal stage, the larvae stop eating (Myers et al., 2008;
Sheppard et al., 1994) as their mouthparts transform into a hook-like
structure, making it easier for them to exit the rearing substrate. Under
optimal conditions, which include adequate nutrition and temperature, the
larvae develop into the prepupal stage within approximately 16 d. During
this stage, the larvae empty their digestive tract and actively migrate out of
the substrate in search of drier soil for pupation (Sheppard et al., 1994).

Early BSF systems took advantage of the inherent migratory behaviour
of the prepupae which facilitated the development and optimisation of
autonomous self-harvesting systems (Diener et al., 2011a; Newton et al.,
2005). In contrast to successful mating, the pupal stage necessitates a dry and
dark environment to facilitate the eclosion of flies (Holmes et al., 2013).
Adult BSFs measure 15-20 mm in length and have a lifespan of
approximately one to two weeks, sustained by lipid reserves accumulated
during the larval stage (Oliveira et al., 2015). As they do not feed during the
adult stage, they are not vectors of disease transmission and, unlike
houseflies, do not seek out waste or food sources (Nguyen et al., 2015).
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3.2 BSFL treatment as a biowaste management strategy

In their natural habitat, BSFL can consume substantial quantities of organic
matter, with reported intake rates reaching 507 mg/larva/day (Diener et al.,
2011b). This capacity makes them particularly well suited for effective
biological waste treatment, offering the potential to recover and recycle
nutrients that would be otherwise lost, thereby helping to close the nutrient
loop (Purkayastha and Sarkar, 2021). The treatment is applicable at both
small and large scales and does not require advanced infrastructure,
rendering it suitable for implementation in regions across the economic
spectrum (Lalander et al., 2018; Salomone et al., 2017).

BSFL treatment is divided into two distinct components: a fly colony for
oviposition and a composting facility for the bioconversion of organic waste.
These two components require different environmental conditions regarding
terms of temperature, humidity, and lighting (Nayak et al., 2024). The
treatment approach may be implemented in centralised facilities for large-
scale waste processing, decentralised systems suitable for community-level
or on-site biowaste management, or a hybrid, which provides a flexible
solution (Grau et al., 2022).

Using BSFL composting to recycle biowaste offers the opportunity to
reduce the reliance on landfilling (Amrul et al., 2022). The landfilling of
biowaste is commonly associated with a range of environmental issues,
including GHG emissions, eutrophication, and public health hazards
(Ferronato and Torretta, 2019).

Although larval composting can also be conducted using the common
housefly (Musca domestica), this species poses additional sanitary risks due
to its potential role as a disease vector (Kenis et al., 2018). Furthermore, its
larvae are smaller and therefore more difficult to separate from the compost
substrate (Kenis et al., 2018).

One advantage of the BSFL composting system is that it can facilitate the
conversion of biowaste into valuable and marketable products (Lohri et al.,
2017), potentially generating supplementary income that may offset the
operational costs of the waste management system.
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3.3 BSFL treatment products

3.3.1 Larval biomass

One of the two BSFL composting products is larval biomass, whose most
studied components are proteins and lipids. The larval biomass typically
contains a crude protein content of approximately 40% dry matter (DM),
although this can vary by around +5 percentage points depending on the
substrate as well as the size and age of the larvae (Do et al., 2020; Ewald et
al., 2020; Makkar et al., 2014). Variations in protein content related to larval
age have been attributed to the presence of non-protein nitrogen compounds,
such as chitin, which can result in an overestimation of protein content (Do
et al., 2020; Lalander et al., 2019; Liland et al., 2017). Whilst no definitive
conversion factor has been established for protein quantification in BSFL, it
has been proposed that a factor of 4.76 is more appropriate than the
conventional factor of 6.25 that is commonly used for generic protein
determination (Janssen et al., 2017).

The variation in fat content of BSFL biomass is substantially influenced
by the fatty acid composition of the substrate, and has been shown to vary
by +15 percentage points in larvae reared on different substrates (Ewald et
al., 2020). The fatty acids in the BSFL biomass are primarily comprised of
short-chain saturated fatty acids (Ewald et al., 2020; Meneguz et al., 2018b).

BSFL biomass has been shown to serve as a suitable alternative to
conventional protein sources such as soybean meal and fishmeal in
aquaculture and other animal feed formulations due to their high protein and
lipid content (Fatima et al., 2023; Weththasinghe et al., 2022). Soybean-
derived feeds frequently lack adequate quantities of certain essential amino
acids, including methionine and lysine (Khodadoust et al., 2024). These
amino acids are vital for optimal biomass growth in animals and thus
typically require supplementation with synthetic amino acids or fishmeal.

Notably, these amino acids—lysine, methionine, tryptophan, threonine,
cysteine, and valine—are present in the fifth and sixth larval instar stage at
concentrations exceeding those found in soybean-based feeds, enabling the
larvae to serve as a viable alternative protein source in animal nutrition
(Alagappan et al., 2025; Khodadoust et al., 2024; Surendra et al., 2016). This
substitution has the potential to reduce the demand for soybean cultivation
which has been associated with significant biodiversity loss due to extensive
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pesticide application and monocultural farming practices (Green et al.,
2019).

Although an indirect relationship between soy cultivation and
deforestation may exist, further research is needed to elucidate this linkage.
Deforestation is primarily driven by the expansion of cattle farming, whilst
soy cultivation often replaces former pasturelands. This displacement effect
prompts the establishment of new pastures elsewhere, thereby indirectly
contributing to deforestation (Kuschnig et al., 2021; Kuschnig and Giljum,
2019). Thus, limiting deforestation would reduce CO- emissions associated
with the removal of forest biomass.

Regarding fishmeal utilisation in animal feeds, BSFL have been
identified as a sustainable alternative. Although about 89% of total aquatic
animal biomass is ultimately used for human consumption, a substantial
portion of wild-caught fish (approximately 50%) and a significant share of
aquaculture production (around 20-25%) are processed into fishmeal and fish
oil used as animal feed, primarily sustaining the growing aquaculture sector
itself, which highlights considerable indirect reliance on wild fish for farmed
fish production (FAO, 2024; Roberts et al., 2024). Its use in pig and poultry
feed involves notable inefficiencies, with approximately 100 kg of fishmeal-
based feed producing only 20-25 kg of chicken meat or 13—17 kg of pork
(University of Gothenburg, 2025). With tightening regulations aimed at
sustainable fishing practices, expanding fishmeal production to meet the
growing meat demand will become increasingly challenging (FAO, 2022).

Waithaka et al. (2022) found that incorporating BSFL meal into the diets
of indigenous chickens in Kenya improved growth rates and provided a cost-
effective protein source. According to the authors, this approach could
support sustainable poultry farming practices in regions with limited access
to conventional feed ingredients. Laying hens fed with diets that include
BSFL biomass have been reported to have improved product quality such as
increased eggshell thickness, contents of egg yolk, and albumin (Kawasaki
et al., 2019). van Heugten et al. (2022) reported that supplementing nursery
pig diets with BSFL oil, in replacement of corn oil, resulted in increased
average daily gain, improved feed conversion ratios without affecting feed
intake, and increased final pig body weight after a 40-d test period. This
suggests that BSFL oil is a palatable and effective dietary fat source for pigs.

Emerging evidence suggests that BSFL and their derived products may
exert probiotic-like effects in animals, particularly in poultry. These effects
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are thought to be mediated through the larvae’s natural microbiota as well as
bioactive compounds such as antimicrobial peptides, chitin, and potential
probiotic genera associated with nutrient absorption (Moll et al., 2022; Xu et
al., 2025). When included in poultry feed, BSFL meal has been shown to
modulate gut microbiota composition, often resulting in increased
populations of beneficial bacteria such as Lactobacillus spp. and reduced
levels of potentially pathogenic taxa such as Enterobacteriaceae (Saidani et
al., 2025). Moreover, BSFL may enhance gut barrier function and stimulate
immune responses, thereby contributing to improved gut health and disease
resistance (Hender et al., 2021; Yu et al., 2019).

The provision of live BSFL as a feed supplement for laying hens has
garnered attention due to its potential benefits for both animal welfare and
nutritional performance (Dabbou et al., 2025; Machado Tahamtani et al.,
2021). In addition to serving as a rich source of high-quality protein and
lipids, live BSFL may stimulate natural foraging behaviours, which would
improve behavioural enrichment among laying hens. Two studies have
reported no negative effects on laying performance when live BSFL were
incorporated into the diet (Dabbou et al., 2025; Machado Tahamtani et al.,
2021). However, when given live BSFL ad libitum, the hens gained weight
more rapidly, ultimately achieving a higher body weight and greater protein
intake compared to those in the other treatment groups (Machado Tahamtani
etal., 2021).

Although BSFL supplementation had a minimal impact on the overall
microbial diversity in the excreta, it influenced specific microbial taxa and
was linked to reduced stress levels among the hens (Dabbou et al., 2025).
However, the nutritional variability of larvae, resulting from variability in
their rearing substrate and developmental stage, necessitates careful
formulation to ensure balanced dietary provision.

3.3.2 Treatment residue

The BSFL composting process also yields a treatment residue, known as
frass and comprises of larval excreta, unprocessed waste fractions and larval
exuviae (Amrul et al., 2022). With a functional resemblance to conventional
organic fertilisers, BSFL residues possess the potential to serve as a nutrient-
rich organic fertiliser (Lopes et al., 2022). However, recent findings indicate
that frass is not a biologically stabilised and may continue to undergo active
decomposition after collection (Lopes et al., 2024; Lopes et al., 2022). This
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instability can lead to potential phytotoxic effects and ammonia volatilisation
(Bohm et al., 2023).

Despite these limitations, frass has demonstrated several agronomic
benefits. It has been shown to reduce nitrogen leaching by up to 87%
compared to synthetic fertilisers applied at equivalent rates, without
negatively impacting plant growth or leaf quality (Beasley et al., 2023). In
addition to nutrient content, frass contributes to soil microbial enrichment,
introducing viable microbial communities and enzymatic activity that can
promote nutrient cycling and organic matter turnover in the substrate (Choi
and Hassanzadeh, 2019; Lopes et al., 2024). It also contains biologically
active compounds such as chitin and groups of microorganisms. Chitin
contributes to enhanced plant health primarily by boosting defence and
disease resistance mechanisms, whilst rhizobacteria (also present in frass)
can colonize plant roots and promote growth by enhancing nutrient uptake,
improving soil health, and possibly inducing systemic resistance in plants
(Barragan-Fonseca et al., 2022).

Given frass’ lack of biological stability, further processing steps such as
composting, drying, or blending with stabilising agents may be necessary
before field application to ensure agronomic safety and efficacy (Lopes et
al., 2024). Alternatively, treatment residues may be directed into other
valorisation pathways, such as anaerobic digestion for biogas production,
although their heterogeneous composition and ongoing biological activity
may require process optimisation (Lalander et al., 2018).

3.4 Risks with circular waste management

The integration of BSFL composting of biowaste within a circular economy
framework—aimed at closing nutrient and energy loops in the food system—
poses potential safety concerns due to the risk of toxic contaminants
accumulating in the food chain. These include residues of pharmaceuticals
and pesticides, mycotoxins, bacterial toxins, heavy metals, and pathogenic
microorganisms (Mufungwe et al., 2025; Ogbon et al., 2025). Such
contaminants are particularly concerning as they may form stable toxic
compounds capable of disrupting biochemical processes and physiological
functions in plants and animals upon ingestion (Alengebawy et al., 2021).
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3.4.1 Pathogens

Lalander et al. (2015) and Erickson et al. (2004) observed that BSFL
composting plays a role in reducing certain pathogenic microorganisms,
including Salmonella spp. and Escherichia coli. Nevertheless, other studies
have reported the presence of parasitic oocysts or eggs—such as Eimeria
tenella, E. nieschulzi, and Ascaris suum (Miller et al., 2019)—as well as
pathogenic bacteria including Salmonella spp., Enterococcus species
(Lalander et al., 2013), and Bacillus cereus (van Kessel et al., 2024) within
both the larvae and the resulting treatment residues. To minimise the risk of
disease transmission to humans and animals, further processing of the larvae
and residues has been suggested to eliminate any pathogenic
microorganisms, with treatments such as ammonia or heat sanitation
(Lalander et al., 2013; Miiller et al., 2019), drying (Erickson et al., 2004;
Lalander et al., 2013), and blanching (Bessa et al., 2020).

Drying both the larvae and the frass for 1 min at 100°C to mimic
blanching demonstrated that Bacillus cereus endospores persisted and were
transferred into both larvae and frass (van Kessel et al., 2024). It is
recommended to test the substrate ingredients for Bacillus cereus endospores
prior to BSFL rearing to prevent their introduction into the feed and food
chain, therefore ensuring the safety of the final product for both animals and
humans (van Kessel et al., 2024).

3.4.2 Pesticides

The presence of pesticides complicates the treatment of biodegradable
waste, as certain compounds exhibit toxicity towards specific microbial
communities and require specialised microorganisms that are less efficient
at degrading waste (Fogg et al., 2003). In the context of BSFL composting,
emerging evidence suggests that the larvae and their gut microbiota may help
in degrading, or transforming, numerous pesticides, to varying degrees
depending on the compound type and concentration (Alagappan et al., 2022;
Lalander et al., 2016; Yang, C. et al., 2022). However, the efficiency of
pesticide degradation may depend on the characteristics of the biodegradable
waste used in BSFL composting. Substrates that are more readily digested
by the BSFL could enhance the degradation of pesticides: e.g. nutrient-rich
or well-balanced substrates could accelerate larval metabolism and
associated microbial interactions, thereby facilitating more effective
degradation of the pesticides (Meijer et al., 2021).
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Simultaneously, the potential for bioaccumulation in larval biomass must
be carefully monitored, particularly when the larval biomass is intended for
use in animal feed. There is no evidence that shows the bioaccumulation of
pesticides (e.g. A-cyhalothrin, azoxystrobin, chlorpyrifos, chlorpyrifos-
methyl, cypermethrin, imidacloprid, pirimiphos-methyl, propiconazole,
propoxur, spinosad, and tebufenozide) in the larvae (Lalander et al., 2016;
Mbokou Foukmeniok et al., 2024; Meijer et al., 2021). However, whilst some
pesticides do not appear to interfere with the process efficiency, others do—
especially at higher concentrations, where the survival and larval size have
been shown to decrease (Mbokou Foukmeniok et al., 2024).

It remains unclear whether the pesticides are fully mineralised during
BSFL composting or if they form intermediate compounds, where some
potentially degrade into secondary products. These degradation products
may themselves exhibit biological activity, thereby influencing the
composting process. Further research is needed to understand these
transformation pathways and their implications (Mbokou Foukmeniok et al.,
2024).

3.5 Emissions

Climate dynamics are influenced, among other factors, by the concentration
of greenhouse gases (GHGs) in the atmosphere (IPCC, 2023). Whilst studies
on greenhouse gas emissions from fly larvae composting exist, there remains
a need for more comprehensive data, particularly at larger scales and when
using vegetable-based substrates. Most studies investigating GHG emissions
from the BSFL treatment system have mainly focused on the BSFL
composting phase and have been conducted at laboratory scale (Chen,
Jiangshan et al., 2019; Ermolaev et al., 2019; Pang et al., 2020; Parodi et al.,
2020; Wu et al., 2026), although some have been measured on somewhat
larger scale (Parodi et al., 2021; Xiang et al., 2024a). These studies have
examined larvae feed on various substrates, including food waste,
agricultural residues, sludge and animal manure (Chen, Jiangshan et al.,
2019; Ermolaev et al., 2019; Pang et al., 2020; Parodi et al., 2020; Parodi et
al., 2021; Wu et al., 2026; Xiang et al., 2024a).

In contrast, other stages of the BSFL production cycle—such as the fly
rearing unit—have received comparatively little attention in terms of their
contribution to overall GHG emissions. Many of the earlier life cycle
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assessment studies conducted on the BSFL treatment system used generic
emission data for insects, rather than measurements derived from specific
BSFL treatment systems (Halloran et al., 2016; Mondello et al., 2017;
Smetana et al., 2016). Unlike many earlier studies that used generic emission
factors, Pishgar-Komleh et al. (2022) measured both direct emissions from
the nursery/rearing phase and indirect emissions such as electricity use,
finding that energy consumption during the nursery phase is a significant
contributor to the overall GHG emissions of BSFL production (Pishgar-
Komleh et al., 2022). These findings are in line with the findings of Mertenat
et al. (2019), who employed a life cycle assessment (LCA) approach to
quantify the global warming potential (GWP) by measuring direct GHG
emissions at a BSFL waste treatment facility during the BSFL composting
phase, comparing the results with those from an open windrow composting
system. Their findings indicated that the BSFL treatment system is
associated with a lower GWP than conventional composting methods. This
highlights that context-specific factors such as energy use for machinery
operations and transport play a much larger role in the overall GHG
emissions of BSFL production than direct biological emissions from larvae
rearing alone.

The ammonia (NH3) emissions have been shown to range between 0.05
and 0.5 g/kg initial wet weight (ww), whilst emissions of methane (CHs) and
nitrous oxide (N,O) ranged between 0.03 and 8.6 g/kg initial ww from BSFL
composting. These findings indicate that the emissions are largely dependent
on the type of diet and rearing methods, among other factors (Chen,
Jiangshan et al., 2019; Ermolaev et al., 2019; Pang et al., 2020; Parodi et al.,
2020).

Compared to aerobic composting (Ermolaev et al., 2015; Ermolaev et al.,
2012; Xiang et al., 2024a), emissions from BSFL composting were generally
lower across all measured gases. However, this reduction of emissions may
be attributed to the incomplete degradation of the substrate, suggesting that
further emissions could arise during subsequent decomposition processes
during post-treatment of the residue which can increase by 20-52%
(Beesigamukama et al., 2023) and consumption of the larval biomass. In the
study by Parodi et al. (2021), BSFL composting increased the emissions of
NHj; but is discussed by the authors that the emissions when applied on the
field, might be lower than when fresh manure is directly applied on the field.
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One approach to reducing GHG emissions from the BSFL treatment
system involves the application of pre-treatment strategies. However,
bacterial pre-treatment showed no observable effect on emissions during the
BSFL treatment system of food waste, as emissions generated during the pre-
treatment phase itself were not included in the assessment (Ermolaev et al.,
2019).

3.6 BSFL bioconversion process

3.6.1 Substrate degradation

The degradation of biowastes in BSFL composting is a multifaceted process
involving both larval enzymatic activity and the metabolic functions of their
associated gut microbiota (Yu et al., 2023). Larvae primarily consume the
more easily available and nutrient-rich components of the substrate, such as
simple carbohydrates, proteins, and lipids, whilst the degradation of complex
polymers such as cellulose, hemicellulose, and lignin is typically slower and
possibly more heavily reliant on microbial enzymatic activity (Liu et al.,
2020).

BSFL possess a well-developed digestive system capable of secreting a
range of endogenous enzymes, including proteases, lipases, and amylases,
which facilitate the breakdown of proteins, fats, and simple carbohydrates,
respectively (Seyedalmoosavi et al., 2022). Upon ingestion, the substrate is
sorted and small parts can break down into finer parts in the mouth, which is
described as a “sort of tunnel boring machine” (Bruno et al., 2020), and is
further processed in the gut, where enzymatic hydrolysis releases nutrients
for absorption (Bonelli et al., 2019; Bruno et al., 2020).

In addition to larval digestion, the gut microbiome plays a crucial role in
the decomposition of more recalcitrant compounds, such as cellulose,
hemicellulose, and pectin, by producing specialised enzymes including
cellulases and pectinases. This microbial contribution is particularly
important for the degradation of fibrous plant materials, which are otherwise
poorly digested by the larvae alone (Liu et al., 2020). Furthermore, BSFL
movement within the substrate promotes mechanical disruption and aeration,
altering physicochemical parameters—such as temperature, pH, and
moisture—and creates a more favourable environment for microbial
colonisation (Ci¢kova et al., 2015).

36



The efficiency of substrate degradation is influenced by several
operational and substrate factors, such as the carbon-to-nitrogen (C/N) ratio,
particle size, and environmental conditions such as temperature and aeration,
all of which affect microbial growth and larval feeding behaviour (Lu et al.,
2021; Yakti et al., 2023). High-protein substrates generally result in higher
larval biomass yields, whilst high-fibre or lignin-rich substrates may slow
down the degradation process and reduce larval growth unless pre-treated or
supplemented (Gold et al., 2020a; Liu et al., 2020).

3.6.2 Density, feeding rate, temperature, and moisture content

The efficiency of the treatment is affected by various factors such as larval
density, feeding rate, and the temperature and moisture content of the
substrate (Dzepe et al., 2020; Lopes et al., 2023). Higher larval densities
typically enhance substrate degradation rates due to increased feeding
activity and bioconversion, resulting in more rapid biomass accumulation
and a greater reduction in organic matter (Dzepe et al., 2020).

However, excessively high densities can lead to overcrowding, which
may reduce oxygen availability and increase competition for resources,
ultimately impairing larval growth and survival (Jones and Tomberlin,
2019). Conversely, low larval densities may prolong processing times and
reduce overall treatment throughput. Optimising larval density is therefore
essential to balance rapid waste degradation with larval health and biomass
yield, taking into account the nature of the substrate and environmental
conditions (Dzepe et al., 2020).

Whilst the entire feed substrate can be supplied at the start of BSFL
composting, it is generally recommended to divide the substrate into equal
portions and administer these at 2 to 4 d intervals during the first week
(Banks et al., 2014). This approach helps to reduce surface crust formation
and minimises the risk of unprocessed substrate accumulating at the bottom
of the treatment containers (Banks et al., 2014). High feeding rates, typically
between 200 and 250 mg per larva per day, have been associated with shorter
development times to the prepupal stage and increased final larval biomass
when compared with lower feeding rates (Nyakeri et al., 2019).

Reduced feeding rates tend to limit larval weight gain, likely due to
intensified competition for nutrients. However, when paired with a high
larval density, low feeding rates have also been shown to enhance substrate
degradation efficiency (Lopes et al., 2023; Paz et al., 2015). These findings
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suggest that feeding regimes in BSFL composting systems can be optimised
according to larval density and tailored to meet specific treatment objectives
(Lopes et al., 2023; Paz et al., 2015).

Composting with a high BSFL density and elevated feeding rates should
be avoided, as it may induce excessive temperature increases and a substrate
pH drop below 6, as well as generate a large substrate depth, which can
hinder larval development and minimise the total waste reduction (Lopes et
al., 2023; Paz et al., 2015). Substrates with a high moisture content (>90%)
tend to destabilise the treatment process by promoting anaerobic conditions,
forcing the larvae to consume more substrate to obtain their nutritional
requirements (Lalander et al., 2020). This may alter the microbial
community, potentially shifting it towards a microflora less conducive to
efficient decomposition, thereby reducing both BCE and overall waste
reduction during BSFL composting (Lalander et al., 2020; Schreven et al.,
2022). Throughout the BSFL composting process, the substrate’s moisture
content typically declines, whilst the temperature rises (even more so with
higher larval densities) and pH shifts from acidic or neutral levels towards
more alkaline conditions (Klammsteiner et al., 2025).

These parameters are interdependent, and optimal conditions for
achieving higher BCE and material reduction seem to include a substrate
moisture content below 90% (depending on the ventilation regime), a larval
density between 2.5 and 6.5 larvae/cm’® also to maintain moderate
temperatures and substrate depth below 5 cm, and a feed dose of 0.1-0.2 g
VS/larva to minimise unprocessed substrate (Klammsteiner et al., 2025;
Lalander et al., 2020; Lopes et al., 2023; Paz et al., 2015).

3.7 Nutritional demand of BSFL

One of the key advantages of BSFL composting is its capacity to process a
wide range of biowastes, including food waste, abattoir by-products, human
waste, fruit and vegetable residues, and sewage sludge (Gold et al., 2020a;
Lalander et al., 2019). Combining vegetables and legumes as feed substrates
has been shown to enhance BCE to levels comparable with those achieved
using mixed food waste (Gold et al., 2020a).

However, the protein content in the larvae were lower when they were
fed with vegetable canteen waste compared to mixed food waste, which Gold
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et al. (2020a) attributed to the higher C/N ratio of the former, leading to
increased fat accumulation in the larvae.

Similarly, Lalander et al. (2019) observed that a mixture of abattoir waste
and fruit and vegetable waste yielded higher protein conversion efficiency
compared to the individual substrates. This improvement was attributed to a
more balanced protein-to-carbohydrate ratio in the mixed substrate,
facilitating more effective nutrient utilisation by the larvae.

3.7.1 Nutrients required

The most important nutritional parameters for the development of BSFL
include protein, non-fibre carbohydrates (NFC), fibre, and lipids (Barragan-
Fonseca et al., 2018a; Barragan-Fonseca et al., 2018b; Gold et al., 2018;
Lalander et al., 2019), which are part of the total volatile solids and suggested
to be 0.2 g VS per larva (Lopes et al., 2023). Imbalanced nutrient ratios
within the substrate can prolong larval development, reduce biomass
production, and waste reduction efficiency (Lu et al., 2021). Among the
substrate’s nutritional characteristics, protein content and the proportion of
readily available carbohydrates have been identified as the most influential
(Luetal., 2021).

Depending on the intended application of the larvae, maintaining an
approximate 1:1 ratio of protein to NFC has proven to be beneficial, as an
excess of NFC increases larval biomass without enhancing the protein
content (Gold et al., 2020a). A higher protein concentration in the substrate
is desirable when the larvae are destined for use as a protein source in animal
feed, as it elevates the larval protein content (Lopes et al., 2020).

Conversely, reducing lipid and fibre levels in the substrate is
advantageous because a high fibre content—especially when combined with
low protein and NFC concentrations—has been associated with reduced
BCE and substrate reduction, and lower larval weight (Gold et al., 2020a).
Notably, fruit and vegetable wastes are generally low in protein and lipids
but high in fibre, thereby providing insufficient nutrition to support optimal
BSFL growth.

3.7.2 Nutrients in fruit and vegetable waste

Fruit and vegetable wastes are widely generated biowaste streams that
exhibit considerable variability in nutrient composition, depending on crop
type, maturity, and post-harvest handling (Angulo et al., 2012). These wastes
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are generally characterised by a high moisture content and are rich in easily
degradable carbohydrates such as glucose, fructose, and sucrose, particularly
in fruits. However, they typically contain low levels of protein and lipids,
resulting in a relatively high C/N ratio (Song et al., 2020) that often exceeds
the optimal range for efficient bioconversion by insects or microbes (Gold et
al., 2020a).

Fibre content, including cellulose, hemicellulose, and lignin, is usually
elevated, particularly in vegetable stems and peels, which can reduce
digestibility and slow down decomposition (Gao et al., 2025). Despite these
limitations, fruit and vegetable residues are valuable sources of
micronutrients such as potassium, calcium, magnesium, and various
vitamins and polyphenolic compounds, which may support microbial
activity and influence larval development in bioconversion systems such as
BSFL composting (Borel et al., 2021; Coman et al., 2020; FAO, 1998). Their
compositional profile suggests that, although nutritionally imbalanced on
their own, these residues could be effectively utilised when blended with
protein- or nitrogen-rich substrates to enhance process efficiency.

3.7.3 Degradation of lignocellulose

Lignocellulose degradation is a complex biochemical process that involves
the breakdown of plant biomass composed primarily of cellulose,
hemicellulose, and lignin. Microorganisms, including fungi and bacteria, are
key contributors to the process, secreting a range of enzymes that work
together to break down the rigid lignocellulosic structure (Rehman et al.,
2025). Lignin, a complex and irregular aromatic polymer, forms a protective
barrier around cellulose and hemicellulose in plant cell walls, making it
highly resistant to microbial and enzymatic attack, which limits degradation
efficiency, necessitating pre-treatment strategies to disrupt the lignin matrix
and improve microbial access to cellulose and hemicellulose (Rehman et al.,
2025).

Whilst BSFL are not known to produce high levels of lignocellulolytic
enzymes themselves, they rely heavily on their gut microbiota to assist in
breaking down complex lignocellulosic materials such as agricultural and
plant-based wastes (Kariuki et al., 2023; Xiang et al., 2024b). The symbiotic
microorganisms within the larval gut secrete enzymes such as cellulases,
hemicelluloses, and, to a lesser extent, ligninases, which facilitates the partial
degradation of lignocellulose into simpler sugars and aromatic compounds
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(Xiang et al., 2024b). This microbial-assisted process enhances nutrient
availability, allowing the larvae to efficiently assimilate carbon and energy
for growth (Kariuki et al., 2023). Although the degradation of lignin is
limited, BSFL can still thrive on substrates with a moderate lignocellulosic
content as long as lignocellulosic degrading microorganisms are present
(Xiang et al., 2024b).

3.8 Pre-treatments

The main objective of pre-treating a substrate that is high in lignocellulose
prior to BSFL composting is to facilitate lignin disruption, alter the
crystalline structure of cellulose, increase the substrate's surface area, and
ultimately improve the degradation efficiency (Rehman et al., 2025). There
are a wide range of pre-treatment approaches divided into different
categories such as physical, chemical, physicochemical, and biological
techniques, as well as various combinations of these methods.

3.8.1 Physical

Physical pre-treatments predominantly aim to reduce particle size, increase
surface area, and disrupt the rigid architecture of lignocellulose, thereby
improving enzyme accessibility during subsequent enzymatic hydrolysis
(Peguero et al., 2024). Ball or hammer milling are widely used techniques
that breaks down biomass into finer particles, leading to a reduction in
cellulose crystallinity and an increase in the surface-to-volume ratio
(Rehman et al., 2025). However, milling can be energy-intensive, depending
on the desired particle size (Amin et al., 2017).

Grinding and mixing of the feed substrate are generally recommended to
produce a uniform mixture with optimal particle sizes, ensuring efficient
consumption and digestion by BSFL (Paz et al., 2015; Peguero et al., 2024).

3.8.2 Chemical

Chemical pre-treatments prior to BSFL composting are employed to improve
the digestibility of complex organic substrates (Isibika et al., 2019). These
treatments involve the application of acids, alkalis, or oxidising agents to
disrupt the structural integrity of lignin and hemicellulose, which increases
the accessibility of cellulose and other nutrients for microbial and larval
digestion (Rehman et al., 2025).
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Alkaline pre-treatments, using substances such as sodium hydroxide or
lime, are particularly effective in solubilising lignin and swelling biomass,
which could make degradation easier for the larvae and their gut microbiota
(Amin et al., 2017).

Acid pre-treatments, typically involving dilute sulphuric or hydrochloric
acid, hydrolyse hemicellulose and partially open up the biomass structure,
but they may generate inhibitory by-products such as furfurals if not properly
controlled (Amin et al., 2017).

Integrating a chemical pre-treatment could potentially accelerate the
bioconversion process, enhance larval growth, and increase biomass yield.
However, careful optimisation is essential to avoid toxicity to the larvae and
to ensure environmental safety in large-scale applications.

Ammonia pre-treatment

Ammonia pre-treatment is used to enhance the digestibility of lignocellulosic
biomass by disrupting its complex structure (Peguero et al., 2023). This
approach mainly targets lignin, since ammonia has a strong affinity for lignin
and can partially solubilise or chemically modify it, particularly in non-
condensed regions (Zhao et al., 2020). It breaks ether and ester linkages in
lignin-carbohydrate complexes, which are responsible for cross-linking
lignin to hemicellulose and cellulose (Zhao et al., 2020). This delignification
process reduces the overall rigidity of the biomass and increases porosity,
improving the accessibility of cellulose and hemicellulose for enzymatic or
microbial degradation (Zhao et al., 2020).

Unlike acid treatments, ammonia does not extensively degrade sugars,
which preserves the carbohydrate content of the substrate (Amin et al.,
2017). Notably, cellulolytic bacteria (e.g., species of Bacillus and
Streptomyces) thrive in ammonia-pretreated environments, taking advantage
of the increased substrate porosity and reduced lignin content to accelerate
decomposition (Book et al., 2016; Sharma et al., 2016). The degradation
process is typically synergistic: lignin-degrading microorganisms first
modify or remove lignin barriers, allowing cellulolytic and hemicellulolytic
organisms to access and deconstruct the polysaccharide components more
efficiently (Su et al., 2018). In BSFL composting systems, these microbial
processes occur both in the substrate and within the larval gut, where the
microbiota further assists in digesting partially decomposed material (Xiang
et al., 2024b; Yu et al., 2023).
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In addition to its role as a delignifying agent, ammonia could also serve
as a valuable supplemental nitrogen source in pre-treatment processes,
particularly when applied to substrates with a low nitrogen content, such as
lignocellulosic agricultural residues (Au - Chundawat et al., 2020). This dual
function is especially beneficial in biological systems such as BSFL
composting, where balanced C/N ratios are critical for efficient microbial
activity and larval growth (Lu et al., 2021).

During ammonia pre-treatment, some of the applied ammonia becomes
chemically bound to biomass components through ammonolysis, forming
compounds such as ammonium salts or amides. However, a portion remains
bioavailable in the substrate, thereby enriching its nitrogen profile (Balan et
al., 2025). This additional nitrogen can stimulate the growth of
microorganisms, which require nitrogen for protein synthesis and metabolic
function (Balan et al., 2025).

In BSFL systems, enhanced microbial degradation can improve substrate
digestibility, whilst the larvae themselves would directly benefit from
increased nitrogen availability, which supports protein biosynthesis and
biomass accumulation (Isibika et al., 2019). According to Pang et al. (2020),
an improved C/N balance can benefit the process efficiency and reduce
ammonia volatilisation during larval rearing.

Ammonia raises the pH of the treated substrate to alkaline levels, often
exceeding pH 9. This shift can inhibit certain microbial contaminants and
pathogens, potentially improving the hygienic quality of the substrate (Magri
et al., 2015). This also requires careful pH adjustment prior to biological
systems such as BSFL composting even though substrates with pH 9.5 have
been shown to have no effect on BSFL development (Meneguz et al., 2018a).

However, some researchers argue that ammonia pre-treatments may be
unsuitable for BSFL composting due to ammonia toxicity, as a dose-
dependent response has been observed—wherein higher ammonia
concentrations and/or prolonged exposure prior to larval feeding were
associated with more pronounced negative effects (Peguero et al., 2023).
Either way, careful control of ammonia concentration and treatment
conditions is necessary to avoid ammonia toxicity and to ensure
environmental and operational safety.
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3.8.3 Biological

Biological pre-treatments involve the use of microorganisms—primarily
fungi and bacteria—or their enzymes to break down the structural
components of lignocellulosic biomass (Rehman et al., 2025). Biological
pre-treatments are usually performed at near-neutral pH and at ambient or
slightly raised temperatures. They produce fewer inhibitors compared to
chemical methods, making them more compatible with downstream
biological processes such as BSFL composting (Rehman et al., 2025).
However, these methods are generally slower as they may require longer
incubation times, which can limit their application at industrial scales unless
integrated with other pre-treatment strategies (Amin et al., 2017).

Fungal pre-treatment

Fungal pre-treatments primarily employs ligninolytic fungi, particularly
white-rot species such as Phanerochaete chrysosporium, Trametes
versicolor, and Pleurotus ostreatus, which can degrade lignin through the
production of oxidative enzymes such as laccases, lignin peroxidases, and
manganese peroxidases (Andlar et al., 2018). These enzymes selectively
target and modify the lignin matrix and open the phenyl rings without
significantly affecting the cellulose and hemicellulose fractions, thereby
increasing the accessibility of polysaccharides for subsequent microbial or
enzymatic hydrolysis (Amin et al., 2017; Andlar et al., 2018).

Fungal methods produce minimal toxic by-products but are frequently
limited by their relatively slow processing time (often several weeks) to
achieve significant delignification and biomass modification. They are also
sensitive to environmental factors such as moisture, temperature, and oxygen
availability, and thus require careful optimisation for practical applications
(Amin et al., 2017; Suryadi et al., 2022).

It has been reported that carbohydrates are consumed during fungal pre-
treatments, which is considered a disadvantage (Amin et al., 2017).
However, some studies have demonstrated that the concentrations of
nitrogen and crude protein per unit mass of pre-treated dry matter increase
during fungal treatment (Jalc et al., 1997; Zeng et al., 2011). Despite a
reduction in total dry matter, there does not appear to be a corresponding loss
of nitrogen, and the incorporation of fungal biomass into the substrate may
contribute to an overall increase of protein content (Jalc et al., 1997) which
is particularly relevant when followed by BSFL composting.
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Enzyme pre-treatment

Enzymatic pre-treatments offer a targeted approach for enhancing the
degradability of lignocellulosic biomass by selectively hydrolysing
structural polymers (Suryadi et al., 2022). This method employs purified or
crude enzyme preparations to break down cellulose, hemicellulose, and, to a
lesser extent, lignin into simpler, more bioavailable compounds (Suryadi et
al., 2022). Enzymatic treatments provide distinct advantages due to their
relatively rapid action compared to fungal colonisation, which enables
shorter processing times.

By reducing polymer complexity and increasing soluble sugar content
(Suryadi et al., 2022), enzymatic pre-treatment have been shown to enhance
microbial activity and substrate digestibility for the larvae (Dzepe et al.,
2025). The combination of heat and cellulase addition followed by a short
fermentation improved the BCE compared to when using enzymes alone
(Dzepe et al., 2025).

However, the effectiveness of the enzymatic pre-treatment approach is
influenced by multiple factors, including enzyme specificity, loading rate,
substrate composition, and reaction conditions such as pH and temperature
(Suryadi et al., 2022). Furthermore, the relatively high cost of commercial
enzymes can restrict their large-scale application (Dzepe et al., 2025; Suryadi
et al.,, 2022). Thus, more research investigating enzyme recycling,
synergistic enzyme cocktails, and microbial enzyme production aims is
encouraged to address these economic constraints (Afedzi et al., 2025;
Mohanram et al., 2013).

Frass as an amendment

Frass, the treatment residue from insect bioconversion, is defined by the
European Union 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 ...” (European Commission, 2021). It is increasingly
recognised as a multifunctional input in biological systems, with applications
ranging from composting to crop production (Zunzunegui et al., 2025).
Rich in organic matter, nitrogen, phosphorus, and microbial communities,
frass offers potential as a sustainable organic fertiliser capable of improving
substrate quality, enhancing microbial activity, and increasing overall system
efficiency (Choi and Hassanzadeh, 2019; Gold et al., 2020b; Lopes et al.,
2024; Lopes et al., 2022). When incorporated into composting or BSFL
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rearing systems, frass may contribute to optimising the C/N ratio—
depending on feedstock origin—support microbial colonisation and effective
organic matter decomposition (Lopes et al., 2024; Lopes et al., 2022).

Beyond its macronutrient profile, frass harbours an active microbial
community that can facilitate nutrient mineralisation and biodegradation,
whilst simultaneously contributing to plant health through bioactive
compounds such as chitin (Barragan-Fonseca et al., 2022). Chitin residues,
originating from insect exoskeletons, have been shown to stimulate
beneficial microbial populations and suppress soilborne pathogens, thereby
enhancing the biostimulant and protective qualities of frass as an organic
fertiliser (Kisaakye et al., 2024). In integrated systems, frass may also
function as a microbial inoculant or nutrient enhancer when reintroduced into
fresh substrate batches, reducing the reliance on synthetic additives and
promoting circularity of resources (Lopes et al., 2024)

However, the use of frass as a fertiliser is not without challenges. A major
limitation is that it is not biologically stable. Fresh frass often exhibits
elevated levels of reactive nitrogen (primarily ammonium), high electrical
conductivity, and ongoing microbial respiration—conditions that can lead to
uncontrolled nutrient mineralisation, ammonia volatilisation, and
phytotoxicity if applied directly to soil or plants (Bohm et al., 2023; Lopes
et al., 2024; Lopes et al., 2022). These characteristics are influenced by the
type of feedstock the larvae process, as well as the conditions of frass
collection and handling. Immature or unstable frass can impair seed
germination, stunt early plant development, and alter soil microbial balance
in undesirable ways (Bohm et al., 2023).

To mitigate these issues, post-processing strategies such as composting,
or controlled recirculation have been proposed (Lopes et al., 2024; Lopes et
al., 2022). In particular, recirculating frass within BSFL bioconversion
systems has shown promise in enhancing microbial inoculation of fresh
substrate whilst promoting gradual stabilisation of the frass itself (Lopes et
al., 2024). This approach has the potential to support process efficiency by
reducing the demand for external microbial starters or additives but could
also improve the overall maturity of the frass before use for crop production.

Ultimately, the efficacy of frass as a safe and effective organic fertiliser
depends on carefully managing its origin, composition, and degree of
stabilisation (Lopes et al., 2022; Mertenat et al., 2019), which must be
considered in any large-scale application strategy.

46



4. Methodology

4.1 Materials

411 BSFL

The BSFL used in the experiments were reared on chicken feed
(Granngarden Honsfoder Start) prior to the experiments. To enumerate the
larvae for the experiments, they were passed through a sieve with 1 mm mesh
and had an average weight of 0.20+£0.10 g per 100 larvae. The larvae were
taken from a BSF colony that has been run by the Environmental
Engineering group at the Department of Energy and Technology, SLU, since
2015 (Uppsala, Sweden).

4.1.2 \Waste substrates

The orange peels, broccoli stems, cauliflower cuttings (Paper 1), lettuce, and
cabbage (Paper II) were provided by the fruit and vegetable wholesaler
Sorunda Gronsakshall (Stockholm, Sweden). The source separated
household food waste (Paper I) was collected from the municipalities of
Eskilstuna, Stringnis, and Orebro, and minced at the recycling plant Lilla
Nyby in Eskilstuna (Eskilstuna & Stringnés Energi och Miljo, Eskilstuna,
Sweden) before being transported to the BSFL composting facility at SLU.
The cucumber plant residuals were provided by Tinas Gronsaksodling AB
(Helsingborg, Sweden) where they were coarsely grinded before being
transported to the BSFL. composting facility at SLU (Paper III) or provided
directly to the mobile BSFL composting container on site (Paper IV).

Preparation of substrates

The food waste was already minced into a slurry before arriving (Paper I)
and the plant residuals were also grinded before arriving, but into coarser
pieces of 10 cm and smaller which were stored for up to three months at -
18°C before use (Paper III) or stored at 4°C for one day (Paper IV). Orange
peels, broccoli stems, cauliflower cuttings (Paper I), lettuce, and cabbage
(Paper II) were minced separately on site using a blender (Robot Coupe
Blixer 4 V, France or Universal Cross, model BG2, Austria). The substrates
were either stored for up to 9 d at 15°C before being minced and then directly
used in the experiments (Paper I) or minced directly and bagged separately
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to be stored forup to 11 d at -18°C before use (Paper II). The frozen substrate
was then thawed at room temperature (28°C) for 24 h and thoroughly mixed
before being used in pre-treatments or treatments.

4.1.3 Microorganisms

Trichoderma reesei was pre-cultured on malt extract agar (MEA) at 28°C for
7 d and harvested using sterile 0.9% NaCl.

414 Enzymes

For Paper 11, an enzyme cocktail (SAE0020 Sigma-Aldrich) consisting of
cellulases, B-glucosidases, and hemicellulases was added to the pre-
treatment substrate to a concentration of 1% (w/w). In Paper II1, cellulase and
pectinase were the selected enzymes added at a concentration of 1% (w/w),
in accordance with Paper II.

4.2 Methodology

4.2.1 Experimental set-up

The primary aim of this study was to evaluate whether supplementing a
biowaste stream consisting of orange peels, broccoli and cauliflower, lettuce
and cabbage, or plant residuals with bio-chemical amendments could
improve the process performance of fly larvae composting in terms of
increasing BCE, material reduction, larval yield, and larval survival
(Figure 1). A total of 24 treatments were evaluated (Table 1), with the food
waste treatment serving as the reference for comparison across all other
treatments. In Paper I, fungal and ammonia pre-treatments were applied to
either orange peels or a mixture of broccoli and cauliflower. Paper Il focused
on enzyme pre-treatment and pre-treatment duration using a substrate
composed of lettuce and cabbage. In Paper III, enzyme and/or frass pre-
treatments were evaluated at varying concentrations on cucumber plant
residuals. Lastly, Paper IV scaled up the most effective treatment from
Paper [lIl—based on BCE, material reduction, and larval yield—for
validation at pilot scale (Table 1).
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Pre-treatments

The evaluated pre-treatment methods included biological, chemical, bio-
chemical, and microbial approaches, as well as combinations of some of
these. In Paper I, a 14-16 d pre-treatment with either Trichoderma reesei or
a 1% (w/w) addition of non-protein nitrogen in the form of ammonia was
performed at 30°C. The hypotheses behind using these pre-treatments were
that the fungi would degrade complex molecules into forms more available
to the larvae. Ammonia was added as an additional nitrogen source, for the
microorganisms in the substrate to convert non-protein nitrogen into protein
through nitrogen assimilation and thereby generate amino acids to the larvae
(Zhao et al., 2020), as described previously (see section 3.8.2).

In Paper II, enzyme treatment was investigated. The hypothesis behind
using enzymes as a pre-treatment method was that a shorter pre-treatment
duration would be possible compared with using fungi. Still, it was expected
that a longer enzyme pre-treatment would generate more readily available
carbohydrates for the larvae. Another advantage of using enzymes is that the
substrate would not be consumed by the fungi. An addition of an enzymatic
cocktail containing cellulases, B-glucosidases, and hemicellulases at a 1%
(w/w) concentration was added to the substrate to pre-treat for 0 d, 2 d, and
4 d. The substrate was stirred in a bucket that had been placed in a tent at a
temperature of 28.8 + 0.8°C.

Rather than using the concentration to predict how much enzyme to add,
the addition was recalculated to reflect enzyme units per g VS in the plant
residuals. One unit (1U) is the measurement of the enzyme's catalytic
activity. The enzymatic activity is defined as the amount of enzyme that
catalyses the conversion of 1 micromole of a chosen substrate per minute
under defined conditions. The enzyme catalytic activity depends on
conditions such as temperature, pH, and the concentration of the chosen
substrate (Cornish-Bowden, 2014). Different amounts of enzymes were
targeted: 300 units for cellulase per g PR and 150 units for pectinase per g
plant residuals in the base treatment PR-EF (Table 1). These levels were
selected to correspond to approximately 1% (w/w) enzyme addition and to
fall within the activity range reported in the literature, between 60 U/g TS
(Edwards et al., 2014) and 19,000 U/g VS (Izaguirre et al., 2019).

In Paper III, cellulose and pectinase were used in the enzyme pre-
treatment (1% w/w) to degrade complex molecules in the fibrous cucumber
plant residuals. The results from Paper II indicated that a 0 d pre-treatment
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performed better than 2 and 4 d. To compensate for the high moisture content
of vegetable and cucumber plant residuals (PR) — a non-optimal environment
for the larvae — frass from BSFL composted pig feed was added. The frass
addition was hypothesised to have multiple benefits: 1) make the nutrients in
PR more available to the larvae in terms of modifying the protein to
carbohydrates ratio; 2) provide more structure; 3) reduce the formation of
large air pockets within the bulky plant residues by filling voids, thereby
increasing the effective surface area available for microbial or enzymatic
action; 4) add beneficial microorganisms from the beginning of the
treatment; and 5) promote more efficient BSFL composting process, which
could allow for efficient separation of larvae and treatment residue (i.e.,
remove the need for manually picking the larvae out). Nine different pre-
treatments were investigated and involved the use of enzymes, frass, or a
combination of both. Variations included half and double enzyme
concentrations, as well as larval densities at half, double, and four times the
control level. One treatment also included a plastic foam cover placed on top
of the substrate, based on observations that the plant residuals tended to dry
out before the larvae could digest them. Due to the bulky nature of the plant
residuals, varying larval densities were applied to reduce the substrate depth
from 11 cmto 5 cm.

The treatment that achieved the highest BCE and material reduction—
identified as the most effective in terms of process performance in the third
study—was selected for validation at pilot scale in a mobile, temperature-
regulated container located at the cucumber farm (Paper 1V).

BSFL composting

All treatments were performed in triplicate. In the first and fourth studies,
large boxes (60 cm X 40 cm X 11 cm) were used, whereas in the second and
third studies, smaller boxes (21 cm % 17 cm % 11 cm) were placed inside
larger boxes and arranged within a rack system. Every second to third day,
the boxes were rotated in the rack to offset the effects of a temperature
gradient (~1°C difference from bottom to top) and differences in air flow in
the experimental setting. During the BSFL composting, the temperature
ranged between 27 to 33°C in Papers I-III and averaged 25.4 + 1.3°C in
Paper IV.

In Paper I, approximately 15,000 larvae were introduced per large box,
yielding a larval density of 6.25 larvae/cm? (Table 1). The larval feeding load
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was not adjusted for VS content in this study and ranged from 0.03 to
0.22 g VS/larva.

In Papers II-1V, however, the substrate weight was recorded both before
and after pre-treatment to allow for an adjustment to 0.2 g VS per larva.

For the smaller boxes used in Paper II, 300 larvac were added per
treatment, resulting in a larval density of 1.5 larvae/cm? (Table 1). The larval
number was determined based on a target of 0.2 g VS/larva, whilst ensuring
the substrate depth did not exceed 5 cm. In both Papers I and 11, larvae were
fed three times by adding substrate on top without mixing.

In the third study, 0.2 g VS/larva was targeted for all treatments except
two, where 0.1 g VS/larva was used (Table 1). The number of larvae ranged
between 500 and 2000, resulting in a larval density of 2.0 — 8.2 larvae/cm?.
Feeding was carried out daily for seven days, except for treatments with half
the substrate density, where feeding was distributed across three occasions
during the same period.

In Paper 1V, each treatment box received 3,500 larvae, corresponding to
a larval density of 1.5 larvae/cm? (Table 1). All substrate was provided on
the first day, as per the practical constraints of the commercial cucumber
farm where the study was conducted. Due to this single feeding approach,
the substrate depth was limited to approximately 5 cm, which resulted in a
slightly lower larval density than the 2 larvae/cm? applied in Paper III.

Composting durations varied among the studies: in Paper I, the process
was terminated upon the first observation of prepupae; in Papers Il and III,
composting continued for 7 and 9 d after the final feeding, respectively; and
in Paper IV, treatment lasted for 19 d. However, all BSFL composting trials
ran for a minimum of 14 d (Table 1).
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4.2.2 Sampling

At the end of the BSFL composting process, the combined weight of the
larvae and residue was recorded prior to dry separation (Papers I, III, and IV)
or wet separation (Paper II). After the separation, the mass of the larvae was
recorded, and the mass of the residue was calculated by subtracting the total
larval mass from the total mass.

Physical and chemical

Samples for TS, VS, pH, and nitrogen analyses were collected from the
substrate before the start of pre-treatment, before the start of BSFL
composting and after BSFL composting, both from larvae and treatment
residue. Three samples were collected from each replicate for TS and VS,
whilst one sample per replicate was collected for pH and nitrogen. Nitrogen
and pH were not sampled in Paper II.

Nutritional characterisation

Samples for crude lipids, crude protein, and fibre analyses were collected
before and after BSFL composting from the initial substrate and from larvae
and residue after the treatment (Papers III and IV). One composite sample
was collected per replicate for all measured parameters. Subsamples from
five areas of each replicate were merged, totalling to 100 g per sample. The
samples were kept at -18°C and shipped chilled for analysis at Eurofins Food
& Agro Testing Sweden AB (Swedac-accredited laboratory).

Gas emissions

The gases measured in Paper I were carbon dioxide (CO.), nitrous oxide
(N20), methane (CH4), and ammonia (NHs). The gas sampling was
performed at the start of the pre-treatment, after 1 w and 2 w. The occasion
for initial gas sampling for the BSFL composting phase was the same as the
gas sampling performed after 2 w of pre-treatment. During BSFL
composting, gas sampling was performed four times in total, before each of
the three feeding occasions and at the end of BSFL composting (Paper I).

The gas samples were collected using a chamber technique described in
Ermolaev et al. (2019). Gas samples were extracted three times during one
gas measurement: 1) directly upon sealing the box, 2) after 20 min, and 3)
after 1 h.
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4.2.3 Analysis

Physical and chemical

For TS determination, the samples were dried at 60°C for a minimum of 48 h.
The lower drying temperature was used to avoid volatilisation of VS. After
drying, the samples were combusted by heating at 250°C for 2 h, followed
by heating at 550°C for 4 h (modified ISO 18122:2015).

The pH was determined by diluting 10 g of a sample into 50 ml deionised
water in a centrifuge tube which was left to acclimatise for 1 h at room
temperature prior to pH readings (Level One pH meter, Inolab, with a Sentix
electrode, PHM210, MeterLab®, Radiometer, Copenhagen) in Paper I. In
Papers Il and IV, a solid-state probe (InLab Solids Pro ISM, Mettler Toledo)
was inserted directly into the material in each replicate, without the probe
touching the bottom of the treatment box.

Total nitrogen measurements were conducted as described in Lalander et
al. (2015), using a Crack-test 10 (114544) and Spectroquant© kit number
114764 (Paper I) or samples were sent to Eurofins and determined by the
Kjeldahl method (Papers III and IV). A protein conversion factor of 4.76 was
employed to calculate the protein content (Janssen et al., 2017).

Nutritional analyses

All nutritional analyses were performed at an accredited Eurofins laboratory
(EC reg 152/2009 mod. and NF V 18-122). The gravimetric lipids
determination principal using Gerhardt instruments determined the crude
lipid content. The Van Soest methodology was used to determine the content
of neutral detergent fibre (NDF), acid detergent fibre (ADF), and acid
detergent lignin (ADL, Papers III and I'V).

Gas emissions

Emissions from the gas chamber were extracted and flushed into a vial for
later measurements of N>O and CHs using a gas chromatograph (Perkin
Elmer Clarus 500, USA) with a flame ionisation detector (FID) and a thermal
conductivity detector (TCD). The concentrations of NH3; and CO, were
determined on site with a reagent tube connected to a pump (Gas Detector,
Kitagawa, Japan, Paper I).
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Pesticides

All pesticide analyses were conducted by an accredited Eurofins laboratory.
The laboratory quantified the levels of active substances in the plant
residuals, the treatment residues, and the larvae. Gas chromatography was
employed to detect the active compounds in Floramite 240 SC, Flexity, and
Switch 62.5 WG, whilst the remaining pesticides were analysed using liquid
chromatography.

4.3 Calculations

The survival was calculated in two steps as:

_ Mgsry,
NBsFL = — )
Myarva n
. BSFL
Survivalggp, = ——% (2)
n’BSFLstart

where mpgr; is the total mass of the larvae after BSFL composting and
Myarva 1S the average weight of one larva, based on three samples totalling
to approximately 100 larvae in each, and nggp,, ,and nggp;,,  being the

number of larvae after and prior to BSFL composting, respectively.

The waste-to-biomass conversion efficiency on a VS basis (BCEys) was
calculated as:

BCEys = (Dslarac) . 1009 (3)

mVSinitial

where mVS,4-pqe and mVS;,;+iq; 18 the total mass of VS in larvae and total
mass of initial substrate, respectively.

The percentage of material reduction on a VS basis (Redys) was calculated
as:

mVS,..qi
Redyg = (1 —ﬂ) -100% (4)

mVSinitial
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where mVS, ¢sique and mVS;yitiq; 18 the total mass of VS of residue and total
mass of initial material, respectively.

Amount of produced larvae per area on a TS basis was calculated as:

mTS
Larval yieldrg = —“larvae (5

Apox

where mTS;4;pqe 1S the total mass of TS of the larvae and ay,, is the area of
the treatment box.

The mass balance on a TS basis was calculated as:

mTSinitial = mTSlarvae + mTSresidue + mTSloss (6)
where mTS is the total mass of TS of protein, nitrogen, lipids, lignin,
cellulose, or hemicellulose in either the initial material, larvae, residue, or
lost.

Subtracting acid detergent lignin (ADL) from acid detergent fibre (ADF)
gives the cellulose content, whereas the hemicellulose content is estimated

as the difference between neutral detergent fibre (NDF) and ADF, whilst the
lignin content corresponds to the ADL value.
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4.4 Statistical analysis

The gas emission rates were calculated with the Linest function in Excel
(Microsoft version 16, USA). Analysis of variance (ANOVA) with 5%
significance level was used to evaluate whether the treatments differed
significantly during pre-treatment and BSFL composting in terms of material
reduction, BCE, gas emissions, larval yield, nutritional content, TS and VS,
and degradation of lignin, cellulose, and hemicellulose. Normality was
verified in the model residuals using Shapiro-Wilk test (p>0.05) and by
inspecting the normal Q-Q plot. When normality was verified, a Tukey’s
Honest Significant Difference (Tukey’s HSD) test was performed (5%
significance level) to find significant differences between treatments. When
normality was not verified, the non-parametric Kruskal-Wallis test was
performed, followed by the Dunn test for multiple comparisons (5%
significance level) using the Benjamini and Hochberg correction method
(Benjamini and Hochberg, 1995) (Paper I). Box-Cox test was used to
transformation data to achieve normality (Papers II-IV). General linear
regression with 5% significance level was used to assess correlations
between response variables and substrate properties. Paired t-test with 5%
significance level was used for comparing TS and VS values in different
stages in each treatment. ANOV A, regression analyses, non-parametric tests,
and graphical representations were made in R (R Core Team, 2024).
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5. Results

5.1 BSFL composting (Papers I-1V)
5.1.1 Total solids, total volatile solids, and pH

The total solids (TS) of food waste (FW-C) provided to the larvae were 25%
and varied between 7 to 32% in all other treatments. The total volatile solids
(VS) in the reference treatment (FW-C) were 89% and varied between 70 to
97% in all other treatments (Table 2). The TS in larvae from the reference
treatment were 41% and varied between 19 to 39% in all other treatments.
All pH values increased during the fly larvae composting, where the pH in
treatments with food waste (FW-C) and broccoli and cauliflower (BC-C)
increased by more than 4 pH units.
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5.1.2 Process efficiency

The reference treatment with food waste had 23% BCE on a VS basis for the
entire process, which was the highest BCE together with the treatment of
lettuce and cabbage (LC-E0d 24%, Table 3). For BSFL composting without
pre-treatment, orange peels had the lowest BCE, 5.8% on a VS basis, whilst
orange peels pre-treated with Trichoderma reesei had the lowest BCE across
the entire process. Higher BCEs were reached when using lettuce and
cabbage, ranging between 20 and 24% (Table 3).

The material reduction was 64% on a VS basis for the entire process for
the reference treatment with food waste (FW-C). The lowest material
reduction across the entire process was observed in the treatments with plant
residuals and orange peels, more specifically, in the plant residual control at
34% (PR-C). The treatment with enzyme pre-treatment for 0 d with lettuce
and cabbage (LC-E0d) had a material reduction of 89%, which was also the
highest when compared across the entire process.

Larvae fed food waste reached a weight of 141 mg per larva (Table 4).
Heavier larvae were produced in the treatments with lettuce and cabbage
(LC, 213-273 mg/larva), whilst larvae from the treatments with orange peels
(OP, 18-50 mg/larva) and treatments with plant residuals (PR,
44-48 mg/larva) were generally smaller.

The highest larval yield was obtained in the reference treatment with food
waste (369 mg TS/cm?), followed by the treatments with frass, those pre-
treated with enzymes (215mgTS/cm?), and the frass control
(104 mg TS/cm?). The treatments with lower larval yields ranged between
26-33 mg TS/cm? and were the ones pre-treated with Trichoderma reesei.

The survival in the reference treatment (FW-C) was 100% and for the
other treatments, it ranged between 28 to 100%. The treatments with plant
residuals generally had high survival (PR -EF, -E/2, -L2 among others),
whereas the treatment with fungi pre-treated broccoli and cauliflower (BC-T)
had the lowest survival at 28%.
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Table 4. Larval weight, survival rate, and larval yield for all treatments. Substrates used in
treatments: food waste (FW), orange peels (OP), broccoli and cauliflower trimmings (BC),
lettuce and cabbage (LC), cucumber plant residuals (PR). Pre-treatments used: no pre-
treatment (C), Trichoderma reesei (T), ammonia (A), enzymes for 0d, 2d, and 4d (EOd), added
enzymes (E) of different concentrations with frass (E/2, E2), frass (F), different larval
densities with enzymes and frass (L2, L4), half substrate density with enzymes and frass (H),
and cover (B). Values presented are mean + SD (n=3). Different superscript letters within
columns indicate significant differences (p<0.05).

Paper Larval weight Survival’ [%] Larval yieldrs
[mg/larva] [mg TS/cm?]
I OP-C 50.5%¢ £11.9 1007 80.7%0¢de£22 7
BC-C 108°fh & 8 6280+ 4.5 82.0dex 6.7
FW-C 141¢ +5 100® + 6.3 369° + 7
OP-T 17.9° + 3.7 1007 2638 +49
BC-T 61.2%4 231 28.1* £14.6 3328 + 47
OP-A 42.5% + 0.2 96.0°+ 4.5 62.1%% + 83
BC-A 95.3%hik+25 5 55.7°4£25.0 72.5% + 6.4
I LC-C 213! +9 68.9%+ 4.5 62.6“ + 0.8
LC-E0d 234! +10 67.5%+ 7.0 74,504+ 0.9
LC-E2d 273™ + 4 56.2%+ 4.5 68.1°04 + 2.7
LC-E4d 239 +19 76.0°+17.4 71.2%4i + 6.0
I PR-C 81.7°Mk + 6.3 76.7°+ 3.5 448 + 21
PR-F 96.5%hk + 5.6 96.5+ 3.8 91.4% + 58
PR-E 85.1%hk+ 7.1 97.5%+ 0.7 58.6% + 58
PR-EF 90.3fhk + 59 105 + 8 94.9%° £+ 4.8
PR-E/2 85.6%Mk + 4.8 103 + 3 87.0%¢ + 98
PR-E2 119+ 7 74.0®+ 5.2 85.5%d + 2.6
PR-L2 48.5%4 + 35 111 + 6 85.2%d + 2.4
PR-L4 44124 + 75 78.0°°+16.9 75.4%di£15 1
PR-H 7744kt 7.4 101 £ 5 532 + 35
PR-HB 127¢ +9 102 + 6 70.3%4 + 4.7
F-C 69.4%dk+12 4 105% + 4 104¢ +6
F-E 1158 + 6 118 + 5 215X +11
I\ PR-HB 121¢ +12 66.7°+12.6 30.82 £+ 6.7

! Statistical analysis excluded treatments OP-con and OP-tri. Not normally distributed, dunn test.
i Assumed survival.

5.1.3 Nutritional composition of feedstock substrate

Pre-treating with fungi and ammonia increased the amount of nitrogen in the
substrate provided to the larvae on a TS basis by 34 and 340% (from 0.50 to
0.67 mg nitrogen per larva and 0.81 to 3.57 mg nitrogen per larva, Table 5).
The initial nitrogen per larva was 3.31 mg nitrogen in the reference treatment
(FW-C). However, the initial nitrogen per larva was higher in the treatments
with plant residuals (9.18-13.1 mg nitrogen per larva). Also, the nitrogen
content in the generated larvae was higher in the ones reared on plant
residuals (6.18-7.87 %) compared to the reference treatment (5.49%).
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Most of the total initial nitrogen (around 75%) was lost in the ammonia pre-
treated orange peels treatment (OP-A, Figure 2). The degree of nitrogen loss
was in the same range for the reference treatment (FW-C) and across the
treatments in Paper III (around 25% loss), where cucumber plant residuals
were treated in a laboratory set-up. The frass control pre-treated with
enzymes (F-E), the treatment control with orange peels, and the broccoli and
cauliflower pre-treated with Trichoderma reesei had lower amounts of lost

nitrogen.
]

. Loss . Residue Larvae

Fig 2. Mass balance (total solids (TS) basis) of nitrogen in black soldier fly larvae (BSFL)
composting of orange peels (OP), broccoli and cauliflower (BC), food waste (FW), and
plant residuals (PR) without pre-treatments (C) or with pre-treatments of ammonia (A),
Trichoderma reesei (T), frass (F), enzymes (E), half amount of substrate (H) with a cover
(HT), and only frass as a substrate with (F-E) or without addition of enzymes (F-C).
Distribution of nitrogen is divided into three fractions: larvae (light green), residue
(green), and loss of nitrogen (dark green).
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5.1.4 Emissions of greenhouse gases and ammonia

In Paper I, the emissions of CH4, N>O, and NH; emitted from the reference
treatment (FW-C) were between 0.3-9.1 mg/kg initial VS (Figure 3a-c). The
total emissions of CHs and N,O, expressed in CO,-equivalents over a 100-
year period (IPCC, 2013) on a VS basis, were found to be low compared with
the direct CO, emissions (Figure 3d-¢). The total emissions of CH4and N>O
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were generally higher for treatments with broccoli and cauliflower (6.1-22 g
COzeq/kg initial VS, Figure 3e). The total emissions were similar across the
treatments, with only the control treatments with orange peels and broccoli
and cauliflower (OP-C, BC-C) being significantly different from each other
(Figure 3f1).
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Fig 3. Total emissions, i.e., emissions during black soldier fly larvae (BSFL) composting
and during pre-treatment, calculated per kg of initial VS for food waste (FW, blue),
orange peels (OP, orange), and broccoli and cauliflower trimmings (BC, green) without
pre-treatment (control), pre-treated with Trichoderma reesei (tri), and ammonia solution
(amm): a) CH4 [mg/kg VS]; b) N>O [mg/kg VS]; ¢) NH; [mg/kg VS]; d) total CO, [kg/kg
VS]; e) CO; equivalents [g CO-eq/kg VS] of the CH4 and N,O emissions; and f) CO,
equivalents [kg CO»-eq/kg VS] of all emissions.

5.1.5 Degradation efficiency

In the laboratory set-up of cucumber plant residual treatments, the
degradation of lignin was lowest in the treatment with cover (PR-HB)
compared to the other treatments (Paper III). Similar lignin degradation was
observed in the pilot-scale setting (PR-HB, Figure 4). The treatment most
similar in composition to that treatment in Paper III, but without a cover
(PR-H), demonstrated higher lignin degradation.
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Fig 4. Mass balance (total solids (TS) basis) of lignin in black soldier fly larvae (BSFL)
composting of plant residuals (PR) without additions (C) or with additions of ammonia
(A), Trichoderma reesei (T), frass (F), enzymes (E), half amount of substrate (H) with a
cover (HT), and only frass as a substrate with (F-E) or without addition of enzymes (F-C).
Distribution of lignin is divided into two fractions: residue (green) and loss of lignin
(dark green).

In Paper III, the addition of enzymes in frass (F-E) resulted in larger
degradation of cellulose compared to the treatment with only frass (F-C,
Figure 5). A larger cellulose degradation was observed in the pilot-scale
setting (PR-HB, Paper IV) compared with the bench-scale setting (PR-HB).

67



Paper

[ 1
100%
75%
a
w
o
I
=
(5]
o 50%
s
]
2
B
=}
25%
0%
i T T o w T
[id g i [ u i
o o o
. Degraded . Residue

Fig 5. Mass balance (total solids (TS) basis) of cellulose in black soldier fly larvae
(BSFL) composting of plant residuals (PR) without additions (C) or with additions of
ammonia (A), Trichoderma reesei (T), frass (F), enzymes (E), half amount of substrate
(H) with a cover (HT), and only frass as a substrate with (F-E) or without addition of
enzymes (F-C). Distribution of lignin is divided into two fractions: residue (green) and
loss of cellulose (dark green).

In Paper 111, the degradation of hemicellulose was low in the treatment with
the addition of frass (PR-F) and higher in the control (PR-C) and with added
enzymes (PR-E, Figure 6). In Paper IV, the degradation of hemicellulose in
the treatment (PR-HB) was similar to the small-scale treatment (PR-HB) in
Paper II1.

68



Paper

© e

100%

75%

50% -

Distribution of hemicellulose

25%

0%

[T T fun] fun]

id i3 2 4 b g o b

[id fid [ [ o

o o o o o o
. Degraded . Residue

Fig 6. Mass balance (total solids (TS) basis) of hemicellulose in black soldier fly larvae
(BSFL) composting of plant residuals (PR) without additions (C) or with additions of
ammonia (A), Trichoderma reesei (T), frass (F), enzymes (E), half amount of substrate
(H) with a cover (HT), and only frass as a substrate with (F-E) or without addition of
enzymes (F-C). Distribution of lignin is divided into two fractions: residue (green) and
loss of hemicellulose (dark green).

5.1.6 Pesticides

The degradation of pesticides was higher for all detected pesticides in the
pilot-scale setting (Paper IV) compared to the degradation in the laboratory
setting (Paper IlI, Figure 7). Diphenylamine and penconazole were not
analysed in the laboratory setting. Bifenazate, propamocarb, and proquinazid
were screened for in the pilot-scale setting but were not detected. Although
the levels of pesticides in the larvae were small (scarcely visible in Figure
7), their concentrations in the larval biomass exceeded the maximum residue
limits permitted for human consumption in cattle meat (for seven pesticides)
and cucumbers (for two pesticides, Figure 8).
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Fig 7. Mass balance of pesticides from large- and small-scale trial with cucumber plant
residuals. Pesticides with an * have been tested for both trials.
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Fig 8. Concentrations of pesticides in larvae and prepupae from the large-scale setting
and larvae from the small-scale setting together with the threshold values for meat from
cattle and cucumber.
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6. Discussion

The use of single-source substrates, such as vegetable and fruit waste,
presents notable challenges for BSFL composting systems. Whilst BSFL are
known for their broad substrate tolerance, the nutritional and structural
characteristics of homogenous plant-based waste streams can significantly
constrain process efficiency (Papers [-IV). Unlike heterogeneous food waste,
which often contains a more balanced ratio of protein and carbohydrates,
single-source fruit and vegetable wastes tend to be nutritionally imbalanced,
with a predominance of carbohydrates and low protein content (Gold et al.,
2020a). This imbalance can negatively affect larval growth, development,
and larval yield (Paper I-1V).

Furthermore, vegetable and fruit wastes that do not originate from post-
consumer food waste streams often contain higher proportions of complex
polysaccharides and structural carbohydrates—such as cellulose, hemi-
cellulose, and lignin (Amin et al., 2017; Zahir et al., 2020). These long-chain
carbon compounds are inherently more resistant to degradation, limiting
their bioavailability to both larvae and associated microorganisms (Gao et
al., 2025; Liu et al., 2024). Consequently, these substrates exhibit slower
degradation, leading to reduced BCE and lower material reduction (Papers
-1V).

6.1 Pre-treatment

6.1.1 Impact of pre-treatment on larval VS-load

As outlined in the background (section 3.7.1), it has been found that the
optimal VS dose BSF larvae reared on dog food (a proxy for food waste) is
0.2 gram of volatile solids (VS) per larva (Lopes et al., 2023). In the studies
described in this thesis, larvae were provided with larval VS doses as low as
0.03 (Paper I) and up to 0.3 (Paper IV) grams of VS per larva. It was found
that a too low VS larval dose did not improve the BCE but impaired the
growth potential of the larvae. However, it was also found that the
digestibility of the VS influenced the quantity of substrate necessary to
support optimal larval growth. Volatile solids content decreased significantly
after pre-treatment by 0.5-16.6% units across all treatments, apart from the
treatment of lettuce and cabbage pre-treated with enzymes for 2 d (LC-E2d,
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Table 2), likely due to microbial respiration during this phase. The most
substantial VS reduction occurred in the Trichoderma reesei treatment with
broccoli and cauliflower (65%, BC-T), which also exhibited elevated CO»
emissions, indicating that active fungal and bacterial respiration took place
(Figure 3d). As the VS larval dose was not balanced after pre-treatment in
Paper I, the enhanced pre-treatment degradation resulted in a reduced VS
load per larva in both the ammonia (0.07 g VS/larva for BC-A) and fungal
treatments (0.03 g VS/larva for BC-T) compared to the treatments pre-treated
with enzymes (0.22-0.24 g VS/larva) in Paper II (Table 1).

Interestingly, such extensive material reduction during pre-treatment was
not observed with orange peels (11-25%, Table 3) or in previous studies with
banana peels (1.2-13%) (Isibika et al., 2019), suggesting that broccoli and
cauliflower are more readily degradable by microbial communities than
fibrous substrates such as orange and banana peels. Considering that lower
substrate availability has been linked to reduced larval growth (Paz et al.,
2015), this may partly explain performance differences in treatments with
broccoli and cauliflower peels (5-14% BCE, 66-84% M.Red) and orange
peels (2-6% BCE, 39-60% M.Red) in Paper 1.

In the 7. reesei treatment with broccoli and cauliflower (BC-T), the
nitrogen retained in the VS seemed to be primarily assimilated by the larvae
(Figure 2). This indicate that 7. reesei enhanced nutrient accessibility to the
larvae, which is consistent with studies showing that fungal pre-treatment
can increase nitrogen and crude protein concentrations per unit of dry matter
(Jalc et al., 1997; Zeng et al., 2011). It suggests that the remaining substrate
was efficiently utilised by the larvae, but that the VS larval dose was not
sufficient to support optimal growth.

6.1.2 Chemical pre-treatment with ammonia solution

Ammonia solution was used as a pre-treatment to increase the substrate’s
nitrogen content and to stimulate microbial degradation of complex
compounds (see section 3.8.2). Whilst it did not enhance BCE or larval yield,
it improved material reduction in the orange peel treatment (OP-A, Paper [,
Tables 3 and 4) and increased total CO, emissions compared to the control
(Figure 3d), indicating increased microbial respiration. Although orange and
banana peels have similarly high C/N ratios (63, theoretically;
(Livsmedelsverket)), the addition of nitrogen may have enhanced microbial
protein synthesis in the orange peel and banana peel substrate, shifting the
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protein-to-carbohydrate ratio towards, which should be closer to the optimal
ratio of 1 for BSFL performance (Gold et al., 2020a).

No improvements regarding BCE, material reduction or larval yield were
observed for the broccoli and cauliflower treatment (BC-A), which is in
accordance with the findings by Isibika et al. (2019) who used banana peels.
The emissions of N>O were reduced, whereas CHy increased with ammonia
pre-treatment compared to the control (BC-C). The ammonia pre-treatment
turned the substrate into a slurry with even high moisture content (TS 7.3%)
than the original substrate (TS 8.6%, Table 2), which may have contributed
to the higher CH4 emissions, as high-moisture substrates tend to promote
CH4 emissions due to enhanced anaerobic conditions (Chen, J. et al., 2019).
The reduced N,O emissions may be attributed to altered nitrogen dynamics
under alkaline conditions, which potentially suppressed the nitrification and
denitrification pathways typically responsible for N,O formation (Lin et al.,
2022). The ammonia-treated broccoli and cauliflower was left to enable
effective separation of the larvae at harvesting, which likely contributed to
unrecorded emissions. This highlights the challenges associated with BSFL
composting of wet substrates, as excessive moisture not only promotes
anaerobic conditions and methane formation but also complicates the
harvesting of larvae from the treatment residue.

In contrast to what was found for BSFL composting—where ammonia
pre-treatment showed no significant effect on process efficiency—applying
ammonia for 24 h prior to anaerobic digestion has been shown to
significantly increased methane yield after 39 d of anaerobic digestion
(Wang et al., 2018). However, in that study, the addition of ammonia alone
did not improve methane yield unless pH was adjusted and maintained above
9 during treatment. The increased yield was attributed to the release of
soluble organic matter and the presence of free nitrogen ammonia above
0.1 g/L wastewater, which enhanced biodegradability (Wang et al., 2018).
This concentration is substantially lower than the 7 g/kg orange peels
(4% dry mass) used in Paper I. Peguero et al. (2023), observed a decreased
process efficiency when applying three days pre-treatment with 5% ammonia
(5% dry mass) on spent grain, oat pulp and grass clippings, which the authors
attributed to ammonia toxicity. Although maintaining a high pH throughout
the ammonia pre-treatment resulted in an increased methane yield, it may not
be the case for BSFL composting. Even though initial composting pH values
of up to 10 have not been shown to significantly affect larval weight or
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development time (Ma et al., 2018; Meneguz et al., 2018a), a high pH
combined with elevated ammonia concentrations can be toxic to many
biological organisms, including invertebrates, as increased pH raises the
proportion of toxic unionised ammonia relative to the ammonium ion (Zhang
et al., 2023). Invertebrates such as BSFL may therefore be more sensitive to
ammonia than bacterial communities. In Paper I and Peguero et al. (2023),
the substrate pH was neutralised before BSFL composting. In trials where
this was not done, high larval mortality was reported (Almqvist, 2020). In
contrast, the microorganisms did not appear to be adversely affected by a pH
above 9 together with a lower ammonia concentration during anaerobic
digestion (Wang et al., 2018). This aligns with the findings of the present
study, in which ammonia pre-treatment appeared to stimulate microbial
degradation—evidenced by increased CO: emissions and material
reduction—rather than BSFL growth, even at high ammonia concentrations.

6.1.3 Biological pre-treatment with fungi

Pre-treatment with Trichoderma reesei was intended to facilitate fibre
degradation into simpler carbohydrates through fungal enzymatic activity,
thereby improving substrate digestibility for the larvae. Although BCE or
larval yield did not improve compared with the control (OP-C, BC-C),
material reduction increased for both the orange peel and the broccoli and
cauliflower treatments (OP-T, BC-T, Paper I, Tables 3 and 4). This was
accompanied by elevated CO; emissions (Figure 3d), indicating that fungi—
and possibly associated bacteria—contributed to substrate degradation and
respiration during both the pre-treatment and composting phases.

The reduced BCE may be attributed to fungal utilisation of easily
degradable nutrients prior to larval introduction, resulting in a very low VS
per larva (0.03 g VS/larva, as discussed in 6.1.1). In contrast, Isibika et al.
(2019) reported a 61-100% increase in BCE when applying fungi pre-
treatment on banana peels. This improvement may be attributed to the greater
fibre content of the substrate, which may have amplified the effect of the pre-
treatment, and to the larger VS dose provided to the larvae (0.8-1.2 g
VS/larva). This provided a more substantial resource for fungal activity,
leaving more nutrients accessible for larval uptake.

The fungal pre-treatment of orange peels (OP-T) resulted in a product that
was difficult to separate due to the formation of a hard crust overlaying the
moist substrate. This could have possibly been prevented through
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intermittent mixing during both the pre-treatment and BSFL composting
phases, or in combination with extending the pre-treatment duration to allow
drying of the substrate.

Reported fungal pre-treatment times vary greatly across studies, ranging
from 4 h to 21 d (Pennacchio et al., 2021; Sziics et al., 2021; Wang et al.,
2021). For instance, Pennacchio et al. (2021) applied a 4 h fungal treatment
followed by 72 h of enzymatic hydrolysis, concluding that longer fungal
exposure did not significantly improve outcomes. However, they observed
that Trichoderma harzianum enhanced cellulose availability, likely due to its
biosurfactant properties which facilitate altering cellulose and increase
surface area for improved hydrolysis (Pitocchi et al., 2020).

In the present study, enzyme pre-treatment was conducted for 0 to 4 d and
fungal pre-treatment for 14 d. These durations are within the lower to mid-
range of those previously reported. The outcomes suggest that even brief
enzymatic or fungal action can impact substrate characteristics, but
optimisation of treatment duration and conditions remains essential to
maximise digestibility and overall process efficiency in BSFL composting.
Combining fungal and enzymatic treatments may therefore reduce the
required pre-treatment duration, particularly as enzyme activity tends to
decline over time during fungal pre-treatment (Sziics et al., 2021). Whilst
Sziics et al. (2021) suggest a 10 d fungal incubation to improve biogas yields
from cellulose-rich substrates, a combined approach may be more suitable
for BSFL systems. Even a brief fungal pre-treatment can initiate partial
degradation of lignocellulosic structures, thereby increasing the accessibility
of embedded nutrients for further hydrolysis (Pitocchi et al., 2020). For
recalcitrant substrates such as orange peels, a shorter, integrated fungal—
enzymatic pre-treatment may therefore facilitate improved degradation of
carbohydrates and fibres, increasing digestibility for the larvae without
compromising operational costs or process efficiency with broader (fungi)
and targeted amount of enzymes. However, the studies mentioning shorter
pre-treatment durations did not assess the effectiveness of separating larvae
from the residue, which was a notable challenge observed in the fungal pre-
treatment of orange peels (OP-T).
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6.1.4 Effect of enzyme pre-treatment duration on substrates with
varying lignocellulose contents

When evaluating different durations of enzyme pre-treatments for a mixture
of lettuce and cabbage, direct application of enzymes resulted in a
significantly increased BCE compared to the control (LC-E0d, LC-C,
Table 3). In contrast, applying the same direct enzyme treatment to plant
residuals (PR-E) did not yield a significant improvement in BCE or larval
yield, but instead resulted in significantly higher material reduction.

When comparing substrates with differing lignocellulosic content but
similar moisture levels (86-91%, Table 2), pre-treatment that reduces
moisture content may affect BCE and material reduction in different ways.
High moisture content can limit aeration, promote compaction and nutrient
dilution, reducing larval access to nutrients (Lalander et al., 2020).
Dewatering can alleviate these physical constraints, improving oxygen
diffusion and larval mobility (Yakti et al., 2023). For the low-lignocellulose
substrate, where nutrients are more readily bioavailable, dewatering may
enhance BCE by concentrating digestible organics and reducing dilution
effects (Lalander et al., 2020). Conversely, for the high-lignocellulose
substrate, the impact of dewatering may be less pronounced in terms of BCE,
as the structural complexity and low digestibility of fibrous components
remain the primary bottlenecks (Yakti et al., 2023).

The treatments differed markedly in substrate structure, as the lettuce and
cabbage mix had a slurry-like consistency and the plant residuals were cut
up into pieces of 10 cm and less. Smaller particle sizes generally offer a
greater surface area-to-volume ratio, facilitating microbial colonisation and
enzymatic action, which can accelerate the breakdown of organic matter and
further increase BCE (Ci¢kova et al., 2015; Seyedalmoosavi et al., 2022).
However, excessively fine particles may also lead to compaction of the
substrate bed, reducing porosity and oxygen diffusion (Seyedalmoosavi et
al., 2022). This can result in anaerobic zones that hinder microbial activity
and create unfavourable conditions for larval development, potentially
leading to increased mortality or reduced waste degradation (Lopes et al.,
2023). A lower survival rate was observed in the treatments with lettuce and
cabbage; however, it did not result in less material reduction or BCE in
comparison to plant residuals (Tables 3 and 4).

Conversely, substrates with very large or coarse particles may retain
structural integrity for longer, limiting the accessibility of nutrients and
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slowing down decomposition. Larvae may also struggle to physically
manipulate or ingest larger particles (Bruno et al., 2020), which could
contribute to a reduced BCE. However, the significantly lower BCE
observed in the control treatment with plant residuals (PR-C), compared to
the one with lettuce and cabbage (LC-C), is more likely attributed to
differences in the nutrient profile rather than particle size alone. None the
less, maintaining an optimal particle size range—fine enough to ensure
accessibility but coarse enough to preserve aeration and moisture balance—
is essential for maximising the efficiency of BSFL composting systems
(Peguero et al., 2024).

The other main difference was the physicochemical characteristics of the
substrate, particularly its lignocellulosic content. Substrates with a low
lignocellulose content—such as leafy greens, e.g., lettuce and cabbage—
typically consist of soft tissues with minimal structural carbohydrates
(cellulose, hemicellulose) and lignin (Livsmedelsverket, 2025). These
substrates already provide a relatively high bioavailability of nutrients to
both BSFL and associated microbial communities. In such cases, the direct
addition of enzymes during feeding can accelerate the breakdown of readily
degradable fractions, such as proteins and starches, thus improving nutrient
assimilation by the larvae (Dzepe et al., 2025). Since the substrate is already
physically and chemically accessible, a prolonged pre-treatment phase may
offer limited additional benefits and could even result in nutrient losses via
microbial respiration prior to larval introduction, which was observed when
the enzyme pre-treatment was ongoing for 2 and 4 d (Table 3).

In contrast, substrates with a high lignocellulose content, such as plant
residuals and banana peels, are structurally complex and resistant to
degradation (Isibika et al., 2019). Lignocellulosic structures pose a
significant barrier to microbial colonisation and enzymatic hydrolysis due to
the protective lignin surrounding cellulose and hemicellulose fibres (Rehman
et al., 2025). In the study by Isibika et al. (2019), 14 d fungal pre-treatments
using Rhizopus oligosporus and Trichoderma reesei significantly improved
BCE, likely because of substantial fibre reduction—up to 42% in the
T. reesei treatment. These findings suggest that pre-treatments, particularly
enzymatic, may yield more pronounced effects on BCE when applied to
lignocellulose-rich substrates.

In such cases, extended enzymatic pre-treatment involving cellulases,
hemicellulases, and lignin-modifying enzymes may be essential. Prolonged
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enzyme exposure allows for a progressive breakdown of cell wall structures,
improving substrate porosity and releasing fermentable sugars and other
nutrients that become more accessible to BSFL and microbial communities
during the composting process (Dzepe et al., 2025; Theron et al., 2023).

In practice, the decision to apply direct enzymatic supplementation as
opposed to a longer pre-treatment should be based on a compositional
analysis of the substrate. It appears that low fibre substrates benefit from
immediate enzymatic activity to boost larval assimilation rates and reduce
processing time, whilst high-fibre, recalcitrant substrates may require more
intensive preparation to overcome structural barriers prior to larval feeding.
Although extended pre-treatment durations provide biochemical advantages,
these must be weighed against practical limitations. Prolonged incubation
increases the operational time and may necessitate additional measures to
control microbial contamination, pH fluctuations, or enzyme deactivation.

Furthermore, the economic costs associated with enzyme use and the
energy required to maintain optimal conditions must be justified by
substantial improvements in substrate degradation and BSFL productivity.
For example, Theron et al. (2023) demonstrated that steam pre-treatment of
sugarcane bagasse and wheat straw significantly improved nutrient
availability and enhancing larval growth. However, they also highlighted
limitations including high energy demands, incomplete lignin breakdown
and elevated inhibitory compounds, which constrained the overall efficiency.
Pre-treatment resulted in greater investment in time, space, and resources,
which was not justified by the achieved improvement in larval production
(Theron et al., 2023).

6.2 Assessment

6.2.1 Process efficiency

The treatments with orange peels, broccoli and cauliflower, and lettuce and
cabbage had significantly lower BCEvs and larval yield or were similar to
their respective control (Tables 3 and 4). This does not align with the
hypothesis that the evaluated pre-treatments would improve the process
efficiencies.

When lettuce and cabbage were used as substrate, only the direct addition
of enzymes (LC-EOd) resulted in a significant increase in BCEys and

80



material reduction and no significant difference of larval yield compared to
the lettuce and cabbage control (LC-C). When using plant residuals, almost
all treatments had significantly increased BCEys, material reduction, and
larval yield compared to the control (PR-C), which supports the initial
hypothesis that the enzymes and frass improved BCE and material reduction.

The BCE and material reduction achieved with BSFL reared on orange
peels and plant residuals were comparable to values reported for similarly
fibrous substrates (lignocellulosic biomass 47-69% dry mass) such as banana
peels and grass clippings (Isibika et al., 2019; Peguero et al., 2023).
Vegetables such as broccoli, cauliflower, lettuce, and cabbage generally
contain lower lignocellulosic biomass (0-34%) and a higher soluble sugar
content (20-66%) than plant residuals or grass clippings (Livsmedelsverket,
2025).

Gold et al. (2020a) reported a BCE of 23% and material reduction of 53%
using a mixed vegetable substrate (lignocellulose 31.5%; soluble sugars
15.5%), whilst in the present study, broccoli and cauliflower yielded a BCE
of 5-14% and material reduction of 66—84%, and lettuce and cabbage
showed 18-24% BCE and 74-89% material reduction (Table 3). These
differences can be attributed to substrate composition, physical structure, and
digestibility, as well as to microbial activity during the process (Gold et al.,
2020a; Lu et al., 2021; Yakti et al., 2023). BSFL performance is strongly
influenced by both the larvae and their associated microbial communities,
whose contributions to organic matter degradation vary depending on the
substrate type (Gold et al., 2020a; Liu et al., 2020). Mixed vegetable canteen
waste—often comprised of leafy greens, starchy residues, and minor
amounts of fats and proteins—tends to offer a more balanced nutrient profile
than single-vegetable substrates (Carmona-Cabello et al., 2020; Gold et al.,
2020a; Isibika et al., 2021). This diversity improves digestibility and nutrient
availability for both larvae and microorganisms. Additionally, such waste is
often thermally processed (e.g., cooked or steamed), which disrupts cell
walls and increases substrate porosity, enhancing microbial colonisation and
enzymatic hydrolysis (Amin et al., 2017; Zahir et al., 2020). These factors
can explain the higher BCE observed with canteen waste in previous studies
compared to the single or dual-vegetable substrates used here. In contrast,
diets limited to oily waste or raw fruit and vegetables have shown low BCE
or high larval mortality (Klammsteiner et al., 2021; Lalander et al., 2019).
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Improved physical conditions may still support greater material
reduction, as larvae can more efficiently fragment and partially degrade the
substrate. Reducing excess water lowers the overall mass of the input
material which has been shown to increase the BCE when comparing
identical substrates at different moisture levels (Lalander et al., 2020).
Instead of employing mechanical dewatering, wet substrates could be
blended with drier materials such as rice brand, to regulate the moisture level
of the substrates (Laksanawimol et al., 2024). Another option is to use frass
as a drying agent, which offers additional benefits, as frass re-circulation has
been shown to not only aid in moisture reduction but also increase larval
yield per unit of VS from food waste, indicating more efficient nutrient
utilisation (Lopes et al., 2024). For wet substrates—such as broccoli and
cauliflower (Paper 1) and lettuce and cabbage (Paper II)—blending with a
drier substrate and one high in nitrogen to balance the larvae’s nutritional
needs may be a more effective strategy than applying a pre-treatment. For
substrates rich in lignocellulosic biomass—such as plant residues (Papers 111
and IV)—pre-treatment is likely to have a more pronounced effect.

6.2.2 Greenhouse gas emissions

Greenhouse gas (GHG) emissions from BSFL composting ranges
between 26-147 kg CO; per tonne wet weight, 0.1-3 g CH,4 per tonne wet
weight, 0.1-9 g N,O per tonne wet weight, 0-342 g NH; per tonne wet weight
from Paper I and others, and for composting it ranges between 16-270 kg
CO; per tonne wet weight, 23-520 g CH4 per tonne wet weight, 4-400 g N,O
per tonne wet weight, 0-1540 g NH; per tonne wet weight (Ermolaev et al.,
2015; Mertenat et al., 2019; Pang et al., 2020; Zhang et al., 2016). If not
properly managed, emissions of CH4, N>O, and NH3 can increase up to 100-
fold in both conventional and BSFL composting (Ermolaev et al., 2015;
Mertenat et al., 2019; Pang et al., 2020; Zhang et al., 2016). However,
residues from BSFL composting are typically not chemically and
biologically stable, and N>O emissions may arise during their subsequent
maturation, posing a risk of further emissions during storage (Chen,
Jiangshan et al., 2019). If anaerobic zones develop, increased CH4 emissions
are anticipated in both BSFL composting and conventional composting
processes (Ermolaev et al., 2015; Ermolaev et al., 2019).
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6.2.3 Lignin degradation

The addition of frass to plant residuals (PR-F) in Paper III resulted in a
reduced lignin degradation, although this decrease was not statistically
significant when compared with the control (PR-C, Figure 5). However,
when enzymes as well as frass were added (PR-EF), lignin degradation
increased significantly.

The significantly lower lignin degradation observed under a plastic foam
cover (PR-HB) may be attributed to altered physical and biological
conditions that inhibit aerobic degradation processes. Unlike cellulose and
hemicellulose, lignin breakdown relies on oxygen-dependent oxidative
enzymes such as laccases and peroxidases (Mattila et al., 2020; Xiang et al.,
2024b). Foam covers likely restrict gas exchange, reducing oxygen diffusion
and promoting hypoxic or anaerobic microenvironments that suppress
aerobic lignin-degrading microbes.

Increased heat and moisture retention under the cover may further favour
anaerobic bacteria, which are generally not efficient in degrading lignin
(Benner et al., 1984; Odier and Monties, 1983). Such conditions may shift
the microbial community away from aerobic taxa such as Actinobacteria and
Bacilli, thereby reducing microbial diversity (Ventorino et al., 2015). Since
BSFL activity enhances aeration through movement and mixing (Gorrens et
al., 2022; Nayak et al., 2024), the foam cover may also limit larval-induced
oxygenation, leading to more stratified and compacted substrates.

Although larval survival was not affected by the cover (Table 4), the
reduced lignin degradation suggests that key microbial lignin degraders were
inhibited. As lignin breakdown primarily occurs in the substrate, whereas
cellulose and hemicellulose are largely degraded by the larvae (Xiang et al.,
2024b), the latter processes seemed to be unaffected by the cover-induced
microenvironments (Figures 4—6).

6.2.4 Pesticide degradation

Microbial degradation is a key mechanism in pesticide degradation, with
bacteria and fungi transforming the material via enzymatic activity and
assimilation into biomass (Parte, 2017). Currently approved pesticides are
generally designed to have minimal negative environmental impact as they
exhibit greater efficacy at lower doses, reduced environmental persistence,
and lower toxicity to non-target organisms compared to banned
organochlorine compounds, which, despite being prohibited for several
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decades, continue to persist and contaminate the environment (Meijer et al.,
2025; UNEP, 2016).

In broader contexts, ultraviolet (UV) exposure has been demonstrated to
enhance pesticide degradation primarily through direct photolysis, whereby
the chemical structure of the pesticide is broken down by UV radiation (EL-
Saeid et al., 2022; Yang, Y. et al., 2022). In addition to photodegradation,
soil-mediated microbial processes also play a critical role, as diverse
microbial communities can metabolise pesticide compounds, thereby
contributing to their breakdown. Furthermore, interactions between
pesticides and organic matter in the soil—such as adsorption, complexation,
and co-metabolism—can influence both the rate and extent of degradation.
These combined mechanisms highlight the multifactorial nature of pesticide
attenuation in environmental systems (Yang, Y. et al., 2022).

In this study, all analysed pesticides were degraded to a larger extend on
a total solids (TS) basis in the large-scale trial compared to the small-scale
trial (Figure 7). Imazalil, which remained undegraded in the small-scale trial,
was reduced by approximately 58% in the large-scale setting (Paper IV). The
enhanced pesticide degradation observed in the pilot-scale set-up, in which
the substrate was provided in a single feeding event, with half the substrate
volume (Paper IV), likely resulted from improved aeration, microbial
activity, and environmental stability.

A reduced substrate volume created a thinner layer, allowing for better
oxygen diffusion, whilst larval movement further enhanced mixing and
oxygenation (Nayak et al., 2024). Aerobic conditions are critical for the
breakdown of many pesticides (Arias-Estévez et al., 2008), and improved
oxygen availability likely supported more efficient microbial degradation.

However, as discussed in section 6.2.2, the foam cover used in the pilot-
scale treatment—but not used in the small-scale treatment—Ilikely restricted
gas exchange and reduced oxygen diffusion during the initial phase. As the
foam covers were removed after a week, subsequent differences in
degradation may be attributed more to the differences in box volume than to
previous oxygen limitations. A larger box may have favoured improved
degradation: Yakti et al. 2022 observed a significant increase in larval
growth and substrate temperature in larger rearing scales, which likely
enhanced substrate breakdown and material reduction through improved
physical and biological conditions. It is thus plausible that the bioconversion
process fostered a microbial-rich environment capable of pesticide
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degradation, especially in the large-scale trial (Paper 1V), despite its lower
larval bioconversion efficiency (5% BCE, 47% M.Red, 31 mg TS/cm? larval
yield) compared to the small-scale setup (8% BCE, 46% M.Red, 95 mg
TS/cm? larval yield, Paper III).

Another difference in the large and small-scale set-up was the number of
feeding occasions. Although multi-feeding treatments reduce compaction
and enhance aeration, the brief post-feeding interval (9 d) may be insufficient
to achieve complete pesticide mineralisation. This limitation likely accounts
for the comparatively lower degradation rates observed in the small-scale
treatment (PR-HB, Figure 7, Paper IV). Lalander et al. (2016) demonstrated
that BSFL. composting accelerates the degradation of several pesticides
compared to treatments without larvae, and similar trends were observed
here. Degradation in small-scale trials was lower than in large-scale setups
but remained negligible in the absence of larvae, underscoring the
importance of larval-associated microbial communities as well as choice of
box size (Gold et al., 2020b; Yakti et al., 2022).

6.3 BSFL composting of high-lignocellulose substrates in
a pilot scale setting

Compared to high-lignocellulose substrates such as cucumber plant
residuals, the treatment of food waste using BSFL composting presents a
significantly more straightforward and efficient process. Food waste, with its
balanced nutrient profile, higher moisture content, and lower structural
complexity, requires no pre-treatment. In the present study, the food waste
treatment yielded high BCE (23%), material reduction (64%) and larval yield
(370 mg TS/cm?), whilst also allowing for relatively straight forward
separation of larvae from frass. In contrast, the treatment of cucumber plant
residuals yielded lower BCE (6%), material reduction (54%) and larval yield
(31 mg TS/cm?), when conducted within a comparable timeframe, but posed
several operational challenges. Pre-treatment was required to improve
nutrient accessibility, yet the outcome remained suboptimal. Separation of
larvae from the undegraded residue was particularly problematic and only a
minimal number of larvae could be harvested. Furthermore, larvae were
observed escaping from the boxes, which is further discussed below. These
observations underscore the importance of substrate selection and quality in
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the design of BSFL systems, as well as the need for tailored process strategies
when working with structurally complex agricultural residues.

Despite comparable larval densities and similar VS being provided to the
larvae, the small-scale BSFL composting system demonstrated significantly
higher BCE, material reduction, and larval yield compared to the large-scale
setup (Tables 1 and 3). These inconsistencies are likely because of scale-
dependent environmental, variations that likely influenced larval behaviour
and microbial activity (Yakti et al., 2022). In the large-scale trial, the reduced
substrate volume and depth together with the larger box may have
contributed to an increased passive aeration, promoting aerobic microbial
processes that support the breakdown of complex organic matter (Nayak et
al.,, 2024; Yakti et al., 2022), as well as allowing time for pesticide
degradation. At the same time, the one-time feeding may have resulted in the
physical inaccessibility to deeper substrate layers, limiting degradation and
nutrient uptake by the larvae.

Moreover, metabolic heat accumulation in large volumes can result in
temperature stratification, with central regions experiencing elevated
temperatures that may inhibit both larvae and microbial consortia (Benner et
al., 1984; Odier and Monties, 1983). However, this was not observed in the
large-scale trial, due to the mass larval escape which resulted in a perceived
lower survival rate (and thus BCE). High substrate evaporation could also
have caused substrate cooling, and together these factors may have impaired
larval activity and substrate degradation.

Substrate heterogeneity likely contributed to poor heat retention, as
heterogeneous, porous matrices disrupt conductive heat flow due to air-filled
voids and increased thermal resistance (Skibinski et al., 2019).
Consequently, substrate temperatures remained around 20°C, below the
larvae’s optimal range of 30-35°C, slowing development and promoting
larvae escape (Chia et al., 2018). The combined metabolic heat from larvae
and microorganisms was insufficient to counter evaporative cooling, limiting
feeding, digestion, and bioconversion. The reduced active larval biomass
further decreased heat production, linking enhanced escape and BCE to
unfavourable thermal conditions, which is consistent with previous findings
(Chia et al., 2018).

The treatment of substrates with a nutritional profile (e.g., high
lignocellulose content, low protein content) that is poorly suited to BSFL
composting, presents several practical and economic challenges. Whilst such
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suboptimal substrates often yield lower BCE due to their recalcitrant nature,
low bioavailability, or mismatched C/N and protein to carbohydrate ratios
(Dzepe et al., 2025; Isibika et al., 2021), the process may still offer important
environmental and waste management benefits that merit consideration,
particularly in large-scale operations.

6.4 Feasibility of BSFL treatment of high-lignocellulose
substrates

The limitations discussed above must be weighed against the broader cost-
saving and environmental advantages of the process. From an economic
perspective, the loss of larval biomass value—resulting from reduced
biomass yields and the lack of efficient separation technologies when
residues are insufficiently degraded—can significantly diminish the
financial viability of BSFL composting. This is particularly relevant when
treating nutritionally imbalanced substrates, such as those with low protein
content or high structural recalcitrance, which compromise larval growth and
development (Lalander et al., 2018; Surendra et al., 2020). At the same time,
one of the key benefits of BSFL treatment is its capacity to significantly
reduce the volume and mass of biowaste, thereby lowering the logistical and
financial burdens associated with downstream handling, transport, and
disposal. In regions with high disposal fees or stringent waste management
regulations, this volume reduction alone may justify the implementation of
BSFL systems.

Even when larval biomass yields are suboptimal, BSFL treatment can still
deliver important environmental services, such as organic matter
stabilisation, partial detoxification (e.g., pesticide reduction), and
contributions to circular economy frameworks. As discussed in section 6.2.3,
treatment of cucumber plant residual waste can reduce pesticide
concentrations, although not always to levels that meet regulatory thresholds
(Figure 8). Nevertheless, this partial degradation represents a clear
improvement over uncontrolled dumping, which poses a risk of pesticide
leaching into soil and groundwater (Lofkvist et al., 2009).

Compared to conventional alternatives—such as composting, anaerobic
digestion, or incineration at centralised facilities—BSFL treatment offers a
lower-energy and decentralised solution. These alternatives often involve
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costly disposal fees (e.g., 660 SEK per tonne® at designated recycling
stations), require extensive infrastructure, and cause significant logistical and
carbon costs (Eisted et al., 2009; SRV, 2025).

In this context, the application of BSFL treatment to high lignocellulose
wastes like cucumber plant residues emerges as a viable alternative, even
without the economic return of larval biomass. The approach would be more
attractive if financial compensation were available for waste reduction
services. Ultimately, BSFL treatment offers considerable benefits through
volume reduction, partial detoxification, and compatibility with resource
recovery systems—particularly relevant given the limited treatment options
currently available for such challenging substrates (Cattaneo et al., 2024).

Substrates with high lignocellulose content is poorly suited to anaerobic
digestion due to several constraints: it is generated intermittently as a point-
source stream, it possesses high lignin content that resists microbial
degradation under anaerobic conditions, and it has a low protein content that
fails to meet the nutritional demands of the anaerobic microbial community
(Carlsson and Uldal, 2009; Hansson and Christensen, 2005). Thus, extended
residence times within the digester are required to achieve satisfactory
degradation, reducing process efficiency and economic feasibility (Carlsson
and Uldal, 2009; Hansson and Christensen, 2005).

For BSFL treatment to work effectively as an option for high-
lignocellulosic substrates, certain adaptations must be made and a suggestion
that could work is substrate blending to achieve a more fitting nutritional
profile (Isibika et al., 2021). However, this could increase the workload in
the case of cucumber plant residuals, as large flows are generated at specific
times, and coordinating their treatment with other waste types would add
logistical complexity.

An alternative strategy to mitigate this challenge could involve adopting
harvesting methods utilised in early BSFL composting systems, in which the
larvae were allowed to develop into the prepupal stage within the substrate
and exit the material autonomously, making use of their innate migratory
behaviour. This approach, although associated with a lower BCE (19%),
yielded a higher material reduction (69%) compared to the food waste
reference treatment (23% BCE, 64% M.Red), likely due to the presence of

2 https://nsr.se/foretag/lamna-verksamhetsav fall/priser/
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larvae at multiple developmental stages throughout the process (Dortmans,
2015). This approach could also contribute to added benefits such as lower
pesticide concentration in prepupae, as it was found to be lower in the
prepupae than in the larvae (Figure 8).

If time and space constraints were not limiting factors, pre-treatment of
plant residuals prior to larval feeding could prevent uncontrolled degradation
during storage (as demonstrated in Paper 1V) and optimise co-treatment
timing with other waste arrivals included to improve process efficiency.

Grau et al. (2022) analysed three BSFL composting models within
Surabaya’s municipal waste management system (Indonesia), each
representing a different level of centralisation. The fully centralised model
(Scenario 1), where all processing stages were conducted at a single facility,
demonstrated the highest financial viability due to economies of scale.
Scenario 2 involved decentralised waste treatment and post-processing in
smaller local units, whilst maintaining the fly colony centralised, was found
to lower transport costs but made profitability more dependent on scale and
product value. Scenario 3 involved decentralised waste treatment only, with
centralised fly colony and post-processing, offering a compromise between
reduced transport needs and central oversight, though with slightly lower
financial returns. The study illustrates the trade-offs between economic
performance, logistical efficiency, and potential environmental and social
benefits, such as reduced emissions and enhanced local employment (Grau
et al., 2022). However, the economic assessments in these models assume
that larval biomass constitutes a valuable product stream—providing a
significant source of revenue that underpins the financial viability of each
scenario.

In the case of BSFL treatment using substrates such as cucumber plant
residuals or orange peels, this assumption does not hold, as larval growth is
significantly limited due to the poor nutritional quality and structural
complexity of these materials. Consequently, the absence of marketable
larval biomass necessitates a different approach to evaluating the feasibility
of BSFL systems for such feedstocks. Instead, the focus should shift towards
assessing the process primarily as a waste reduction strategy, with economic
justification potentially tied to avoided disposal costs, reduced waste
volumes, and environmental co-benefits rather than direct product revenues.
Accordingly, the centralised and decentralised configurations must be
reinterpreted considering these altered value dynamics. Their feasibility
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depends not only on financial metrics, but also on contextual factors such as
available space, access to technical expertise, and the capacity to
accommodate longer processing times required for more recalcitrant
substrates. Under these conditions, the viability of BSFL treatment may rely
less on direct returns from biomass sales and more on its contribution to
sustainable waste management, regulatory compliance, and circular
economy goals.

In conclusion, whilst BSFL composting of high-lignocellulose substrates
may not generate profitable biomass yields if not blended with other
substrates, it can offer a valuable waste reduction and detoxification service
that supports sustainable large-scale waste management.
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7. Conclusions

BSFL composting of food and agro-industry wastes presents several
biological and operational challenges, particularly due to the substrates'
structural recalcitrance, low protein content, and intermittent availability.
Whilst pre-treatment methods—chemical, fungal, and enzymatic—can
enhance substrate degradability and material reduction, their impact on BCE
and larval yield is variable and substrate-dependent.

Noteworthily, the most effective improvements were observed for plant
residuals when they were pre-treated with enzymes and frass at a lower
substrate density (PR-HB) at small scale. Direct addition of enzymes to
lettuce and cabbage improved BCE, material reduction and larval yield.
Although the BCE was at a similar level as for the reference substrate food
waste, the larval yield achieved was only 20% to that of food waste, due to
its high moisture content. The other treatments across all studies, achieved
high material reduction but yielded lower or similar BCE when pre-treated.
However, none of the plant-based waste treatments attained BCE or larval
yields comparable to those achieved with food waste. Substrates with high
moisture content likely benefit more from dewatering or the use of drying
agents, whilst fibrous or structurally complex materials typically demand
targeted pre-treatments to break down resistant components and increase
nutrient availability.

Direct emissions of CHs and N>O were low relative to CO; in all
treatments. Both fungi and ammonia pre-treated broccoli and cauliflower
emitted less N,O than the control, however, ammonia pre-treatment
increased NH3 emissions.

Large-scale BSFL composting of fibrous, pesticide-contaminated plant
residuals can facilitate partial pesticide degradation, primarily through
enhanced microbial activity. Whilst larval BCE was lower in large-scale
systems compared to small-scale trials, degradation of several pesticides—
including imazalil—was more pronounced, likely due to favourable physical
conditions and a one-time feeding regime that allowed prolonged microbial
action. Although pesticide levels in the residual material did not consistently
fall below EU regulatory thresholds, it highlights BSFL composting's
potential as an environmentally beneficial waste management strategy.

Large-scale trials revealed significant performance reductions compared
to small-scale systems, likely due to environmental factors such as
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inadequate aeration, thermal instability, and substrate heterogeneity.
Nonetheless, BSFL composting consistently contributed to significant waste
volume reduction and partial pesticide degradation, demonstrating its
potential as a sustainable alternative to conventional waste management,
especially for fibrous agricultural residues with limited existing treatment
options. For successful deployment at larger scales, system adaptations are
necessary. These may include optimising pre-treatment strategies, adjusting
the entire composting set-up for non-optimal substrates, and improving
environmental controls to support microbial and larval performance.

In summary, different types of substrates require different management
strategies and whilst BSFL composting may not be economically profitable
for nutritional suboptimal substrates, it remains a viable strategy for
environmentally sustainable waste management—supporting broader goals
of circular economy development and resource recovery.

92



8. Future research

Future research should focus on optimising BSFL treatment systems for
nutritionally suboptimal substrates through substrate blending or tailored
pre-treatment strategies and improved process control at scale. Further
studies are also needed to better understand the interactions between
substrate composition, microbial communities, and larval performance,
especially under the variable environmental conditions typical of large-scale
operations.

Research should explore combinations of chemical, fungal, and
enzymatic pre-treatments that balance nutrient preservation with fibre
degradation to improve BSFL composting outcomes for homogeneous
nutritionally challenging substrates.

Developing low labour harvesting methods, such as self-harvesting by
prepupae, may increase feasibility for substrates with low bioconversion
potential. Economic and life cycle assessments of decentralised systems
compared with centralised systems—particularly in regions lacking
established waste infrastructure—will be essential to identify the most
sustainable and cost-effective implementation models. Lastly, investigations
into the long-term environmental impacts of BSFL-treated residues,
including greenhouse gas emissions during maturation and the fate of
residual pesticides, will help to ensure the safe and responsible integration of
BSFL composting into circular waste management systems.
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Popular science summary

Black soldier fly larvae (BSFL) are small insects with a big potential: they
can turn food and plant waste into valuable products such as protein-rich
animal feed and compost-like fertiliser. This makes BSFL composting an
exciting option for sustainable waste management and part of the growing
circular economy. But not all waste is equal — and some types, such as
cucumber plant leftovers or orange peels, are difficult for the larvae to digest.

This study explored the extent to which BSFL composting works on
plant-based waste with a low nutritional value. Various ways were tested to
improve the process, including pre-treating the waste with fungi, enzymes,
or ammonia, and adding insect frass (a dry, soil-like residue). It was assessed
how much waste the larvae could convert into biomass, how much the total
waste was reduced, if pesticides were being broken down, and what gases
(such as methane or ammonia) were released during the process.

The results showed that whilst some treatments helped to reduce the
amount of waste — especially fungal and enzyme pre-treatments — the
larvae did not grow as much, meaning the process did not produce much
usable insect biomass. At larger scales, the composting process worked even
less efficiently due to challenges such as poor air flow and uneven
temperatures. However, BSFL composting greatly reduced its volume and
still helped to lower pesticide levels in the waste even though their levels did
not decrease sufficiently to fall below EU regulatory thresholds.
Additionally, emissions of greenhouse gases and ammonia were found to be
low during the BSFL composting process.

Even if BSFL composting is not always profitable from a business
perspective, especially with nutritionally suboptimal plant waste, it can still
offer large environmental benefits. With the right system design and
management, it could be a practical and sustainable way to handle tricky
agricultural waste that would otherwise go to a landfill or require costly
disposal.
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Popularvetenskaplig sammanfattning

Amerikanska vapenflugor dr sma insekter med stor potential: de kan
omvandla mat- och véxtavfall till viardefulla produkter sdsom proteinrikt
djurfoder och kompostliknande gddningsmedel. Detta gor fluglarvs-
kompostering till ett lovande alternativ for héllbar avfallshantering och en
del av den véxande cirkuldra ekonomin. Dock ér inte allt avfall likvérdigt —
vissa typer, sasom gurkplantrester eller apelsinskal, r svara for larverna att
bryta ner.

Denna studie undersokte hur effektivt fluglarvskompostering fungerar pa
vixtbaserat avfall med lagt naringsvarde. Olika sitt testades for att forbattra
processen, bland annat forbehandling med svampar, enzymer eller
ammoniak, samt tillsats av insektsfrass, en torr, jordliknande restprodukt.
Det gjordes en bedomning av larvernas biomassaomvandling, material-
reduktion och utslépp av gaser sdsom metan och ammoniak under processen.

Resultaten visade att vissa behandlingar, sérskilt svamp- och
enzymforbehandlingar, forbéttrade avfallsminskningen, men larvtillvixten
var begrinsad, vilket minskade produktionen av anvéndbar biomassa. Pa
storre skala fungerade fluglarvskomposteringen sdmre, pa grund av
utmaningar som bristande luftfldde och ojimna temperaturer. Trots detta
bidrog fluglarvskomposteringen till betydande minskning av avfallsvolymen
och bekidmpningsmedelsnivderna i avfallet d&ven om deras nivder inte
minskade tillrdckligt for att falla under EU:s gransvirden. Dessutom visade
sig utsldppen av vixthusgaser och ammoniak vara laga under fluglarvs-
komposteringen.

Aven om fluglarvskompostering inte alltid &r ekonomiskt 16nsam, sirskilt
vid behandling av néringsfattigt vixtavfall, kan den erbjuda betydande
miljofordelar. Med rétt systemdesign och hantering kan det vara en hallbar
och praktisk 16sning for att ta hand om svarhanterligt jordbruksavfall som
annars riskerar att hamna pa deponi eller krdva kostsam bortskaffning.
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ARTICLE INFO ABSTRACT

Handling Editor: Cecilia Maria Villas Boas de One technology that implements circular economy principles is black soldier fly larvae (BSFL) composting. To

Almeida assess the environmental impact of BSFL technology, more data on emissions of greenhouse gases (GHG) and
ammonia are needed. This study investigated process efficiency and GHG emissions from BSFL composting of
Keywords: orange peels and a mix of broccoli and cauliflower trimmings, with and without pre-treatment. Two weeks of

Ammonia pre-treatment
Biological treatment
Hermetia illucens
Pre-treatment
Plant-based waste
Trichoderma reesei

substrate pre-treatment with ammonia or fungi (Trichoderma reesei) were investigated, and direct emissions of
GHG and ammonia from the process were evaluated. Process efficiency was evaluated by waste-to-biomass
conversion efficiency (BCE) and material reduction. In BSFL composting of trimmings, BCE was not signifi-
cantly improved by pre-treatment, However, larval volatile solids (VS) load in the fungi pre-treated treatment
was very low, likely contributing to low BCE. BCE was low (6%) in the peel control and even lower in the pre-
treatments, indicating that this substrate is unsuitable for BSFL composting. Material reduction was largest for
trimmings (84%) and peels (60%) pre-treated with fungi. Emissions of methane (CH4) and nitrous oxide (N20),
expressed in CO2-eq, were very low (0.04-1.57 g/kg initial wet weight (ww)) compared with direct CO; emis-
sions (47-147 g/kg initial ww). Fungi pre-treatment appeared to make the trimmings more available to the
larvae, while also drying out the substrate and removing a large proportion of available VS. Thus fungi pre-
treatment could be used to increase waste treatment capacity. Ammonia pre-treatment reduced emissions of

CH4 and N»O without affecting overall BCE, but significantly increased NH3 emissions.

1. Introduction

Worldwide, municipal waste generation is expected to increase from
2 billion tonnes per year (average in 2016) to 3.4 billion tonnes by 2050
(Kaza et al., 2018). Globally, 70% of biodegradable waste is either
dumped in the open or landfilled (Kaza et al., 2018). There, it degrades
in an uncontrolled environment and can generate greenhouse gases
(GHG), which contribute to climate change, and ammonia (NHs), which
contributes to acidification and eutrophication (Bernstad and Jansen,
2012; IPCC, 2014). Methane (CHy) has a global warming potential of 34
carbon dioxide (CO3)-equivalents with climate-carbon feedback over a
100-year period (GWP1q), while nitrous oxide (N20) has a GWPqgy of
298 CO-equivalents (IPCC, 2013). Globally, landfills are estimated to
contribute 12% of total anthropogenic methane emissions (Saunois
et al., 2020). In 2007, it was estimated that only 12% of methane
emissions from landfills in that year were captured globally (Themelis
and Ulloa, 2007).

The resources in biodegradable waste can be harvested if managed

* Corresponding author.
E-mail address: cecilia.lalander@slu.se (C. Lalander).

https://doi.org/10.1016/j.jclepro.2022.130552

adequately (Slorach et al., 2019). Efficient reuse of resources is in line
with the resource efficiency strategy established in the European Com-
mission’s action plan for a circular economy (European Commission,
2020). According to the European Union (EU) waste hierarchy, methods
allowing material re-use should be implemented with the highest pri-
ority (European Union, 2016). One such method is fly larvae compost-
ing, in which proteins, carbohydrates and lipids from biodegradable
wastes are concentrated in the larval biomass and indirectly reused
(Suckling et al., 2021). The most commonly used fly species for this
purpose is black soldier fly (Hermetia illucens L. (Diptera: Strat-
iomyidae)) (Tomberlin et al., 2015). The black soldier fly larvae (BSFL)
biomass produced can be used in animal feed, due to its high protein and
lipid content of around 25-40% and 20-60% on a dry matter (dm) basis,
respectively (Ewald et al., 2020; Meneguz et al., 2018), while the
treatment residues (frass) can be used as a fertiliser (Song et al., 2021).
Biodegradable streams available for conversion in fly larvae composting
are limited in the EU under Regulation (EC) No. 1774/2002, allowing
only plant-based biodegradable streams for use as feed for larvae. The
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processed larvae protein can be used as feed for fish, poultry, pigs and
non-production animals (EU 2021/1372) (European Union, 2021)).

Process efficiency, in terms of biomass conversion efficiency (BCE)
and material reduction, in BSFL composting of fruit and vegetable waste
is lower than for mixed food waste (Lalander et al., 2019). This is
possibly a result of low protein content in relation to high content of
carbon with low digestibility (lignin and hemicellulose) in fruit and
vegetable substrates (Gold et al., 2018; Kumar et al., 2018; Meneguz
et al., 2018; Nguyen et al., 2015; Nyakeri et al., 2017).

One way to tackle the lower substrate availability in BSFL com-
posting of these substrates could be pre-treatment to improve their di-
gestibility. Isibika et al. (2019) found that pre-treatment with fungi or
ammonia solution increased BCE in BSFL composting of banana peels.
The underlying concept when using ammonia is for microorganisms in
the BSFL treatment system to convert non-protein nitrogen (NHs) into
proteins through nitrogen assimilation to generate amino acids.
Ammonia has also been shown to help microorganisms break down
complex molecules (Tadele and Amha, 2015). The underlying concept
with fungal pre-treatment is to degrade complex molecules into forms
more available to the larvae.

Emissions of GHG have been found to be considerably lower in BSFL
composting than in conventional windrow composting (Ermolaev et al.,
2019; Mertenat et al., 2019). Previous small-scale evaluations have
shown that combined CH4 and N2O emissions are 0.03-8.6 g/kg initial
wet weight (ww) and that NH3 emissions are 0.05-0.5 g/kg initial ww
(Chen et al., 2019; Ermolaev et al., 2019; Guo et al., 2021; Pang et al.,
2020; Parodi et al., 2020). However, most studies published so far have
focused on assessment of emissions from BSFL composting of food waste,
agricultural waste and manure. To our knowledge, studies investigating
GHG emissions from fruit and vegetable wastes are currently lacking.
Treatment of fruit and vegetable wastes in BSFL composting may require
pre-treatment to achieve reasonable BCE (Isibika et al., 2019). The
impact of bacterial pre-treatment on emissions during BSFL composting
has been examined previously in a study on food waste by Ermolaev
et al. (2019), but GHG emissions during the pre-treatment were not
measured in that study. It is thus important to investigate the direct
emissions associated with pre-treatment and with BSFL composting it-
self, to enable an overall assessment of the suitability and performance
of BSFL composting of plant-based waste.

This study investigated the process efficiency of BSFL composting of
orange peels and a mix of broccoli and cauliflower trimmings, with and
without pre-treatment, and evaluated the associated direct emissions of
GHG and ammonia during the two steps of the process.

2. Materials and methods
2.1. Materials

The plant-based waste used in the experiments was provided by a
fruit and vegetable wholesaler (Gronsakshallen Sorunda, Stockholm,
Sweden). The two plant-based waste fractions studied, peels from
organically grown oranges (OP) and trimmings from broccoli and
cauliflower (BC), were delivered separately. Upon arrival at the BSFL
composting facility, the orange peels were stored for up to 6 d at 15 °C
and then milled (Robot-Coupe, model Blixer 4 V.V, France) directly
before use in experiments. The broccoli and cauliflower trimmings were
stored for up to 9 d at 15 °C before milling and then stored for up to a
further 3 d at —7+3 °C before use in experiments. The difference in
storage time between orange peels and trimmings was caused by the
delivery time of each substrate and the time when processing could
occur. However, as the same within-substrate procedure was used, any
difference in handling between substrates would not impact the results
of the study.

Source-separated household food waste (FW) from Eskilstuna,
Stringnas and Orebro was collected and minced at the recycling plant
Lilla Nyby in Eskilstuna (Eskilstuna & Strangnés Energi och Miljo,
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Eskilstuna, Sweden) and transported to the BSFL composting facility at
the Swedish University of Agricultural Sciences (SLU, Uppsala, Sweden).
The minced food waste was used in the experiments directly upon
arrival.

The larvae used in the study weighed around 1 mg each and were
provided by the black solider fly colony at the Department of Energy and
Technology, SLU, which has been run continuously since 2015 (Uppsala,
Sweden).

2.2. Experimental set-up

The orange peels and mix of broccoli and cauliflower trimmings were
used in three treatments: no pre-treatment control (-con), pre-treatment
with the fungal species Trichoderma reesei (-tri) and pre-treatment with
ammonia solution (-amm) (Table 1). The hypothesis in the T. reesei pre-
treatment was that the fungi would assist in degradation of fibres un-
available to the larvae (Rehman et al., 2017) into shorter and more
available carbohydrates, as Trichoderma reesei is known to produce
cellulase and hemicellulase enzymes that break down high-fibre vege-
table substrates (Kunamneni et al, 2014). The hypothesis for the
ammonia pre-treatment was that it would improve the digestibility of
fibres in the fruit and vegetable waste (Bals et al., 2010) and enhance the
potential for ammonia assimilation by microorganisms (Wang et al.,
2015).

2.2.1. Pre-treatments

Trichoderma reesei was pre-cultured on malt extract agar (MEA) at
28 °C for 7 d. The fungi were harvested by pouring sterile 0.9% NaCl
solution onto the agar plate and scraping the fungi off with a 10-pL
inoculation loop. The fungi solution was transferred to 50-mL centrifuge
tubes, concentrated by centrifugation to a density of 107 g/mL and
inoculated into the waste substrates to 1% (w/w) concentration. For
ammonia pre-treatment, 24.5% ammonia solution (Nitor, Sweden) was
added to the waste substrate to reach a total NHs-N concentration of 1%
(w/w), holding a pH of approximately 10. After the pre-treatment
(Table 1), the pH of the pre-treated substrates was adjusted to pH 7.5
+ 0.5 using stepwise addition of concentrated sulphuric acid (Fisher
Chemicals, Uppsala, Sweden). The pre-treated substrate was sealed in
plastic bags. The amount of substrate at the beginning of the pre-
treatment was 15 kg and that remaining after completion of pre-
treatment was divided into three equal feeding portions for BSFL
composting.

All pre-treatments were performed in triplicate, in standard plastic

Table 1

List of substrates, pre-treatments used in each treatment, duration of pre-
treatment and black soldier fly larvae (BSFL) composting, and total amount of
substrate on a wet weight (ww) basis added in each treatment. Values presented
are mean + SD (n = 3).

Pre- BSFL Total
treatment composting substrate
time [d] time [d] [kg ww]
Controls without pre-treatment
OP-con Orange peels - 27 14.6 + 0.1
BC-con Broccoli and - 28 15.7 £ 0.1
cauliflower
trimmings
FW-con Food waste - 17 154 +0.2
Trichoderma reesei pre-treatment
OP-tri Orange peels 16 31 154+ 0.1
BC-tri Broccoli and 14 23 158+ 0.5
cauliflower
trimmings
Ammonia solution pre-treatment
OP-amm  Orange peels 16 35 144+ 0.1
BC-amm  Broccoli and 16 30 159+ 0.6
cauliflower
trimmings
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An air inlet consisting of a 1 m long and 3 mm diameter tube was con-
nected, to avoid suppression. A portable fan (Rubicson mini fan, Kjell &
Co Elektronik AB, Sweden) was placed in the gas box to disperse the gas
concentrations evenly. For each emission measurement, gas samples
were extracted on three occasions: directly upon sealing the box, after
20 min and after 1 h. Exact times and volumes removed from the
chamber were recorded and later used together with measured con-
centrations to calculate the emission rates for each of the samples by
linear regression. Dilution was accounted for following the method
described in Ermolaev et al. (2019).

2.4. Physical and chemical analyses

The TS samples were weighed before drying and after drying for a
minimum of 48 h, at 70 °C to avoid evaporation of volatile solids
(Vahlberg et al., 2013). For VS analysis, the samples were combusted at
250 °C for 2 h and at 550 °C for 4 h (modified ISO 18122:2015). Total
nitrogen was measured as described in Lalander et al. (2015). In brief,
0.5 g samples were boiled in 15 mL concentrated sulphuric acid in a 100
mL volumetric flask for 20 min and then cooled before being diluted
1:50 in deionised water. A Crack-test 10 (114544) was used to oxidise all
forms of nitrogen to nitrate, after which the nitrate concentration was
measured using Spectroquant© kit number 114764.

2.5. Gas analyses

Concentrations of CO, and NH3 were measured during sampling by
connecting a reagent tube from a pump (Gas Detector, Kitagawa, Japan)
directly to the sampling port, withdrawing 50-300 mL of the gas and
recording the concentration for each tube, as described in Ermolaev
et al. (2019). For measurements of CH4 and N»O, the gas was extracted
from the sampling port using a 60 mL syringe and directly flushed into a
20 mL evacuated injection flask (Perkin Elmer) pre-filled with Nj.
Concentrations of CH4 and N2O were measured using a gas chromato-
graph (Perkin Elmer Clarus 500, USA) with flame ionisation detector
(FID) and thermal conductivity detector (TCD), as described in Ermo-
laev et al. (2015).

2.6. Calculations

The percentage material reduction on a volatile solids basis (Redys)
was calculated as:

mVS,,
———a ) x 100 1)
mvsimuu/)

Redys = (I
where mVS;s and mVS;psiq is the total mass of volatile solids in residues
and initial material, respectively. For material reduction after pre-
treatment, mVS;.; and mVSy,;siq is the total mass of volatile solids in
pre-treatment residues and initial material, respectively. For material
reduction after BSFL composting, mVS;,s and mVSpiq is the total mass of
volatile solids in residues and initial substrate, respectively.

The waste-to-biomass conversion efficiency on a volatile solids basis
(BCEys) was calculated as:

VSiamae
BCEys = ('ZVT’) x 100 @
initial

where mVSjgryqe and mVS;iiq is the total mass of volatile solids in larvae
and initial substrate, respectively. The BCE on a wet weight basis
(BCEww) was calculated in the same way, but using the total wet weight
of larvae and initial substrate.

Total VS loss was calculated as:

(3)

VS — mVSnae —mVS,,
Tot lossyg:<m initial — MV Slarvae — M m) « 100

mV Siuisial
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where mVSinitiat, MV Sigrvae and mVS,,; is the total mass of volatile solids in
initial substrate, larvae and residues, respectively.
Percentage larval survival was calculated as:

Ny end

Survival = % 100 “@

Iv.start

where Ny, eng and Ny, sqr¢ is total number of larvae at the end and at the
start, respectively.

The total amount of gas emitted from pre-treatment and BSFL com-
posting was calculated using the trapezoidal rule (Holman, 2011), in
which the emission rates were plotted against time to calculate total
emissions as described in Ermolaev et al. (2019).

2.7. Statistical analysis

For calculating gas emission rates, the Linest function in Excel
(Microsoft version 16, USA) was used. Two-sided ANOVA (with 95%
confidence interval) was used to evaluate whether the treatments were
significantly different during pre-treatment and BSFL composting in
terms of material reduction, BCE and gas emissions. Normality was
verified in the model residuals (Shapiro-Wilk test). Where it was not
verified, the non-parametric Kruskal-Wallis test was performed, fol-
lowed by the Dunn test for multiple comparison (95% confidence in-
terval) using the Benjamini and Hochberg correction method (Benjamini
and Hochberg, 1995). General linear regression with 95% confidence
interval was used to assess correlations between response variables and
substrate properties. ANOVA, regression analyses, non-parametric tests
and graphical representations were made in R (R Core Team, 2019).

3. Results
3.1. Process efficiency

All treatments with the same substrate had similar initial content of
TS and VS (Table 2). In the treatments with orange peels and broccoli
and cauliflower trimmings, the VS was reduced most by the T. reesei pre-
treatment, which also significantly reduced the substrate moisture
content, increasing the TS content of trimmings from 8.3 to 11%.
Ammonia pre-treatment increased the moisture content of both peels
and trimmings.

Larvae and residue TS varied significantly between the different
treatments, ranging from 19.5 to 40.6%. Larvae fed on orange peels had
similar TS and VS, regardless of whether the peels had been pre-treated
or not, while the TS and VS of larvae reared on broccoli and cauliflower
trimmings varied more between treatments. For all treatments, BSFL
composting led to a reduction in moisture content (Table 2).

Neither of the pre-treatments gave a significant improvement in
BCEys in BSFL composting. Similar BCEys was obtained for the broccoli
and cauliflower trimmings and the control, while BCEys was signifi-
cantly reduced for orange peels pre-treated with T. reesei (treatment OP-
tri). BCEww for the entire process was not significantly different between
the substrates within the same pre-treatments, but the T. reesei pre-
treatment resulted in significantly lower BCEwy than the ammonia
pre-treatment (Table 3). Furthermore, the T. reesei pre-treated substrates
had significantly lower BCEys compared with corresponding control.

Larval survival was lowest for T. reesei pre-treated broccoli and
cauliflower trimmings (treatment BC-tri) (28%) and highest in the cor-
responding control (100%). Generally, larvae in all orange peel treat-
ments had lower final larval weight (18-50 mg/larva) than in the other
substrates, while larvae grown on food waste had the largest final weight
(141 mg/larva), followed by the broccoli and cauliflower trimmings
control (treatment BC-con) (108 mg/larva).

The material reduction on a VS basis for the entire process differed
significantly (p < 0.05) between the trimmings treatments, with the
material reduction of ammonia pre-treated trimmings (BC-amm) being
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Table 3
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Material reduction (Red) after pre-treatment; Red and biomass conversion efficiency (BCE) after black soldier fly larvae (BSFL) composting on a volatile solids (VS)
basis and for the entire process on a VS and wet weight (ww) basis for the different substrates. and survival rate and final larval weight of the larvae; OP (orange peels),
BC (broccoli and cauliflower trimmings) and FW (food waste). Values presented are mean + SD (n = 3). Different superscript letters within columns indicate significant

differences (p < 0.05).

Pre- BSFL composting Entire process
treatment
Redys [%] Redys [%] BCEys [%] Survival' [%] Final larval weight Redys BCEys [%] Redww" BCEyww [%] Total VS loss
[mg] [%] [%] [%]
Controls without pre-treatment
OP-con 39+3% 5.7 + 2 100" 50 + 12 39+3 57+17° 58 + 1° 52+1.2%  33+5°
BC-con 81+05° 14+1° 628+45® 108+ 8™ 81 +0.5" 14+1° 93+1°  64+006" 67+1°
FW-con 64+1°¢ 23+1° 100 £ 6.3° 141 +5° 64 + 1% 23+ 1¢ 87 +1% 14+£1°  41+2°
Trichoderma reesei pre-treatment
OP-tri 24 +8° 43+£7%  26+07¢ 100" 18 + 4° 60 + 4% 1.8+0.4% 82+05" 1.3+03% 584
BC-tri 65+ 5° 52 + 9% 16+1° 281+146" 61 %239 84+1" 54x08 98=x01° 1.4+03"  79+1¢
Ammonia solution pre-treatment
OP-amm 10 £ 0.02° 5243 50406  960+45"  43+0 5831 4.3+0.6" 83 +1% 3.9+02" 533
BC-amm 154 0.2% 59+3¢ 15+ 05" 557 +£25.0% 95+ 26 66 + 3¢ 12+ 0.4° 76 + 7 46+05"  53+4°

I Statistical analysis excluded treatments OP-con and OP-tri.
' Assumed survival.
! Not normally distributed, non-parametric test.

lower (66%) than that in the control and in trimmings pre-treated with
T. reesei (BC-tri, 84%). Both peel pre-treatments resulted in higher Redys
compared with the control over the entire process. Treatment BC-tri
resulted in the highest total VS loss, while the orange peel control
(treatment OP-con) resulted in the lowest.

In both pre-treatments with peels, BCE was lower than for pre-
treated trimmings even though the larval VS load was greater, and
hence no direct correlation between larval VS load and BCE was found
(Fig. 1a). Removing the peel treatments from the model improved the fit
from R? < 0.1 to an adjusted R? = 0.74 (Fig. 1b). An even stronger
positive correlation (adjusted R? = 0.93), was found when the material
reduction in pre-treatment was included as an explanatory variable
(Fig. 1c). The final larval weight was found to correlate with the larval
VS load that the surviving larvae would have received, assuming that
any larvae which did not survive the treatment did not consume any VS
(Fig. 1d).

3.2. Gas emissions

3.2.1. Emissions during pre-treatment

The CO, emissions were mainly associated with the type of pre-
treatment. Emissions from ammonia pre-treatment of substrates
reached 0.03 CO,—C kg/kg initial VS, while T. reesei pre-treated sub-
strates emitted 0.12 CO,-C kg/kg initial VS (Fig. 2a). For CH4 and N2O
emissions, the amount of emissions was associated with the substrate
rather than the type of pre-treatment (Fig. 2b—c).

3.2.2. Emissions during BSFL composting

Concentrations of CO; increased linearly ®R®>>0.95n= 85, 0.95 >
R?>>0.75n= 14) for all emission rate measurements in all replicates,
confirming that the gas boxes remained airtight and that the gas mea-
surements had high accuracy. The emission rates were calculated and
plotted against time, and the cumulative emissions were calculated for
all treatments (Fig. 3a). Cumulative COy emissions in all treatments
increased nearly linearly, except for the trimmings control (BC-con), and
total emissions ranged from 0.10 to 0.17 kg CO2-C/kg substrate VS
during BSFL composting (Fig. 3a). The total cumulative CO, emissions in
the trimmings control reached 0.23 kg CO,-C/kg substrate VS. All the
peel treatments except OP-tri had lower cumulative emissions than
other treatments. The CO, accumulation rates were similar across the
peel treatments.

In treatments OP-tri, ammonia pre-treated orange peels (OP-amm),
BC-con, BC-tri and the food waste control (FW-con), cumulative CHy
emissions were small and increased linearly, from 0.2 to 1.6 mg CH4-C/

kg substrate VS (Fig. 3b). Ammonia pre-treated broccoli and cauliflower
trimmings showed a sharper increase in accumulation rate after the
initial period and reached total emissions of 23 mg CH4—C/kg substrate
VS (Fig. 3b). Total emissions from the peels control (OP-con) did not
increase linearly and were 3.3 mg CH4—C/kg initial VS. The cumulative
CH4 emissions from food waste were consistently lowest, but not
significantly lower than in other treatments except for trimmings pre-
treated with ammonia (BC-amm).

Cumulative N2O emissions were close to zero for most treatments,
with the exception of the trimmings control (BC-con) (Fig. 3¢c). Cumu-
lative emissions increased gradually, from 0.1 to 1.9 mg N,O-N/kg
substrate VS in the peels and food waste treatments to 3.4 mg, 6.5 mg
and 46 mg N,O-N/kg substrate VS in BC-amm, BC-tri and BC-con,
respectively (Fig. 3c).

3.2.3. Emissions during the entire process

Total CH4 emissions varied more within treatment for treatments
that had higher emissions (Fig. 4a). Total emissions of N,O were higher
in treatments with trimmings than with peels (Fig. 4b). Pre-treatment of
trimmings reduced the total amount of N2O emitted. Total NoO emis-
sions were not significantly different from zero in any of the peel
treatments. The NHj pre-treatment increased total NH3 emissions
(Fig. 4c). Total CO, emissions from the entire process were within the
same range for all assessed treatments (Fig. 4d).

Total emissions of CH4 and N2O, expressed in COz-equivalents over a
100-year period (IPCC, 2013) on a VS basis, were low compared with the
direct COy emissions, and were generally higher for trimmings as
compared to the other substrates (Fig. 4e). The total emissions were
similar between the treatments, with only the control trimmings and
peels (BC-con, OP-con) being significantly different from each other
(Fig. 4f).

4. Discussion

4.1. Impact of pre-treatment on biomass conversion efficiency and larval
survival

In broccoli and cauliflower trimmings pre-treated with T. reesei, a
large proportion of the initial VS was consumed in the pre-treatment
(Table 3). This high VS reduction resulted in that treatment receiving
the lowest larval VS feeding load (0.03 g VS/larva) in this study
(Table 2), which could have caused the low larval survival rate (28%).
However, BCE in BSFL composting of broccoli and cauliflower trim-
mings pre-treated with T. reesei (14%) was within the same range as in
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Fig. 1. Biomass conversion efficiency (BCE) in black soldier fly larvae (BSFL) composting in relation to a) total volatile solids (VS) per larva [g] (R? < 0.1), b) total VS
per larva [g], when excluding the orange peel treatments (adjusted R = 0.74; p = 0.0003), and c) predicted BCE for a model taking into account the total VS per larva
and the reduction achieved in the pre-treatment (adjusted R? = 0.93, p = 6 x 107°); and d) the final larval weight in relation to the total VS per surviving larva
(adjusted R? = 0.76, p = 0.0001). Data shown for food waste (blue), orange peels (orange) and broccoli and cauliflower trimmings (green) without pre-treatment
(control, @) and pre-treated with Trichoderma reesei (tri, ) and ammonia solution (amm, ). The grey areas represent the model fits with 95% confidence level.

the corresponding control (16%) (Table 3), suggesting that fungi pre-
treatment made the trimmings more available to the larvae than in
the control, which received a higher larval VS load (0.08 g VS/larva). A
study by Lalander et al. (2019) demonstrated higher BCE with higher
larval VS load, but in the present study no correlation between larval VS
load and BCE was found when the full dataset was used (Fig. 1a). On
excluding the orange peels, better model fit was found (Fig. 1b), sug-
gesting that factors other than larval VS load played a role in the peel
treatments. Including also the reduction during pre-treatment further
improved the model fit (Fig. 1c), supporting the hypothesis that
pre-treatment with T. reesei renders substrate more available to larvae,
as this fungus has the ability to degrade complex molecules (Tadele and
Amha, 2015). It is likely that a higher larval VS load for fungi pre-treated
substrates would increase the BCE in the BSFL composting, however it
would have to be investigated as to which point, since it has been sug-
gested that there is a threshold at which increased larval feeding load no
longer results in larger relative larval growth (Parra Paz et al., 2015).
It is likely that the low survival of larvae in broccoli and cauliflower

trimmings pre-treated with T. reesei was due to the low larval VS feeding
load (30 mg/larva), and not due to any potential mycotoxins produced
by the fungi, as no known mycotoxin is produced by T. reesei (Frisvad
et al., 2018). Furthermore, Isibika et al. (2019) observed no impact on
larval survival during BSFL composting of T. reesei pre-treated banana
peels. An alternative, or complementary, reason for the low survival
could be the low TS content of the broccoli and cauliflower trimmings
(7-11%) (Table 2). A previous study by Lalander et al. (2020) using a
similar set-up as in the present study observed decreased survival with
higher substrate moisture content (around 80% survival at 90% mois-
ture content, 57% survival at 95% moisture content) and high survival
variation in BSFL treatment of substrates with high moisture content.

Final larval weight in broccoli and cauliflower trimmings control
(100 mg/larva) was considerably greater than after T. reesei pre-
treatment (around 60 mg/larva), most likely due to the low larval VS
load in the latter treatment (Fig. 1d). Larval survival was generally lower
for broccoli and cauliflower trimmings than for the other substrates
(Table 3).
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The orange peel control showed low BCE (<6%) and pre-treatment
did not improve the BCE, in fact fungi pre-treatment (OC-tri) reduced
it to >3. Orange peels have been found to have toxicity effects on insects
(Amin et al., 2018; Bachi and Ahmed, 2017). Amin et al. (2018) found
that orange peels caused 20-60% larval mortality among cotton leaf
worms, while Bachi and Ahmed (2017) demonstrated toxicity in Medi-
terranean fruit flies, caused by the essential oils in the peels. The fungi
pre-treatment decreased BCE, while the material reduction on a VS basis
increased for both pre-treatments. This indicates that the pre-treatments
did not result in complex molecules becoming more available to the fly
larvae in the peel treatments, contradicting our initial hypothesis.
However, the reduction during pre-treatment could have concentrated
toxic compounds, resulting in decreased BCE compared with the control.

4.2. Impact of pre-treatment on material reduction

The VS reduction was lower during ammonia pre-treatment than in
the T. reesei pre-treatment. The low reduction rate was correlated with
low CO emissions in the pre-treatments (Fig. 1a). In BSFL composting,
the material reduction was lower for ammonia pre-treated broccoli and
cauliflower trimmings compared with corresponding control, while BCE
was not significantly different (Table 3). Furthermore, the total VS loss
was lower for ammonia pre-treatment compared with the control and
T. reesei pre-treatment, suggesting that the microbial community was

less active in the ammonia pre-treated substrate, as the VS loss repre-
sents a combination of larval and microbial respiration. In contrast,
ammonia pre-treatment of orange peels resulted in a greater material
reduction and total VS loss compared with the control. The added
ammonia likely acted as a nutrition source in the low-nitrogen peels, and
thus stimulated microbial degradation (Tadele and Amha, 2015). The
BCE for ammonia pre-treated orange peel was not significantly different
from the control (Table 3), and it is thus likely that the added nitrogen
favoured microbial growth, rather than larval growth. This could be
because substances in the peels were more toxic to the larvae, as dis-
cussed above, than to the microorganisms. In the case of the broccoli and
cauliflower trimmings, the nitrogen concentration was considerably
higher than in orange peels, and thus addition of ammonia could have
made the environment less favourable for microorganisms, rather than
favouring their growth. High NHj3 concentrations are known to be toxic
to most microorganisms (Vinneras et al., 2008). However, the larvae did
not seem to be impacted by the increased ammonia concentration in the
trimmings.

4.2. Gas emissions
The material reduction and total VS loss during treatments was re-

flected in the total CO, emissions. On calculating the amount of carbon
lost in CO; emissions and converting it to the amount of corresponding
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VS, it was found that on average 48% of the degraded VS was lost via
respiration, which closely matched the values calculated based on VS
mass balance (Table 2). The remaining degraded VS were assumed to be
transformed into larval biomass.

Total CO, emissions from the treatments ranged between 0.37 and
0.86 kg COy/kg VS (Fig. 3d). The trimmings control had significantly
higher total emissions of CO, than the peels control, while the total
emissions from food waste were not significantly different from either of
the control treatments with peels and trimmings. There was a 67% loss
of initial VS in the control treatment with trimmings, 41% in the food
waste control and 33% in the peels control. This low biological activity
in the peels control treatment corresponded to low BCE (Table 3). The
VS loss did not correlate with high BCE, supporting the suggestion that a
large proportion of material reduction was not due to biomass conver-
sion into larvae; e.g. food waste had the highest BCE, while the emissions
of CO, were the second lowest on average. This is in agreement with
findings by Ermolaev et al. (2019). The COy emissions generated per
tonne of treated waste in BSFL composting were higher for trimmings
than for food waste, which correlated well with the VS loss (Table 3,
Fig. 4f).

The CH,4 emissions coincided with NHj emissions, while they
correlated adversely with NoO emissions in the trimmings treatments
(Fig. 3a—c). Similarly, Chen et al. (2019) found that N2O emissions were
low while CH4 emissions increased with moisture content in substrate
and vice versa (Fig. 2b—c). In conventional composting, N2O emissions
can occur later in the process and can be associated with nitrate avail-
ability during the denitrification process (Feng et al., 2020). This is
typically not seen in BSFL composting, as the process is considerably
shorter. However, it has been reported that in substrates with initial
nitrate availability, an early NyO emissions peak can occur (Ermolaev
etal., 2019), which declines as the nitrate is consumed and pH increases.
This could explain the early NyO emissions from treatments with trim-
mings and also the lower emissions in the ammonia pre-treatment, as pH

would be higher in the presence of NH3 (Pang et al., 2020).

Emissions of CHy4 per ton ww initial material in this study were at the
lower end of the range reported for conventional composting (Table 4).
The highest CH4 emissions level for BSFL composting detected in our
study and in other studies (Mertenat et al., 2019; Pang et al., 2020) was
around 0.1% of the highest reported level in conventional composting
(Beck-Friis et al., 2000; Ermolaev et al., 2015). The degradation of the
incoming material in BSFL composting was generally higher than in
conventional composting, but when adding the mass of the larvae pro-
duced the emissions of CO2 were within the same order of magnitude
(Table 4). The BSFL composting process produces residues that do not
represent a stabilised compost, leading to a larger proportion of the
initial carbon in the substrate being retained and creating the potential
for emissions after completion of treatment (Song et al., 2021).

Reported values for emissions of NoO and NHjs in conventional
composting are up to 100-fold higher (Table 4). Compared with the
other treatments in this study, the total ammonia emissions from BSFL
composting were 0.12-10.0% of those reported for conventional com-
posting (Table 4), which shows that overall less nitrogen is lost as NH3
during fly larvae composting. In ammonia pre-treatment of broccoli and
cauliflower, the ammonia emissions were higher and up to 50% of the
ammonia added in the pre-treatment was lost. Other studies have re-
ported higher losses of nitrogen in BSFL composting, of between 30 and
40% of the inflow nitrogen (Lalander et al., 2015; Lopes et al., 2021).
The lower nitrogen emissions seen in this study may be due to lower
temperatures and pH, and higher moisture content (Chen et al., 2019). A
higher nitrogen content in the substrate likely also favours higher
ammonia volatilisation, in particular as the pH shifts to more alkaline
conditions due to microbial breakdown of organic nitrogen in the
ammonification step, further pushing the ammonium-ammonia equi-
librium towards volatile ammonia (Emerson et al., 1975). Thus Parodi
et al. (2020) suggested stopping BSFL composting at the peak of CO,
production, immediately before ammonia starts to be produced in the
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Summary of emissions per tonne waste on a wet weight (ww) basis and valuable products generated during black soldier fly larvae (BSFL) composting in treatments
with orange peels (OP), broccoli and cauliflower trimmings (BC) and food waste (FW) and in other studies with fly larvae composting and conventional composting.

Larvae [kg] Residues [kg] CO, [kgl CH4 [g] N20 [g] NH; [g]
Current study
Orange peels 17-52 180-422 77-147 0.3-0.9 0.04-0.1 0.0-78
BC trimmings 14-64 23-243 47-62 0.07-2.2 1.4-5.2 5.4-342
FW control 142 £7 134 £7 115 £ 33 0.06 + 0.01 0.6 £0.1 1.8+ 1.3
BSFL composting
Food waste” 120-190 570-640 92-100 1.0-3.0 0.19-1.0 Below detection limit
Biowaste” 220 320 - 0.4 8.6 -
Food waste* 19-136 - 26-48 0.06-0.79 0.06-0.50 0.05-0.50
Composting
Food & garden waste 330-750 16-270 23-520 4-400 Below detection limit
Household waste® - - 1700 78 -
Kitchen waste’ 670-680 - - - 750-1540

2 Ermolaev et al. (2019).
b Mertenat et al. (2019).
¢ Pang et al. (2020).
4 Ermolaev et al. (2014).
¢ Beck-Friis et al. (2000).
Zhang et al. (2016).

process. However, Guo et al. (2021) demonstrated that the largest
contribution of emissions in BSFL treatment comes from post-treatment
of the residues, indicating that more research is needed to determine
how the treatment residues should be handled for lowest impact on the
environment.

4.3. Feasibility of pre-treatment for BSFL composting

The moisture content of the broccoli and cauliflower trimmings was
close to 92% at the start, but the residues were dry enough to allow
larvae to be separated out at the end of the process. Cheng et al. (2017)
concluded that the initial substrate moisture content should not exceed
80%, as dry separation would not be possible. However, Lalander et al.
(2020) found that dry separation with initial moisture content 80-90%
is possible if active ventilation is applied. The T. reesei and ammonia
pre-treatments made a considerable impact on moisture content, with
T. reesei pre-treatment decreasing the initial moisture content of trim-
mings in BSFL composting by 29%, while ammonia pre-treatment
increased the moisture content of trimmings by 14%. The former led
to a dry end product with a moisture content of 13%, compared with
70% in the control (Table 2). The peel treatments were considerably
more difficult to separate, as they ended up with a moisture content of
68% and 63% for the control and fungi pre-treatment, respectively.
Ammonia treatment of the peels resulted in a separable product with a
moisture content of 47%. Comparing fungi pre-treatment of trimmings
or not (assuming BCE as in the BSFL composting step, but a larval
feeding load of 0.08 g VS in both treatments, and a total treatment time
of 37 days for the fungi pre-treatment and 28 days for the control), the
larvae production capacity was 0.4 and 2.2 g larvae/kg waste per day for
the fungi pre-treatment and non-pre-treated substrate, respectively. The
total treatment capacity, on the other hand, was 5.2 and 2.4 kg/m? and
day, respectively, for the fungi pre-treatment and the non-pre-treated
control. In cases where high waste throughput is of value due to waste
fees, the fungi pre-treatment would add an extra benefit.

5. Conclusions

Pre-treatment of orange peels and broccoli and cauliflower trim-
mings with T. reesei or ammonia did not significantly improve biomass
conversion efficiency during BSFL composting. However, both pre-
treatments significantly increased the material reduction for the peels.
BSFL composting of the orange peels resulted in low BCE and produced
wet treatment residues (TS ~30%). Ammonia pre-treatment of peels
resulted in drier (TS ~50%) treatment residues.

Both substrates performed less effectively than food waste in BSFL
composting in terms of biomass conversion efficiency, total emissions of
GHG and ammonia, and treatment time. However, higher waste treat-
ment capacity was achieved on pre-treating the trimmings with T. reesei.
Total COz-eq emissions (N2O + CH4) were almost four-fold higher for
the control trimmings (no pre-treatment) than for ammonia pre-treated
trimmings, with no negative impact on biomass conversion efficiency,
but with increased NH3 emissions.
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animal-feed protein and organic fertiliser. BSFL composting has greatest potential for mixed food waste,

improving BCE for plant-based waste is to add enzymes to make the waste more available to the larvae,

Black soldier fly larvae (BSFL) composting is a treatment in which biodegradable food waste is converted into

but

under European Union regulations only plant-based waste is permitted as feed for larvae. Biomass conversion
efficiency (BCE) in BSFL composting is lower for plant-based waste than for mixed food waste. One way of

but

enzyme pre-treatment is not commonly applied prior to BSFL composting. Therefore this study examined the
impact of enzyme pre-treatment duration on process efficiency in BSFL composting of lettuce-cabbage waste pre-
treated with enzymes for 0-4 days. The results showed that total solids (TS) in larvae decreased with longer
enzyme pre-treatment. Direct addition of enzymes at the start of BSFL treatment (0 day pre-treatment) resulted in
22% higher BCE on a volatile solids (VS) basis compared with the control, while longer pre-treatment did not
improve BCE further. Much of the VS was respired in the 0-day pre-treatment, resulting in lower mass of residues
at the end of treatment. Longer pre-treatment increased microbial respiration, suggesting that the microbial
community consumed more easily available carbohydrates during the pre-treatment step, which counteracted

the purpose of enzyme pre-treatment, i.e. increasing BCE during BSFL composting.

1. Introduction

Fly larvae composting is a method that complies with the principle of
circular economy, in that the waste or side-stream in one process is used
as the resource in another (European Union, 2016). One fly species that
has an impressive ability to convert food waste into its own biomass in
its larval state is the black soldier fly (Hermetia illucens L. (Diptera:
Stratiomyidae)) (Cickova et al., 2015; Tomberlin et al., 2015).

The protein content (~40% on a dry matter basis) and amino acid
profile of black soldier fly larvae (BSFL), with considerably higher
amounts of methionine (often a limiting essential amino acid) than in
soy (Lalander et al., 2019), makes this product suitable for animal feed
(Lalander et al., 2019; Sealey et al., 2011; Surendra et al., 2016). The
other end-product from BSFL composting is larvae frass-compost, which
is not a mature compost. The nitrogen and phosphorus content in larvae-
frass compost is higher than that in organic compost (Chiam et al.,
2021), and similar to that in commercial organic fertilisers such as SAFI
(Beesigamukama et al., 2020) and NY 525-2011 (Cai et al., 2019) and in
liquid inorganic fertilisers using biochar (Tan et al., 2021).
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The highest process efficiency in terms of waste-to-biomass conver-
sion in BSFL composting is achieved using food waste as a substrate
(Gold et al., 2020; Lalander et al., 2015). Under European Union
Regulation (EC) No 1774/2002, only plant-based biodegradable streams
are permitted as feed for larvae intended for use as a feedstuff in
aquaculture, for non-production animals (EU No 2017/893) and for
poultry and porcine animals (EU 2021/1372) . Biomass conversion ef-
ficiency (BCE) in BSFL composting is lower for plant-based biodegrad-
able waste than for food waste (Lalander et al., 2015; Meneguz et al.,
2018). However, Gold et al. (2020) achieved BCE of 22.1% with vege-
table canteen waste, possibly because vegetable canteen waste is more
varied, containing various types of vegetables and legumes, compared
with a single source of vegetable. The lower BCE when using single-
source plant-based biodegradable waste can be a response to high car-
bon content, low availability to the larvae of lignin- and hemicellulose-
rich materials, and lower protein content (Gold et al., 2018; Kumar
et al., 2018; Meneguz et al., 2018; Nguyen et al., 2015; Nyakeri et al.,
2017). Lalander et al. (2019) obtained considerably higher protein
conversion efficiency for a mix of abattoir waste and fruit and vegetable
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waste than for each of these wastes separately. They attributed this to a
more balanced composition in terms of available protein to carbohy-
drate ratio, enabling the larvae to utilize available protein in a more
efficient way. Similarly, Gold et al. (2020) found that protein conversion
efficiency was higher when using canteen waste than vegetable canteen
waste and suggested that the larvae incorporated more lipids when fed
vegetable canteen waste, as a response to the higher proportion of car-
bon per unit available protein. Nutritional parameters of the substrate
considered to be important for high substrate-to-larval BCE are high
protein content (Beniers and Graham, 2019; Lalander et al., 2019),
similar non-fibre carbohydrate content to protein content (1:1 ratio of
protein to carbohydrates) and low lipid and fibre content (Gold et al.,
2020). Fruit and vegetable waste is typically low in protein and lipid and
high in fibre, i.e. it does not meet the nutrient requirements of BSFL.

One way of dealing with the lower BCE of single-source plant-based
biodegradable waste in BSFL composting is to apply a pre-treatment to
improve the digestibility of substrates low in protein and high in fibre
(Isibika et al., 2019). For example, on pre-treating banana peel with
fungi combined with addition of ammonia solution for 7-14 days, Isi-
bika et al. (2019) found that the BCE of the waste increased from 7
to 15% on a volatile solids (VS) basis. The ammonia solution likely
promoted microbial breakdown of complex molecules (Tadele and
Ambha, 2015) and enzymes secreted by the fungi degraded the substrate
into more easily available carbohydrates, rendering the substrate more
available to the larvae (Godliving, 2009; Sanchez, 2009; Sigoillot et al.,
2012).

Instead of relying on fungi to generate enzymes, pure enzymes could
be added to biodegradable waste, which would provide more control
over the process. Enzyme pre-treatment could also be less time-
consuming, as the enzymes would be present immediately, rather than
having to wait for enzyme production by the fungi (Hankin and Ana-
gnostakis, 1975; Schumann et al., 2013). Using an enzyme cocktail and
performing enzymatic hydrolysis could further shorten the pre-
treatment time in comparison with fungi pre-treatment, the effect of
which has been demonstrated to improve with time (Isibika et al., 2019).
The hypothesis tested in the present study was that directly added en-
zymes degrade complex molecules into carbohydrates that can be easily
digested by the larvae, in a shorter time than fungal pre-treatment and
without consuming the substrate. To our knowledge, enzyme pre-
treatment prior to BSFL composting has not been studied previously.
However, previous studies have examined enzyme pre-treatment prior
to other biological waste treatments, particularly anaerobic digestion.
Total concentration of enzymes in the substrate, duration of enzyme
hydrolysis and treatment temperature are key aspects of process effi-
ciency evaluated in previous studies on enzymatic hydrolysis, e.g. of
sawdust (Baksi et al., 2019) and municipal waste (Izaguirre et al., 2019).
Baksi et al. (2019) investigated two different concentrations of enzymes
added to sawdust and used the final concentration of glucose as an
indication of how well the enzymes degraded the sawdust. They found
that 2.56% and 26.5% enzymes in the substrate generated a solution
with a glucose concentration of 15 g/L and 17-21 g/L, respectively, after
10-20 h. They also found that delignification was 25% at 50 °C and
29-33% at 100 °C (Baksi et al., 2019). Using 13.5% addition of enzymes
to municipal waste for 48 h at 50 °C, Izaguirre et al. (2019) achieved a
glucose concentration of 19 g/L. Moreno et al. (2021) added 0.08%
enzyme blend (Cellic CTec2) to a solution with 5% dry weight of tomato
plants at 50 °C and achieved a peak glucose concentration of 8 g/L at 24
h, after which the glucose concentration levelled off. However, all those
studies were performed on a small scale and the samples were diluted
with water to achieve a simple set-up for continuous mixing of the
substrate. Plant-based biodegradable waste consists of >80% water,
which is close to the critical water content if successful dry separation of
larvae is wanted as a final step after BSFL composting (Cheng et al.,
2017; Lalander et al., 2020). When using enzymatic hydrolysis as a pre-
treatment in BSFL composting, diluting the substrate with water is
therefore not advisable if the final products are to be dry separated.
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Fewer revolutions per minute due to lower substrate water content
would also decrease the shearing force and spare the mixing tool. In
compensation, longer duration could be applied in enzyme pre-
treatment, to allow the enzymes to degrade complex molecules and
make enough substrate easily available for the larvae.

In order to improve degradation of vegetable waste, often with a high
content of cellulose, a mix of different enzymes can be expected to be
more efficient than one specific enzyme, due to the complex and het-
erogeneous structure of cellulose (Teeri, 1997). Cellulolytic enzymes
have endo- and exo- modes of action. Endoglucanase cleaves cellulosic
bonds along the length of the cellulose chains, yielding progressively
shorter chains that are as short as glucose monomers, and creating free
chain ends on the cellulose surface that exoglucanases can use for
further degradation (Teeri, 1997). Other enzymes involved in hydrolysis
are glucanase, protease and lipase, which degrade complex sugars,
proteins and lipids, respectively (Fernandes, 2010).

To our knowledge, there are no reported studies on the impact of
enzyme pre-treatment duration on BSFL composting efficiency, but
there have been studies on pre-treatment duration prior to anaerobic
digestion (Arelli et al., 2020; Fisgativa et al., 2018). However, BSFL
composting is rather dissimilar to anaerobic digestion and it cannot
simply be assumed that efficiency in BSFL composting will improve after
enzyme pre-treatment. The aim of this study was thus to assess the
impact of enzyme pre-treatment duration on process efficiency in terms
of BCE and material reduction in BSFL composting of lettuce and
cabbage.

2. Materials and methods
2.1. Materials

Lettuces and cabbages used in the study were provided by the
vegetable and fruit wholesaler Gronsakshallen Sorunda (Stockholm,
Sweden). Upon arrival at the BSFL composting facility, the lettuces and
cabbages were immediately minced (Universal Kross, model BG2,
Austria), bagged separately and stored for up to 11 days at —18 °C before
use.

The BSFL used in the study were taken from a BSF colony that has
been run continuously by the Environmental Engineering group at the
Department of Energy and Technology, SLU, since 2015 (Uppsala,
Sweden). The BSFL used for treatment passed through a sieve with 1 mm
mesh and had an average weight of 0.18 + 0.09 g per 100 larvae.

2.2. Experimental set-up

The main aim of the study was to assess the impact of bio-chemical
(enzyme) pre-treatment duration on process efficiency in BSFL com-
posting of lettuce and cabbage, and it was expected that longer pre-
treatment would generate more readily available carbohydrates for
the larvae, and thus improve BCE (Baksi et al., 2019; Izaguirre et al.,
2019). The substrate investigated was a 1:1 (wet weight) mixture of
lettuce and cabbage, which was pre-treated with enzymes for 0, 2 and 4
days (treatments Enz-0d, Enz-2d and Enz4d, respectively). The BSFL VS
load was similar in all treatments except Enz-2d, which had 9% higher
BSFL VS load due to experimental inconsistencies, however still within
the margin of error in empirical experiments (+10%) (Table 1).

2.2.1. Pre-treatments

An enzyme cocktail (SAE0020 Sigma-Aldrich), consisting of cellu-
lases, B-glucosidases and hemicellulases was added to the pre-treatment
substrate to a concentration of 1% (w/w). During the pre-treatment, the
substrate was placed in a bucket and a drill (SKIL 550 W 1020AA, United
States) fixed on a stand and rotating on the lowest setting (100 revolu-
tions per minute) was used to stir the material. The pre-treatment step
was carried out in a tent at 28.8 & 0.8 °C. There was a surplus of sub-
strate in the pre-treatment, so the load of VS per larva was adjusted to
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Table 1

List of pre-treatments used in each treatment, duration of pre-treatment and
black soldier fly larvae (BSFL) composting, volatile solids (VS) load per larva and
total amount of substrate on a wet weight (ww) basis added in each treatment.
Values presented are mean + SD (n = 3).

Pre-treatment BSFL composting BSFL VS Total substrate
duration duration [days] load [g VS/ [g ww/
[days] larva] treatment]

Control - 14 0.219 + 863 + 0.4
0.0001

Enz-0d 0 14 0.218 + 861 + 0.7
0.0002

Enz-2d 2 14 0.243 £ 1225 £ 0.2
0.00004

Enz-4d 4 14 0.220 + 1213 £ 1.0
0.0002

0.2 g in the subsequent BSFL composting step.

2.2.2. BSFL composting

All treatments were performed in a growth tent with dimensions 120
cm x 120 cm x 200 cm (Secret Jardin, Hydro Shoot 120). A car heater
connected to a temperature regulator (Trixie) and a fan for circulating
the air were placed on the floor in the tent to keep an average temper-
ature of 28.8 & 0.8 °C over the course of the composting treatment. Each
treatment was performed in triplicate. The treatment boxes (21 cm x 17
cm x 11 cm) were kept in a separate larger box placed in a rack, with 3
or 8 cm spacing between the larger boxes. Every second day, the boxes
were rotated in the rack to erase effects of the temperature gradient (1 °C
difference from bottom to top) and differences in air flow in the tent. The
larval feeding load was set to 0.2 g VS/larva and the total amount of
substrate allocated to each replicate was adjusted after completion of
pre-treatment (Table 1). In each treatment, 300 larvae were added,
giving a density of 1.5 larvae/cm? based on VS per larvae needed and on
not exceeding 5 cm depth of substrate in the boxes. The larvae were fed
on days 0, 3 and 6 of the treatment, by adding new substrate without
stirring. BSFL composting was terminated 7 days after the last feeding
(Table 1).

2.3. Sampling

The total amount of substrate was weighed before and after the pre-
treatment step. After the BSFL composting treatment, larvae and resi-
dues were weighed together and then wet-separated by pouring into a
sieve with 10 mm mesh and washing with water. The larvae were
weighed and the total amount of residues was calculated by subtracting
the larvae weight from the total weight before separation. The total
number of larvae remaining at the end of the treatment was calculated
by dividing the total weight of all larvae by the average larval weight.
Material in each replicate was sampled in triplicate for analysis of total
solids (TS) and VS.

2.3.1. Physical-chemical sampling

Samples for TS and VS analysis were taken from the substrate before
the start of pre-treatment, before BSFL composting and after BSFL
composting, at which point samples from both larvae and residues were
collected. Three TS and VS samples were taken from each replicate and
each sample contained substrate from five random areas in the treat-
ment box (10-15 g per sample). The substrate removed for sampling was
taken into account when calculating the feeding rate, BCE and material
reduction.

2.4. Physical and chemical analysis

The TS content was determined by drying at 60 °C, to avoid evapo-
ration of VS (Vahlberg et al., 2013), for a minimum of 48 h or until the
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weight of the substrate remained constant over two weighings. The VS
content was determined by combusting at 250 °C for 2 h and at 550 °C
for 4 h (modified ISO 18122:2015).

2.5. Calculations

The percentage waste-to-biomass conversion efficiency on a VS basis
(BCEys) was calculated as:

VSiarvae
BCEys — (%)-100
initial

@™
where, mVSgryqe and mVSiqr is the total mass of VS of larvae and of
initial substrate given to larvae, respectively. For BCE for the entire
treatment, mVSgryqe and mVS;piq is total mass of VS of larvae and of the
initial material, respectively.

The percentage material reduction on a VS basis (Redys) for the
entire treatment was calculated as:

VS 00 ).1 0o

2
mV Siuisial @

Redys = (1 -

where, mVS;,s and mVSiq is the total mass of VS of residues and of
initial material, respectively. For material reduction after pre-treatment,
MVS;s and mVSiniriqr is the total mass of VS of pre-treatment residue and
of the initial material, respectively. For material reduction after BSFL
composting, mVSyes and mVS;pitiqr is the total mass of VS of residues and
of the initial substrate given to larvae, respectively.

2.6. Statistical analysis

General linear regression with 95% confidence interval was used to
assess correlations between response variables and substrate properties.
To compare whether the different treatments gave statistically signifi-
cant differences in BCE or material reduction, analysis of variance
(ANOVA) with 95% confidence interval was used. Tukey’s Honest Sig-
nificant Difference (Tukey’s HSD) was used when a significant differ-
ence was found. Normality was verified in the model residuals using the
Shapiro-Wilk test. Paired t-test with 95% confidence interval was used
for comparing TS and VS values in different stages in each treatment. All
statistical tests and graphical representations were made in R (R Core
Team, 2019).

3. Results

The initial substrate was similar in terms of TS and VS in all treat-
ments (Table 2). However, the percentage TS and VS in the substrate
changed significantly in Enz-2d, and the percentage TS in Enz-4d, after
the enzyme pre-treatment.

The end-products from all BSFL treatments had similar TS and VS
with the exception of Enz-0d, for which larval TS was somewhat higher
than in the other treatments, while residue TS and VS were lower
(Table 2). The residues were significantly different from the initial
substrate and the substrate after pre-treatment in all cases, with lower
amounts of TS and VS. The TS of larvae in the enzyme pre-treatment step
decreased with pre-treatment duration, but only the difference between
Enz-0d and Enz-4d was statistically significant.

Direct addition of enzymes (Enz-0d) resulted in 22% higher BCEys
and 14% higher Redys on a VS basis compared with the control (Table 3,
Fig. 1a-b). For BCEyy, on the other hand, only Enz-2d differed signifi-
cantly from the control, with 28% lower BCEy. The material reduction
during the entire process (pre-treatment plus BSFL composting) was
greater when the pre-treatment duration was longer, while the opposite
was seen for the BSFL composting step, where a pre-treatment of 2 and 4
days gave a significantly lower material reduction compared with the
control and direct enzyme addition. There was no significant difference
in material reduction on a VS basis between the control and the pre-
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Table 2
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Total solids (TS) and total volatile solids (VS) content in initial substrate, substrate after pre-treatment, larvae and residues from black soldier fly larvae (BSFL)
composting, and larval VS load during the treatment. Significant differences (p < 0.05) in TS and VS from initial substrate are denoted *. Different letters within
columns indicate significant difference (p < 0.05). Values presented are mean =+ SD (n = 9).

Initial substrate After pre-treatment Larvae Residues
TS [%] VS [%] TS [%] VS [%] TS [%] VS [%] TS [%] VS [%]
Control 8.6+ 0.4° 89.0 + 0.5 26.1 + 0.8*° 84.7 + 0.4 3.9+ 0.8+ 66.6 + 5.9*
Enz-0d 8.6 £ 0.4° 89.0 £ 0.5% 28.9 + 1.6** 86.8 £ 0.3*" 22+0.3% 54.0 + 1.0+
Enz-2d 7.5+ 0.2 88.7 + 1.0° 8.0 £ 0.1 88.7 + 0.1° 27.1 £ 0.7+ 88.9 + 0.2° 3.6 + 0.2 73.2 £ 2.9+
Enz-4d 7.5+0.2" 88.7 + 1.0° 7.4+01° 85.9 +0.1*" 24.4 +2.3*° 88.5 + 0.5*¢ 3.5 + 0.5+ 71.9 + 3.3+
Table 3

Material reduction (Red) and biomass conversion efficiency (BCE) on a volatile solids (VS) and wet-weight (WW) basis during pre-treatment, black soldier fly larvae
(BSFL) composting and the entire process. Values presented are mean =+ SD (n = 3).

Pre-treatment BSFL composting Entire process
Redys [%] Redys [%] BCEys [%] Redys [%] BCEys [%] Redyw [%] BCEww [%]

Control 78.4 £ 0.3 19.7 £ 0.2* 78.4 + 0.3 19.7 £ 0.2* 34.6 £ 11° 6.8 +0.2"
Enz-0d 89.4 + 0.6" 241 +0.2° 89.4 + 0.6° 241 +0.2° 33.1 +10° 7.2+ 05"
Enz-2d 9.3 70.6 + 4.6° 20.2 £ 0.8% 73.6 + 4.1* 18.2 £ 0.7% 34.9 + 3.4 4.9+0.3°
Enz-4d 14.8° 69.0 +7.1° 233 +1.9° 74.6 + 5.8* 19.1 +1.5% 33.8 +2.8% 5.9+ 1.0°
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Fig. 1. Process efficiency parameters for the entire process on a total volatile solids (VS) basis in the control and after pre-treatment with directly added enzymes

(Enz) for 0, 2 or 4 days: a) biomass conversion efficiency and b) material reduction.
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Fig. 2. Mass balance (volatile solids (VS) basis) during black soldier fly larvae (BSFL) composting of a mixture of cabbage and lettuce in the control and after pre-
treatment with directly added enzymes (Enz) for 0, 2 or 4 days: a) distribution of initial VS during treatment divided into four fractions, respiration in pre-treatment
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figure legend, the reader is referred to the web version of this article.)
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treatments of 2 and 4 days.

The VS were distributed into four fractions: respiration during pre-
treatment, respiration during BSFL composting, larvae and residues
(Fig. 2a). Respiration of VS during pre-treatment and BSFL composting
in all treatments ranged between 55 and 65 %, with Enz-0d having a
larger proportion of VS as respiration than the other treatments. Enz-0d
differed from the other treatments by yielding less residues and a larger
mass of larvae from the initial VS. The amount of VS before BSFL
composting was 66 g VS in all treatments except Enz-2d, which had 73 g
VS (Fig. 2b). The pre-treatments with enzymes for 2 days and 4 days had
similar mass of VS before pre-treatment, larvae and residues.

The mass of residues produced per unit mass of substrate was similar
(+£10%) in all treatments (Table 4). However, the mass of larvae pro-
duced was significantly lower in Enz-2d compared with the control and
Enz-0d. Treatment Enz-0d produced the largest mass of larvae, but it
was not significantly different on a wet-weight basis from neither the
control nor Enz-4d.

4. Discussion
4.1. Impact on treatment efficiency of enzyme pre-treatment

Enzyme pre-treatment of different duration (0-4 days) resulted in
different BCE and material reductions. The treatment with enzymes
added with the larvae at the start of the BSFL composting (Enz-0d)
resulted in 22% higher BCE and 14% higher material reduction
compared with the control and the longer enzyme pre-treatments
(Table 3). This contradicted the initial hypothesis that longer pre-
treatment duration leads to more easily available substances for the
larvae, resulting in increased BCE.

Previous studies with enzyme pre-treatment, although not before
BSFL composting, have found that the efficiency of the subsequent
treatment increases with longer pre-treatment duration (Baksi et al.,
2019; Izaguirre et al., 2019; Moreno et al., 2021). Longer pre-treatment
(48 h) of municipal waste in Izaguirre et al. (2019) achieved the highest
glucose concentration (19 g/L) seen in all previous studies. Degree of
hydrolysis reached 49% in that enzyme pre-treatment, compared to
~5% in a control with no added enzymes (Izaguirre et al., 2019).
However, after a sugar concentration peak, longer pre-treatment did not
give an additional increase in any of the studies (Baksi et al., 2019;
Izaguirre et al., 2019; Moreno et al., 2021). In those studies, the struc-
ture of the substrate after enzymatic hydrolysis was not important and
the residues were intended for use in extraction of bioplastics (Izaguirre
et al., 2019) and biofuels (Baksi et al., 2019; Moreno et al., 2021). The
structure of the substrate is important in BSFL composting, as it enables
aeration so that the larvae can actively move through the substrate
without respiration through their spiracles being hindered (Barros et al.,
2019). Longer pre-treatment led to visibly reduced structure in the
substrate in the present study, which could explain why BCE did not
improve as hypothesised. However, it does not explain why BCE and
material reduction were higher in the treatment with directly added
enzymes (Enz-0d) compared with the control. Hou et al. (2021) found
that the polysaccharide concentration only increases during the first 12

Table 4
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h of enzyme pre-treatment and since only protease is added, and not
cellulose, the protease may have promoted microbial degradation of
polysaccharides. An increase in polysaccharides during the first 12 h
could be one reason why longer pre-treatment did not generate higher
BCE or material reduction in the present study, while immediate enzyme
addition (Enz-0d) increased BCE and material reduction in comparison
with the control.

Another reason why longer pre-treatment did not increase BCE
further could be that the total VS in the substrate was reduced during
pre-treatment, suggesting that the microorganisms consumed monomers
produced (Table 3). The control had lower BCE than treatment Enz-4d
for the BSFL composting step, but not for the entire process, which
was likely an effect of the material reduction in the pre-treatment step.
Treatment Enz-4d had lower VS (86%) than Enz-0d (89%), so even if
carbohydrates were used to the same degree in both treatments, there
was less left for the larvae to assimilate into their biomass in Enz-4d.

The presumed higher activity of microorganisms during enzymatic
pre-treatment compared with that found in previous studies (Baksi et al.,
2019; Izaguirre et al., 2019; Moreno et al., 2021), could be a result of
differences in temperature during the pre-treatment step. In this study,
hydrolysis was performed at 28 °C, while it was performed at 50 °C or
higher in the other studies. Microorganisms in food are usually meso-
philic and their temperature range for growth is 20-45 °C (Keenleyside,
2019), while the activity of enzymes, as biological catalysts, increases
with temperature up to 67 °C (Peterson et al., 2007). During BSFL
composting, the temperature in the substrate increases (Johannesdottir,
2017; Parodi et al., 2020). Further, Paz et al. (2015) found that higher
larval density results in a temperature increase of 1.5 °C in the substrate.
This could be a reason why longer pre-treatment at 28 °C with mixing
gave no advantage over direct use of enzymes before BSFL composting,
as larval movements might be more efficient in mixing the substrate
than the mixing tool used here (electric drill), thus increasing the
enzyme activity. It would be interesting to test whether pre-treatment
with enzymes at 50 °C can inhibit microbial degradation, increase
enzyme activity and promote larval growth in the BSFL composting step.

4.1.1. Impact of larval VS load

The VS content after pre-treatment was significantly lower than in
the initial substrate in Enz-4d, but not in Enz-2d (Table 2). This decrease
in VS can be related to microbial respiration during the pre-treatment
step. The VS composition was not evaluated in this study, but the re-
sults indicate that the microorganisms present in the substrate consumed
easily available nutrients, leaving more complex molecules for the
larvae, counteracting the purpose of the enzyme pre-treatment. Treat-
ment Enz-2d had the lowest BCE in the study, possibly due to the slightly
higher VS load (0.24 g VS/larva) (Table 2). Paz et al. (2015) found thata
feeding rate of 200 mg/larva/day resulted in lower relative growth of
the larvae than a lower feeding rate (60 mg/larva/day), but obtained the
highest relative larval growth at 130 mg/larva/day. The impact of the
feeding rate was especially pronounced at the highest larval density
tested in that study (6 larvae/cmz), while at the lowest larval density (2
larvae/cm?), the reduction in relative larval growth on increasing the
feeding rate from 130 to 200 mg/larva/day (54% increase) was very

Estimated production of pre-treated substrate, larvae and residues from 1 ton wet weight (WW) initial substrate in black soldier fly larvae (BSFL) composting. Values
presented are mean =+ SD (n = 3). Different letters within columns indicate significant difference (p < 0.05) in substrate after pre-treatment, larvae and residues.

1 ton substrate, wet weight basis

Substrate After pre-treatment BSFL Residues
Protein [kg] Mass [kg] Mass [kg] Change to control [%] Mass [kg] Change to control [%] ‘Water content [%]
Control 9.7 67.8 + 2.4° 0 654 + 107° 0 96.1 £ 1.0
Enz-0d 9.7! 72.3 + 4.6* 6.6 669 + 103* 2.3 97.8 £ 0.3
Enz-2d 9.7! 822°% 48.7 + 2.6" —28 651 + 287 -0.5 96.4 + 0.2
Enz-4d 9.7 856" 59.2 + 8.2 -13 662 + 23 1.3 96.5 + 0.4

iTheoretically calculated based on data from Livsmedelsverket (2021)
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small (Paz et al., 2015). The larval density in the present study was 1.5
larvae/cm?, so the 9% higher larval feeding rate in Enz-2d likely did not
have a significant impact on the results.

4.1.2. Impact of nutritional composition of the substrate on BCE

Treatment Enz-0d yielded the highest BCE, followed by the control.
The value obtained was similar to that reported for vegetable canteen
waste and combined waste by Gold et al. (2020) (Table 5). The carbon/
nitrogen (C/N) ratio is similar for mixed lettuce and cabbage, vegetable
canteen waste and combined waste substrates (Table 5), however it is
not known how the enzyme pre-treatment affected this ratio.

Isibika et al. (2019) compared two 14-day pre-treatments with fungi
(Rhizopus oligosporus and Trichoderma reesei), both of which led to sig-
nificant improvement (61-100% increase) in BCE compared with non-
pre-treated banana peel (Table 5). The fibre content was reduced in
both pre-treatments, but in particular in the Trichoderma reesei pre-
treatment (42% reduction). In the present study, the BCE improve-
ment was 22% on a VS basis (Table 5), but the fibre content of the
substrate (lettuce-cabbage) was considerably lower than that of the
banana peel used by Isibika et al. (2019) (20% compared with 70%).
This suggests that enzyme pre-treatment could result in a larger differ-
ence in BCE compared with the control when using substrate with a
higher fibre content. It also suggests that enzyme pre-treatment is
preferable to fungi pre-treatment when using substrates with a low
amount of fibre, since the enzymes do not consume what they degrade.
However, fungi pre-treatment can add other benefits in terms of pro-
duction of different enzymes and in distribution of the enzymes
throughout the substrate. Isibika et al. (2019) found that the C/N ratio
and protein to carbohydrate (Pt/CH) ratio changed in the fungi pre-
treatments. It is known that substrate composition greatly affects BCE
(Table 5). In a study by Gold et al. (2020), BSFL composting with
vegetable canteen waste with similar C/N ratio, but lower Pt/CH ratio
and fibre content than the substrate used in this study, gave BCE of 23%.
Higher feeding rate in that study had no effect on BCE, indicating that
Pt/CH ratio and fibre content are of higher importance. According to
Gold et al. (2020), a Pt/CH ratio of 1:1 is optimal for achieving high BCE
in BSFL composting. As concluded in other studies (Beniers and Graham,
2019; Gold et al., 2020; Lalander et al., 2019), high content of protein
and carbohydrates, together with a low content of fibre, increases the
process efficiency. The combined substrate in Gold et al. (2020), con-
taining vegetable canteen waste, had a higher Pt/CH ratio and fibre
content than the treatment with only vegetable canteen waste, and
resulted in lower BCE. This suggests that Pt/CH ratio close to 1 is not
enough to improve BCE if the fibre content is too high. As the fibre
content was not analysed in the present study, but theoretically calcu-
lated, it is not known how much the enzymes reduced the fibre content.
However, the results suggest that enzyme pre-treatment converts fibre
into carbohydrates, which results in increased BCE.

5. Conclusions

The hypothesis that enzyme pre-treatment increases readily avail-
able carbohydrates was confirmed in this study, while the hypothesis
that longer pre-treatment duration increases treatment efficiency was
rejected. Mixed lettuce and cabbage waste pre-treated with enzymes
added directly with the larvae improved BCEys by 22% compared with
the control. On a wet-weight basis, BCE and material reduction were not
significantly different between the control and Enz-Od. Longer pre-
treatment with enzymes appeared to improve the environment for mi-
croorganisms, which likely consumed the most easily available carbo-
hydrates. This counteracted the purpose of enzyme pre-treatment,
which was to increase BCE in the BSFL composting step. Enzyme pre-
treatment is likely to improve BCE in BSFL composting of fibre-rich
materials. Further studies are needed to determine whether longer
pre-treatment is needed for substrates higher in fibre and for substrates
with high TS content.
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Table 5

Substrate carbon to nitrogen ratio (C/N), protein to carbohydrate ratio (Pt/CH)
and fibre content in relation to biomass conversion efficiency (BCE) in different
studies. TS = total solids, DM = dry matter.

C/N Pt/ Fibre Feed rate BCErs  Reference
CH [% of [mg DM/
TS] larva per
day]
Lettuce and 27.4% 03" 1991 18 20.7  This study
cabbage,
control
Lettuce and 18 24.7 This study
cabbage,
Enz-0d
Banana peel 53.8 0.4 68.6 40 7.2! Isibika
et al.
(2019)
Banana peel 49.3 0.03 61.9 40 15" Isibika
Rhiz4q et al.
(2019)
Banana peel 83.2 0.2 40.8 40 11.6' Isibika
Trichygq et al.
(2019)
Mill by- 225 0.6 51.7 27 14.9 Gold et al.
products (1) (2020)
Canteen 10.0 4.3 36.2 27 15.3 Gold et al.
‘waste (2) (2020)
Cow manure 25.2 6.2 58.4 27 3.8 Gold et al.
3) (2020)
Vegetable 25.9 0.8 31.5 27 227 Gold et al.
canteen (2020)
waste (4)
Combined 22.1 11 48.7 27 20.9 Gold et al.
(1-4) (2020)

IBCE on a VS basis.
ii’I‘l-leoretically calculated based on data from (Livsmedelsverket, 2021).
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Biowaste treatment using the larvae of the black soldier fly (BSFL) continues to gain attention due to its ability to
process a wide range of biodegradable waste sources and convert them into valuable products. Process efficiency
depends on the substrate, with single-source vegetable waste generally yielding lower waste-to-biomass con-
version efficiency (BCE) compared to multi-source blends. Enzyme addition can improve efficiency; however,
enzymatic degradation releases water, resulting in a residue with a higher moisture content. This could be
balanced by adding drier substrates, like insect frass. This study evaluated the impact of enzymes and/or frass
additions to cucumber plant residuals on the process efficiency of BSFL composting, assessed in terms of BCE,
material reduction, larval yield and the feasibility of dry sieving larvae. The study evaluated the most effective
enzyme concentration for process and dry sieving efficiency, along with the impact of frass addition and varying
larval and substrate densities. Adding both enzymes and frass was the only treatment that resulted in a significant
increase in BCE, material reduction and larval yield compared to the control. The combination of enzymes and
frass better facilitated the harvesting process in comparison to adding frass alone. In one treatment, where only
half the substrate was added and a plastic foam cover was used, the harvesting process was simplified and the
process efficiency increased; however, the larval yield did not differ from the control. The incorporation of
enzymes and frass requires validation on an industrial scale to determine their suitability for treatments with
BSFL composting.

composition for BSFL. This may be due to a low protein content com-
bined with a high proportion of lignocellulosic biomass (i.e. lignin,
cellulose and hemicellulose), which is not available to the larvae [11], or

1. Introduction

Fly larvae composting with black soldier fly larvae (BSFL, Hermetia

illucens L. (Diptera: Stratiomyidae)) is a biological treatment that has
been reported to be efficient for various organic waste types [32,45].
After treatment, the proteins, carbohydrates and lipids that are present
in the waste are concentrated in the larval biomass, which can then be
used as a protein source in animal feed [44]. Some of the nitrogen,
phosphorus and potassium is concentrated in the treatment residue,
known as frass, and is comparable to commercial organic fertilizer in
terms of total nitrogen, total phosphorus and total potassium content,
which typically ranges from 0.6 % to 4.8 %, 0.8-2.5 % and 0.2-2.1 %,
respectively [1,43]. The biomass conversion efficiency (BCE) varies,
however, depending on the type of biowaste treated, with lower effi-
ciencies having been reported for mono-streams compared to food waste
or multi-source blends, even when blending only vegetable waste (Gold,
M. et al.,, 2020; [16,22]). The lower BCE observed for single-source
vegetable waste is believed to result from its unbalanced nutritional

* Corresponding author.
E-mail address: lovisa.lindberg@slu.se (L. Lindberg).
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a suboptimal amino acid composition [26].

It has been demonstrated that a pre-treatment of biowaste with high
lignocellulosic biomass (sugarcane bagasse and wheat straw), which
combines steam pre-treatment and enzymatic hydrolysis, increased the
BCE [48], while steam pre-treatment alone did not achieve the same
improvement [47]. In that study, enzymatic hydrolysis alone was not
investigated. A 100 % increase in BCE for volatile solids (VS) has been
demonstrated for banana peels, another substrate with high
lignocellulosic-rich substrates, following a pre-treatment with ammonia
and/or fungi [15]. In contrast, Peguero et al. [38] demonstrated re-
ductions in BCE following a 5 % ammonia pre-treatment of four fibrous
biowaste types: brewers spent grain, cow manure, oat pulp, and grass
clippings. The authors attributed this reduction to ammonia toxicity,
which negatively affects both the microbial community in the substrate
and the larvae themselves. The ammonia solution, and the enzymes

Received 5 May 2025; Received in revised form 30 June 2025; Accepted 11 July 2025

Available online 12 July 2025
2213-3437/© 2025 Published by Elsevier Ltd.



L. Lindberg et al.

secreted by the fungi, likely improved substrate availability for the
larvae by providing a nitrogen source and degrading otherwise indi-
gestible compounds into easily available carbohydrates [10,46]. Lind-
berg et al. [29] found that the direct addition of enzymes to lettuce and
cabbage in the presence of larvae increased BCE by 22 % compared to
the control. The authors concluded that adding a separate enzymatic
pre-treatment was unnecessary, as the enzymes could be effectively
applied together with the larvae. The efficiency of enzymatic
pre-treatment was demonstrated in a study on the cellulase
pre-treatment of palm decanter cake, where the larvae increased their
biomass 2.4-fold (though this was not statistically verified) when fed
palm decanter cake that had been pre-treated for 72 h with 1 % w/w
cellulase [19]. The enzyme activity unit per mL in Jing Lim et al. [19]
was 60 times higher compared to that used in Lindberg et al. [29].

Both the microbial community in the larval intestines [53], as well as
the microbial degradation of proteins, lipids and carbohydrates in the
substrate [52], appear to be of vital importance to the larvae. Thus, the
addition of microorganisms excreted by the BSFL has also been reported
to increase the BCE and cause the material reduction of
lignocellulosic-rich substrates (Gold, Moritz et al., 2020; [35]). Along
the same lines, Lopes et al. [34] demonstrated that recirculating frass
derived from the BSFL bioconversion of food waste as part of the feed-
stock increased larval yield per tonne of food waste by 95 %. This finding
suggests that the frass retains nutrients that remain accessible for larval
digestion. In addition, Lopes et al. [34] found that increased levels of
frass correlated negatively with BCE and material reduction per treat-
ment batch, even though the larval yield per tonne of treated food waste
increased. Including an additive in the larval diet could shift the protein
to carbohydrate ratio of the blend to better fit the nutritional needs of
the larvae [7,39]. As demonstrated by Lopes et al. [34], frass could be
added as an additive, as it has been shown to be rich in macronutrients,
micronutrients and organic matter [2,41]. Another benefit of using frass
alongside vegetable waste is that frass has a considerably lower moisture
content and could thereby be used to lower the moisture content of the
vegetable-frass blend. Vegetable wastes usually have a water content
between 80 % and 92 % (Gold, M. et al., 2020; [28]). It has been shown
that a water content of around 70 % results in higher BCE and material
reduction, while keeping it below 80 % facilitates successful dry sepa-
ration [4,23].

One particularly challenging biowaste to treat is cucumber plant
residuals from horticulture cucumber production. These are low in
protein and high in lignocellulosic biomass and are generated in large
quantities at distinct intervals (personal communication, Biljana Vuck-
ovic, 2023). Currently, this biowaste stream can either be treated at
municipal recycling stations at a cost of 660 SEK per tonne' or spread on
agricultural fields for degradation. In the latter case, pesticides used
during production may leach out into the environment, polluting nearby
water bodies [31]. Moreover, this biowaste is not an optimal feedstock
for anaerobic digestion since it is generated intermittently as a
point-source stream, contains high levels of lignin that are resistant to
degradation by anaerobic microbial communities, and has a low protein
content that does not meet the nutritional requirements of the micro-
flora. As a consequence, it requires a longer residence time in the
digester to be adequately degraded [3,14]. Fly larvae composting may
serve as a viable alternative strategy for the treatment of this type of
biowaste, as it may prevent pesticides leaching out into the environ-
ment, as it has been shown that selected pesticides are degraded in BSFL
composting [25,37]. At the same time, it may offer farmers an oppor-
tunity to generate valuable products from the waste [24]. This tech-
nology is highly modular and can be readily adapted to handle large,
one-time waste flows by adjusting batch capacity to match the waste
quantities generated on-site [17].

The aim of this study was to investigate the potential methods for

1 https://nsr.se/foretag/lamna-verksamhetsavfall /priser/
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enhancing process efficiency in the fly larvae composting of cucumber
plant residues from horticultural production. Efficiency was assessed
through bioconversion efficiency (BCE), larval yield, larval survival, and
material reduction. Specifically, the study evaluated whether the addi-
tion of enzymes, frass, or their combination could improve the overall
treatment.

2. Materials and Methods
2.1. Materials

The cucumber plant residuals (PR) used in this study were provided
by Tinas Gronsaksodling AB (Helsingborg, Sweden). The PR were
minced at the greenhouse and, upon arrival at the lab, were stored for up
to three months at —18°C before use.

The BSFL used in the study were sourced from a BSF colony main-
tained continuously since 2015 by the Environmental Engineering group
at the Department of Energy and Technology, SLU (Uppsala, Sweden).
The BSFL used for treatment were sieved through a 1 mm mesh sieve to
ensure uniformity, and the average weight was 0.33 + 0.14 g per 100
larvae.

Commercial cellulase and pectinase purchased from Enzyme Sup-
plies (Oxford, United Kingdom) were used in the experiment.

2.2. Experimental set-up

The primary aim of this study was to evaluate whether supple-
menting a recalcitrant biowaste stream (cucumber plant residuals from
horticulture production) with bio-chemical amendments could improve
the process performance of fly larvae composting by increasing BCE,
larval yield, larval survival and material reduction.

A total of twelve treatments were investigated (Fig. 1): a control with
only plant residuals (PR-C); PR treated with enzymes (PR-E); PR with
frass additive (PR-F); and PR treated with enzymes and with frass ad-
ditive (PR-EF). To better understand the impact of the enzyme addition,
several treatments were designed using PF-EF as a reference, with slight
modifications. These included two treatments with a half and a double
dose of enzymes relative to EF (PR-E/2 and PR-E2), one treatment
combining double larval density and double the dose of enzymes (PR-
L2), and one treatment with double larval density and four times the
enzyme dose (PR-L4), all compared to PR-EF. Due to the bulky nature of
the plant residuals, two additional treatments were established using
half the volume of substrate, frass and larval density compared to PR-EF.
One treatment (PR-H) had half the amount of PR-EF in a box of the same
size, while the other treatment (PR-HT) used the same setup but with a
foam cover, leaving small gaps at the edges. The cover was added based
on previous observations that the top layer of the plant residuals tended
to dry out and remain undegraded in previous treatments. To assess
whether frass should be considered part of the degradable feedstock or
regarded as inert, two control treatments were included: one using only
frass as a substrate (F-C) and one using frass and enzyme treatment (F-
E). These treatments were intended to evaluate the potential of frass to
support further larval degradation activity.

2.2.1. Additives applied in treatments

2.2.1.1. Enzymes. The bio-chemical additives applied included the en-
zymes cellulase and pectinase, along with frass derived from the BSFL
bioconversion of pig feed. It was hypothesised that the enzyme addition
would hydrolyze complex polysaccharides (namely cellulose and pectin)
in the plant residuals, yielding more readily available carbohydrates
accessible to the larvae, thus increasing BCE and larval yield [30]. The
temperature during the treatment was set to reflect standard BSFL
composting conditions, despite being below the optimal range for
cellulase and pectinase activity (40-60°C) [20,40]. The direct addition
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Fig. 1. A schematic overview of the twelve treatments. The size of the stacks correlates with the wet weight mass in each treatment.

of enzymes, rather than relying on fungal enzyme production, circum-
vents the risk of competition for the substrate between fungi and larvae,
and eliminates the time required for fungal growth and enzyme syn-
thesis. The enzymes were added to a concentration of 1% w/w,
following the procedure described in Lindberg et al. [29]. This addition
corresponds to 150-300 enzyme units per g VS in the plant residuals.
One unit (1 U) refers to the enzyme’s catalytic activity, defined as the
amount of enzyme that catalyses the conversion of 1 umole of a specific
substrate per minute under defined assay conditions. Enzyme catalytic
activity is influenced by environmental conditions such as temperature,
pH and the concentration of the chosen substrate. Different amounts of
the enzyme were targeted: 300 units for cellulase per g PR and 150 units
for pectinase per g PR in the reference treatment PR-EF (Table 1).

2.2.1.2. Frass. Due to the high moisture content of the vegetable and
plant materials (TS: 13 %, VS: 70 %, Table 2), frass derived from the
BSFL bioconversion of pig feed (TS: 85 %, VS: 83 %, Table 2) was added
to reduce the moisture content of the plant residual-frass blend. The
frass addition was hypothesised to facilitate larval harvesting at the end
of the treatment [34] (i.e., making it possible to harvest the larvae using
a sieve rather than requiring more labour intensive methods, such as
manual picking, for efficient larval harvesting). Moreover, the addition
of frass was expected to improve the process in several ways. It was
hypothesised that it would balance the nutrient composition in the PR
through an increase in the protein to carbohydrate ratio [7,39], improve
the physical structure of the plant residuals through the reduced for-
mation of large air pockets and increased surface area, thereby
enhancing larval access and microbial activity [35], and introduce
beneficial microorganisms from the start of the treatment ([5]; Gold,
Moritz et al., 2020).

2.2.2. BSFL composting

All treatments were performed in an insulated, temperature-
controlled freight container set at 28°C. All treatments were per-
formed in triplicate. The treatment boxes (16.6 cm x 14.7 cm X
10.3 cm) were placed inside larger boxes, which were arranged in a rack
with 3 cm spacing between them. Every third day, the boxes were
rotated in the rack to minimise the effect of a temperature gradient. The
larval feeding load was 0.7 — 1.5 g ww per larva, while a VS feed dose per
larva of 0.2 g was targeted; the exact amount provided was calculated

after the completion of BSFL composting (Table 1).

The weight of the substrate was recorded at the start of each treat-
ment. In the enzyme treatments, the weight was recorded prior to
enzyme addition, after which the mixture was thoroughly stirred. In the
frass treatments, 7 % w/w frass was added on top of the substrate, and
the seed-larvae were placed onto the frass. In each treatment, 500-2000
larvae were added, yielding a larval density of 2.0 — 8.2 larvae/cm? The
number of larvae added was based on the amount of VS provided per
larva (Table 1). The larvae were fed by layering fresh substrate on top of
the existing substrate without stirring (all treatments with PR). Due to
the bulky nature of PR, feeding of the total feed load was distributed
across seven feeding occasions over the first seven days (treatments PR-
C, PR-F, PR-E, PR-EF, PR-E/2, PR-E2, PR-L2, PR-L4; Table 1). In the
treatments with half the volume of PR, frass and enzymes (PR-H and PR-
HT), feeding was distributed across three feeding occasions over the first
seven days of treatment. The plastic foam cover was removed 7 days
prior to harvesting (PR-HT). In the control treatments with only frass (F-
C, F-E), all of the substrate was added at the start of the treatment. Water
was added to reach a moisture content of 70 %. The BSFL composting
lasted for 16 days for plant residuals and for 11 days in the frass controls.

The treatment boxes, including their contents, were weighed before
and after BSFL composting. The larvae were then either picked out
manually, separated from the treatment residue using a sieve with a
mesh size of 2 mm, or a combination of both. The larvae were weighed,
and the total amount of residue was calculated by subtracting the larval
weight from the total weight before separation. The average larval
weight was determined by weighing three independent samples, each
consisting of at least 100 larvae, and dividing the total weight by the
number of larvae in each sample. The total number of larvae remaining
at the end of the treatment was estimated by dividing the total weight of
all larvae by the average larval weight.

2.3. Sampling

Samples for TS, VS, pH, crude lipids, crude protein and fibre analysis
were collected from the substrate before and after BSFL composting,
with post-treatment samples including material from both the larvae
and residues. One sample of 100 g in total per replicate was collected,
contained substrate from a minimum of five areas in the treatment box
at depths from 0 to 5 cm. Analysis for TS and VS was conducted directly
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Table 1

A list of substrates and additions, the amount of cellulose and pectinase added, the number of larvae, the volatile solids (VS) load per larva and the total amount of substrate on a wet weight (ww) basis added in each

treatment. Values are presented as mean + SD (n = 3), where LD (low deviation) means SD < 0.0003.

Plant Frass

BSFL total VS

load

Number of
larvae

Pectinase [u/g

VS]

Cellulase [u/g

VS]

Addition

Substrate

Explanation

[g ww/
treat.]

residuals

[g ww/treat.]

[g VS/larva]

1380+ 0.3

0.20°+LD

680

None

Plant

Plant residuals

PR-C

residuals
Plant

102+ 0.1

1380+ 0.2

0.21°+LD

1000

Frass

Plant residuals with frass

PR-F

residuals
Plant

159 680 0.20°+LD 1380+ 0.3

336

Enzymes

Plant residuals with enzymes

PR-E

residuals
Plant

102 £ 0.2

102 1000 0.21°+0.01 1380+ 0.1

215

Enzymes and

frass

Plant residuals with enzymes and frass

PR-EF

residuals
Plant

102 +0.2

1380+ 0.4

1000 0.21°+LD

51

107

Enzymes and

frass

Plant residuals with frass and half conc. enzymes

PR-E/

residuals
Plant

102+0.3

1000 0.20°+0.02 1380 +0.2

420 211

Enzymes and

frass

Plant residuals with frass and double conc. enzymes

PR-E2

residuals
Plant

102 +0.1

225 107 2000 0.10°+LD 1380 + 0.6

Enzymes and

frass

Plant residuals with frass, enzymes, and double larval density

PR-L2

residuals
Plant

102 £ 0.5

818 420 2000 0.10°+0.02 1380+ 0.3

Enzymes and

frass

Plant residuals with frass, 4 times larger conc. enzymes and double

larval density

PR-L4

residuals
Plant

50 £ 0.2

690 + 0.3

119 500 0.18%+0.03

264

Enzymes and

frass

Half volume of plant residuals, enzymes and frass

PR-H

residuals
Plant

50 +0.1

690 + 0.2

500 0.189+0.02

119

264

Enzymes and

frass

Half volume of plant residuals, enzymes, frass and cover

PR-HT

residuals
Frass
Frass

319+ 0.1
319 £0.1

0.23°£LD
0.23°+LD

1000
1000

None'

Frass control

F-C

170 81

Enzymes'

Frass control with enzymes

F-E

iWater added to the treatment.
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after sampling from the initial substrates and residue, and directly after
freezing the larvae for samples of the larval biomass. Larval biomass,
residue and initial substrate were kept frozen at —18°C, and selected
samples were sent for proximate analysis (crude protein, crude fat, ash)
and fibre composition analysis at Eurofins (EC reg 152/2009 mod. and
NF V 18-122). The treatments selected for analysis were those with
higher biomass conversion efficiency compared to the others, along with
the control treatments, resulting in a total of eight of the twelve treat-
ments being analysed.

2.3.1. Analysis at Eurofins

Crude lipid content was determined through the gravimetric lipids’
determination principal using Gerhardt instruments. Total nitrogen was
determined using the Kjeldahl method and the protein content was
calculated using a conversion factor of 4.76 [18]. Determinations of
neutral detergent fibre (NDF), acid detergent fibre (ADF) and acid
detergent lignin (ADL) were made using the Van Soest technology (NF
V18-122) [50]. This method is based on successive treatments with
detergents and applies to both simple feeds and compound feeds. It al-
lows the estimation of total fibre, the lignocellulosic complex and lignin
(although it is not suitable for determining a lignin content below
0.5 %). After solubilisation and degradation of starch, proteins, and
lipids, the water-insoluble residue provides the plant cell wall the con-
tent of the food. This method makes it possible to better take pectin into
account than in NDF. The NDF process makes it possible to obtain the
insoluble fraction in the neutral detergent, hemicellulose, cellulose and
lignin. The ADF process makes it possible to obtain the insoluble fraction
in acid detergent at 72 %, which is cellulose and lignin. The process
using ADL gives the insoluble fraction of lignin.

2.3.2. Physical and chemical analysis

For the determination of TS, samples were dried at 60°C for a min-
imum of 48 h, to avoid the evaporation of VS [49]. The VS content was
determined through sequential combustion, first at 250°C for 2 h fol-
lowed by combustion at 550°C for 4 h (modified ISO 18122:2015). The
pH was determined using a solid-state pH electrode (InLab Solids
Pro-ISM, Mettler Toledo), which is designed for direct measurements in
solid and semi-solid materials. The probe was inserted into each repli-
cate material, ensuring it did not come into contact with the bottom of
the treatment box.

2.4. Calculations

The waste-to-biomass conversion efficiency on a VS basis (BCEys)
was calculated as:

MVSiarvae

BCEys = -100% 1
s (mvsiniﬁnl) 00% w

where mVS;gryqe and mVSiyisiqr is the total mass of the VS of larvae and the
total mass of the initial substrate given to larvae, respectively.

The percentage material reduction on a VS basis (Redys) was
calculated as:

MVS;es

=(1- -100% 2
Redss ( mvsinitial) 00% @

where mVS;.; and mVS;siq is the total mass of VS of residues and the
total mass of the initial material, respectively.
MTSiarvae

[©)]

Larval yield;y = P
box

where mTSjgrq is the total mass of the TS of the larvae and ap,y is the
area of the treatment box.
The mass balance on a TS basis was calculated as:

MTSiniiat = MTSiarvae + MTSresique +MTSposs “@
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Table 2
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Total solids (TS) and total volatile solids (VS) content in the initial substrate, containing plant residuals (PR) and frass (F), larvae, and residues from black soldier fly
larvae (BSFL) composting. Treatments with no additions (C), added enzymes (E) of different concentrations (E/2, E2), frass (F), different larval densities (L2, L4), half
substrate density (H) and cover (T). Significant differences (p < 0.05) in TS and VS from the initial substrate are denoted *. Different letters within columns indicate
significant difference (p < 0.05). Values are presented as mean + SD (n = 3), where LD (low deviation) means SD < 0.001.

Initial substrate Products
Plant residuals Frass Combined (calculated) Larvae Residue
TS [%] VS [%] TS [%] VS [%] TS [%] VS [%] TS [%] VS [%] TS [%] VS [%]
PR-C 14.7 71.2 13.7+lD 711 25.7+%40,5 7222405 40.9*%+47  57.14%°10.4
+28 +5.1 +LD
PR-F 14.7 71.2 86.4 85.3 187 £LD  75.7 24.0%9+0.6  73.7%4+0.7 40.7°%+1.6  64.3*9+0.8
+28 +5.1 +1.6 + 0.7 +LD
PR-E 14.7 71.2 137 41D 711 253103 7222407 2054421  56.8:'+2.6
+28 +5.1 +LD
PREF 147 71.2 86.4 85.3 187 +LD  75.7 24.4+4e411  73.4%%1.0 49.9°437  64.4*12.4
+28 +5.1 +16 +0.7 +LD
PRE/ 147 71.2 86.4 85.3 187 +lD  75.7 24.0*9+1.0  70.7+%:0.6 60.0*%+3.8  64.4*126
2 +28 +5.1 +16 +0.7 +LD
PRE2  13.0 71.1 82.9 86.0 17.8+lD  75.8 23.7*9:04  73.4**:05 36.9%°£1.6  64.4*+1.4
+1.5 +5.6 +53 +05 +LD
PRL2  13.0 71.1 82.9 86.0 17.8+lD  75.8 19.4*4+0.2 70.0%°+1.3 47.9°°£25  62.7:*9135
+15 +56 +53 +0.5 +LD
PRL4  13.0 71.1 82.9 86.0 17.8+lD  75.8 27.3%45.3 74.5%+0.8 83.5*817.9  70.6°+2.9
+15 +56 +53 +0.5 +LD
PR-H 12.4 67.4 84.7 76.3 17.4+lD  70.5 33.3+b11,0 7213407 91.1*+0.2  59.3*%10.6
+1.3 +7.0 +2.1 +0.9 +LD
PR-HT 124 67.4 84.7 76.3 17.4 LD 70.5 26.64"¢+0.4  72.1°°+1.3 61.2°°+4.9  54.6*"+1.8
+1.3 +7.0 +2.1 +0.9 +LD
F-Cf 90.9 78.6 31.8 78.6 35.0°+3.3 75.79+1.6 84.6*8+1.0  67.0%°+0.4
+0.1 +0.4 +0.1 +LD
F-El 90.9 78.6 31.8+LD 786 38.7°+2.9 81.3*+0.6 80.1%842.2  71.0*°+1.0
+0.1 +0.4 +LD

! Calculated based on measured values from PR and frass separately.
" Water added to the treatment.
 Normality was not achieved, and rank transformation was used.

where mTS is the total mass of the TS of protein, nitrogen, lipids, lignin,
cellulose or hemicellulose in either the initial amount substrate, larvae,
residue or lost through degradation.

The cellulose content was estimated as the difference between acid
detergent fibre (ADF) and acid detergent lignin (ADL), whereas the
hemicellulose content was estimated as the difference between the
neutral detergent fibre (NDF) and acid detergent fibre (ADF). The ADL
corresponded to the lignin content.

2.5. Statistical analysis

Statistically significant differences were calculated for BCE, material
reduction, larval yield, nutritional content, TS and VS, and the degra-
dation of lignin, cellulose and hemicellulose, using the analysis of
variance (ANOVA) with a 5 % significance level. Tukey’s Honest Sig-
nificant Difference (Tukey’s HSD) with a 5 % significance level was used
when a significant difference was found. Normality was verified in the
model residuals using the Shapiro-Wilk test. When normality was not
achieved, a Box-Cox test was used to determine what type of data
transformation was necessary to achieve normality. A paired t-test with
a 5% significance level was used to compare TS and VS values at
different stages in each treatment. All statistical tests and graphical
representations were made in R (R [6]).

3. Results

The total solids (TS) and total volatile solids (VS) in the initial sub-
strate consisting of plant residuals (TS: 13 & 1, VS: 70 & 2) and frass
(TS: 85 + 3, VS: 83 £ 5) did not vary greatly (Table 2). The larvae from
the treatments with only frass (F-C and F-E) had a higher TS and VS
content; however, this was not significantly different from the larvae in
the other treatments. The TS and VS varied among the treatment

residues. It was noted that it was easy to separate larvae using a sieve
from residues with TS higher than 60 % and these were classified to have
a high larval harvest efficiency. The treatments with a residue of 47 %
< TS < 60 % were separated from the larvae with a combination of
sieving and manually picking the larvae from the residue (Table 3). The
residues were significantly different from the initial substrate, with a
higher TS and lower VS content. The visual appearance of the harvested
residues is shown in Fig. 2.

The survival in all treatments was > 74 % and larval size ranged
between 44 and 127 mg, with the treatment with double larval density
and four times the concentration of enzymes (PR-L4) resulting in the
smallest larvae, while the covered treatment with a half volume of the
substrate, frass and enzymes (PR-HT, Table 3) resulted in the largest
larvae.

The material reduction (M.Red) was significantly lower in the

Table 3
The harvesting method used for each residue (sieving, manual picking or a
combination of both).

Harvesting method

Sieving Manual picking
PR-C X
PR-F x X
PR-E X
PR-EF X x
PR-E/2 X
PR-E2 X
PR-L2 X
PR-L4 X
PR-H X
PR-HT X
F-C x
F-E X
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Fig. 2. Pictures of the treatment residues after harvest from treatments a) PR-E/2, b) PR-F, and c¢) PR-E.

control (PR-C) compared to the treatments with the additions of en-
zymes, frass or their combination (PR-F, PR-E and PR-EF), as well as the
treatment with double the amount of larvae (PR-L2) and the covered
treatment (PR-HT, Table 4). Using only frass (F-C and F-E) as a substrate
did not result in a significantly higher material reduction compared to
the control; however, it did result in a significantly higher BCEys and
larval yieldrs. The treatments that had a significantly higher BCEyg
compared to the control were the treatments with half volume of sub-
strate, frass and enzymes (PR-H and PR-HT), the frass controls (F-C and
F-E) and the treatment with added enzymes and frass (PR-EF). The mass
of larvae generated per unit of space (larval yield, mg TS/cm?) is an
important factor from an industrial point of view, as it reflects the effi-
ciency of space utilization. Several treatments had a significantly higher
larval yield compared to the control. However, the only treatment that
resulted in significantly higher values of all the parameters mentioned
compared to the control was the PR-EF treatment.

The lignin content in the residue was highest in the treatments with
only added enzymes (PR-E) and the treatment with a foam cover (PR-
HT, Table 5). The treatments with a lower lignin content were the
treatments with half volumes of substrate, frass and enzymes (PR-H) and
with the additions of enzymes and frass (PR-EF); however, these were
not significantly different from the frass controls (F-C and F-E). The
cellulose content was significantly higher in the treatment with enzymes
added. The hemicellulose content was highest in the frass control with
added enzymes (F-E), but it was not significantly different from the other
frass control (F-C) and the enzyme treatment (PR-E).

The lipid content in larvae was significantly higher in the treatment
with cover (PR-HT) and the frass controls (F-C and F-E, Table 6). There
was no significant difference in nitrogen content in larvae from the
different treatments.

The distribution of nitrogen among larvae, treatment residue and
losses was similar across all treatments with the exception of the frass
control with enzymes (F-E), where a greater proportion of nitrogen
remained in the residue and less was attributed to losses (Fig. 3a). In the
covered treatment (PR-HT), nearly 75 % of the lignin was retained in the

Table 4

Table 5

The content of lignin, cellulose and hemicellulose in plant residuals, frass and
residue after BSFL composting on a total solids (TS) basis in the studied treat-
ments. Treatments with no additions (C), added enzymes (E), frass (F), half
substrate volume (H) and cover (T). Different letters within the columns indicate
significant difference (p < 0.05). Values are presented as mean =+ SD (n = 3).

Fiber concentration TS basis

Lignin [%] Cellulose Hemicellulose Total

[%] [%] [%]

Into treatment

Plant residuals 7.3+0.8 16.9 + 2.4 9.1+17 333
+39

Frass 107 £1.6 149+22  221+65 47.8
+85

For PR-C, -E 7.3+08 16.9+24  91+17 33.3
+39

For PR-F, -EF, 83+1.0 16.3+2.3 13.3+£3.2 37.9
-H, -HT +5.1

In residue

PR-C 4.5"+0.5 238413 6.9°+0.2 35.2
+2.0

PRF 819414  326°+4.4 17.4%+3.9 58.2
+7.7

PR-E 13.24432  588+6.3 20.6 4.3 92.7

+10.9

PR-EF 5.1°°+0.8 20.2"+4.0  11.8%+25 37.1
+7.3

PR-H 4.8"+0.4 21.7°+0.1 10.9°°+1.3 37.4
+22

PR-HT 10.4%+£1.4 26,0047  13.9%:16 50.2
+6.2

F-C 8.6"+0.7 22.3°+1.0 20.0°+£1.0 50.9
+1.2

F-E 7.3%10.4  11.4°:0.2 27.5%+2.5 46.2
+3.1

The process performance in terms of material reduction and biomass conversion efficiency on a wet weight (WW) and volatile solids (VS) basis, and larval yield on a
total solids (TS) basis in the studied treatments. Treatments with no additions (C), added enzymes (E) of different concentrations (E/2, E2), frass (F), different larval
densities (L2, L4), half substrate volume (H) and cover (T). Different letters within the columns indicate significant difference (p < 0.05). Values are presented as mean

+SD (n=3).
Larval weight [mg/larva] Survival' [%)] M.Redww [%] M.Redys [%] BCElw [%] BCEys [%] Larval yieldrs [mg TS/cm?]

PR-C 81.7%+6.3 76.7°+3.5 72.6°+1.4 34.3%+4.7 3.09°+0.18 5.90°+0.30 44.8°+2.1
PR-F 96.5"+5.6 96.5°"4+£3.8 70.1°+0.8 44.7™+1.5 6.29"1+0.28 7.85°°£0.46 91.4™15.8
PR-E 85.1%947.1 97.5%+0.7 68.9°+1.0 46.5"1°+4.2 4.10*+0.37 7.70%°+0.71 58.6™+5.8
PR-EF 90.3%945.9 105+8 76.09+1.1 45.6"1+1.0 6.41°°+0.05 8.11°+0.34 94.9"+4.8
PRE/2 85.6"1+4.8 103+3 78.8°+1.2 424144 5.98°4+0.48 7.17%°+0.80 87.0°+9.8
PR-E2 119°+7 74.0°+5.2 72.9°(10.3 52.4911.8 5.94%4+0.14 7.66"°+0.21 85.5%+2.6
PR-L2 4859435 111%+6 79.2°40.9 54.0+1.8 7.23%8140.26 7.28%°40.30 85.2%+2.4
PR-L4 4411475 78.0+16.9 83.98+0.3 29.6°£9.4 4.75%11.67 6.84%°+1.30 75.4%415.1
PR-H 77.4%+7.4 101°+5 86.9+0.3 42.4°£1.5 5.28°%10.46 10.3°+0.7 53.2%+3.5
PR-HT 127649 102°+6 83.28+1.6 54.5+1.8 8.72°%+0.48 13.6 £ 0.7 70.3%4£4.7
F-C 69.4%°£12.4 105+4 75.59+0.7 44,3117 7.99%+1.16 8.41°°40.41 104°+6
FE 115™+6 118°+5 74.2%91+0.7 41.2%°+1.3 14.9 ££0.7 18.7 £ 0.9 215+ 11

square transformation.
“ Normality was not achieved, and rank transformation was used.
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Table 6
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The total initial amount of nitrogen, lignin, cellulose, hemicellulose and lipids provided to the larvae [mg/larva], and the nitrogen and lipid content [%] in larvae in the
studied treatments. Treatments with no additions (C), added enzymes (E), frass (F), half substrate density (H) and cover (T). Different letters within the columns
indicate significant difference (p < 0.05). Values are presented as mean = SD (n = 3), where LD (low deviation) means SD < 0.05, and VD (very low deviation) means

SD < 0.005.
Total initial amount [mg TS/larva] Larvaers [%]
Nitrogen Lignin Cellulose Hemi-cellulose Lipids Nitrogen Protein Lipids
PR-C 9.42* VD 20.1°+LD 46.9°+LD 25.2°+1D 8.21°+VD 7.87°+0.20 37.5°+1.0 8.19"+0.73
PRF 9.85° +VD 23.1°+LD 45.1°+LD 36.7° +LD 7.76" +VD 7.83'+0.25 37.1°£1.2 7.32%+0.14
PRE 9.42 VD 20.1°+LD 46.9°+LD 25.2'+1D 8.21°:VD 7.67°+0.25 36.5'+1.2 8.27°+0.55
PR-EF 9.86" +£0.01 23.1°+LD 45.1°+LD 36.8" +LD 7.76" +VD 7.74°+£0.38 36.8'+1.8 5.81°4£0.50
PR-H 9.18° +0.02 21.5°4LD 41.9°£0.1 34.5°4£0.1 7.21°40.01 7.80°+£0.13 37.1°£0.6 4.93°+0.65
PR-HT 9.19° +0.01 21.6°+LD 42.0°+LD 34.5°+LD 7.22°4VD 7.25%+£0.06 34.5+0.3 8.83%°+1.99
F-C 11.3Y +vD 30.8°+LD 43.39+LD 64.2¢ LD 7.13¢ +vD 7.21°4£0.21 34.3"+1.0 10.5"+0.8
FE 11.3Y +vD 30.8'+LD 43.39+LD 64.2¢ LD 7.13¢ VD 7.25°+0.18 32.6°+1.4 13.8%+2.5
) 400% b) 100%
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Fig. 3. Mass balance of TS in the black soldier fly larvae (BSFL) composting of plant residuals (PR) with the addition of enzymes (E) and frass (F), and half volumes of
substrate (H) with a cover (HT), and only frass as a substrate with (F-E) or without the addition of enzymes (F-C): a) The distribution of nitrogen across three
fractions, larval biomass (light grey), loss of nitrogen (grey) and treatment residue (black); b) The distribution of lignin, c) cellulose and d) hemicellulose across two

fractions, loss (grey) and treatment residue (black).

residue, while less than 50 % remained in the residue in the other
treatments (Fig. 3b). In the frass control with enzymes (F-E), a high
degradation of cellulose was demonstrated (Fig. 3c), while the degra-
dation of hemicellulose was lower (Fig. 3d) compared to the other
treatments.

The lignin degradation was significantly lower (p < 0.05) in the
treatment with a cover (PR-HT) (Table 6). The cellulose degradation was
significantly higher in the frass control with enzymes.

4. Discussion
4.1. The effect of enzyme and frass additions on treatment efficiency

It was observed that almost all treatments had significantly increased
BCEys, material reduction and larval yield compared to the control,
which supports the initial hypothesis that the enzymes and frass
improved BCE and material reduction (Table 4). The BCE and material
reduction when rearing BSFL in plant residuals were in the same range
as what has been reported for other fibrous substrates (e.g. grass clip-
pings) [38]. When frass was added alone, it did not increase the dryness
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of the residue to the expected extend. This is consistent with findings
showing that additions of up to 10 % of rice husk, rice bran or coconut
coir dust did not significantly increase the dryness of mixed vegetables
during BSFL composting, with 25-50 % required to achieve a noticeably
drier residue [21]. The addition of enzymes resulted in wetter residue
(Table 2) [29]. However, the addition of frass in combination with en-
zymes resulted in significantly dried residue (Table 2). Combining frass
and enzymes resulted in a treatment (PR-EF) with significantly higher
BCE, material reduction and larval yield compared to the control.
However, this treatment did not improve process performance signifi-
cantly compared to the treatment with frass alone (PR-F), which raises
questions about the contribution of the enzymes in increasing substrate
availability. This finding is in accordance with studies that have re-
ported no significant effect from the addition of 2.5 % yeast [51] or
1.0 % cellulase applied for 72 h [19] to fibrous substrates. The VS input
per larva was 0.2 g in both treatments (Table 1), with frass accounting
for 35 % of the total VS in the treatment with plant residuals. The pro-
cess efficiency observed in the frass control (F-C), which was in the same
range as reported by Lopes et al. [34] for frass derived from food waste
(BCE 9-10 % and material reduction 30-45 %), was not higher than the
process efficiency of the treatment with added frass (PR-F). This suggests
that the nutrients required for larvae biomass accumulation originated
from both the frass and plant residuals (Table 4). When adding enzymes
to the frass control (F-E), the BCEys and larval yield were significantly
higher than in any other treatment. This significant increase in process
performance demonstrates the enzymes’ ability to hydrolyse stable
compounds in the frass, thereby enhancing its bioavailability to the
larvae. Lopes et al. [34] investigated the impact of different inclusion
levels of frass in BSFL composting and reported significantly lower
process efficiencies compared to the control when adding frass derived
from food waste as a dietary component in the BSFL bioconversion of
food waste. This result can be explained by the fact that food is a more
suitable substrate for the larvae than frass. In contrast, plant residuals
were used in this study, which appear to be better suited to the larvae in
combination with frass. The effect of frass addition may vary depending
on its origin. Frass derived from plant residuals is unlikely to benefit the
larvae, as it typically contains a high fibre content and even less nitrogen
than before BSFL composting (Fig. 3a). The proportion of initial cellu-
lose being lost in the frass control with enzymes (F-E) was significantly
larger than in the other treatments (Fig. 3c), suggesting that the enzymes
hydrolysed the cellulose into forms more readily available to the larvae.
The fact that both BCE and larval yield were higher in the F-E treatment
further supports the conclusion that enzymatic hydrolysis improved the
bioavailability of cellulose (Table 4). Since the aim is to treat plant re-
siduals, the proportion of the substrate replaced by frass, an additive
originating from the BSFL bioconversion of pigfeed, should ideally be
kept as low as possible to maintain process efficiency from a plant re-
sidual waste treatment perspective. However, none of the treatments
with plant residuals had a high harvest efficiency, meaning that
increasing the frass inclusion rate further could potentially have a pos-
itive effect. The treatment that had high harvest efficiency, the highest
BCEys and material reduction of the plant residual treatments, and a
trend of increased larval yield compared to the control was the treat-
ment with half volumes of substrate, frass and enzymes and a cover
(PR-HT). A lower substrate depth has been demonstrated to result in
higher material reduction, BCE and larval survival depending on the
substrate TS, which can be achieved with several feeding occasions
when using a bulky substrate [33]. This was, however, not the case with
the treatment without cover (PR-H), where the lower substrate depth
only resulted in an increased BCEys, but no improvement in the material
reduction. However, with a cover (PR-HT), there was a significant in-
crease in material reduction as well as BCE.

4.2. Larval composition and size in the different treatments

The TS in the larval biomass varied greatly across treatments (19 %
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TS in treatment with double larval density, PR-L2, and 38 % TS in the
frass control with added enzymes, F-E). This could be related to differ-
ences in larval weight, as these varied greatly, with 49 mg/larva in PR-
L2 and 115 mg/larva in F-E (Tables 2 and 4). There was also a difference
in the diets in terms of moisture content (10 %-unit difference) and ash
content (3 %-unit difference), which could also have had an influence.
The different TS content has, to this point, not been discussed greatly in
literature, although it has been observed in other studies [8,13,28]. Lu
et al. [36] state that differences in the nutritional value of BSFL may be
the result of: (1) the developmental stage at which they are sampled, (2)
the nutritional composition of the feed, (3) the processing method, or (4)
various environmental factors such as temperature, humidity, moisture
content and pH.

In this study, a 7 % w/w inclusion of frass was used. The addition of
frass did not impact the larval weight, as evidenced by the fact that there
was no significant difference between the treatments PR-C and PR-F
(Table 4). A higher inclusion of frass could potentially result in a sig-
nificant increase in larval weight, as observed in the frass control with
enzymes. Lopes et al. [34] demonstrated that a higher frass inclusion
increased the larval weight when BSFL composting food waste; however,
this increase was not significant. Food waste alone generates heavier
larvae than when larvae are reared on plant residuals (82 mg/larva in
pure PR). Since all treatments had the same frass inclusion rate in this
study, they must have been influenced by other factors. One potential
explanation could be that the cover helped retain the moisture during
the first nine days of treatment, thereby creating a more humid micro-
environment compared to the uncovered treatments. Bekker et al.
(2021) demonstrated that while BSFL were able to develop into pre-
pupae across a moisture range of 45-75 %, the greatest larval biomass
was achieved at moisture levels between 65 % and 75 %. However,
microbial respiration was substantially higher at lower moisture con-
tents, suggesting increased microbial competition for readily available
nutrients in the drier treatments.

4.3. Impact of the nutritional composition of the substrate on process
efficiency and larval composition

4.3.1. Nitrogen

The treatments with added frass had higher nitrogen content in the
substrate compared to the treatments with no addition of frass. PR-F and
PR-EF had a significantly higher initial nitrogen content per larva in the
substrate than in the control, but the nitrogen content in the larvae did
not differ significantly (Table 6). However, there were no significant
differences between the treatments, indicating that the addition of en-
zymes with frass was not sufficient to increase the nitrogen content in
the larval biomass or the BCEys compared to the treatments with the
addition of frass only. Yildirim-Aksoy et al. [54] demonstrated that a
5 % inclusion of frass in the diet of channel catfish resulted in a signif-
icantly higher protein efficiency ratio (on a wet weight basis) compared
to the control diet consisting of solely grain feed. This agrees with the
findings of this study, where a higher protein efficiency ratio (nitrogen
converted into protein by a factor of 4.76) was achieved in the treat-
ments with controlled enzyme concentrations and a 7 % inclusion of
frass (PR-F, PR-EF, PR-L2, PR-HT and F-E). This suggests that the larvae
were able to convert the proteins in the substrate into their biomass
more efficiently than in the other treatments and gain more larval
biomass, yielding the larval biomass more attractive as a feed
ingredient.

4.3.2. Lignocellulosic fraction on plant residuals

The degradation of lignin was significantly smaller in the treatment
with a half volume of substrate, frass and enzymes and cover (PR-HT)
compared to the other treatments, with the exception of PR with frass
(PR-F, Fig. 3b). Xiang et al. [53] investigated lignocellulose-degrading
bacteria and CAZymes genes in the substrate, residue and larvae in-
testines during BSFL composting, and demonstrated that the gene
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coding for cellulase and hemicellulose was higher in the larval intestines
and the genes for ligninase were higher in the substrate or residue. The
reduced lignin degradation in the covered treatment could be the result
of the cover limiting the oxygen availability to the microorganisms in
the substrate, as most lignin degradation likely occurs in the residue and
is carried out by bacterial species that are predominantly or strictly
aerobic (e.g., Corynebacterium and Brevibacterium) [53]. The degradation
of lignin was higher in the treatments with added enzymes (Fig. 3b);
however, this degradation was not significantly different compared to
the control (PR-C). The mass balance of the lignocellulosic fraction in
enzyme-only (-E), frass-only (-F) and the control (-C) treatments indi-
cated apparent negative degradation. Since lignin formation during the
treatment is highly unlikely, the most plausible explanation is contam-
ination from chitin in the analytical process [9]. Neither cellulose nor
hemicellulose degradation differed significantly across treatments, and
the results were not sufficient to confirm the hypothesis that the addition
of enzymes or frass enhanced lignocellulosic degradation (Fig. 3b-d).

Lignocellulosic degradation was higher for lignin (46.9 % vs 19.6 %)
and hemicellulose (35.7 % vs 12.5 %), and lower for cellulose (12.0 %
vs 41.5 %) in this study compared to what has been reported by Xiang
et al. [53]. The total lignocellulose degradation found in this study
(26.5 %) was comparable to that reported for the BSFL composting of
domestic biowaste, such as food waste, kitchen waste, and fruit and
vegetable waste (26.5 %), over a 14-day period [53]. Reducing substrate
particle size has been shown to improve cellulose degradation [42],
which could be a possible explanation for the varying cellulose degra-
dation across the different treatments in this study. However, it does not
explain why the degradation for lignin and hemicellulose would benefit
from only roughly ground substrate and not substrate processed into a
slurry [53]. Another possible explanation could be the difference of pH
in the beginning of the BSFL treatment, which was lower than 5 for
Xiang et al. [53], while it was 7.8 4 0.4 in this study. In both studies, the
pH in the residue was 9 at the end of the treatment. The high pH at the
beginning of the treatment could theoretically enhance lignocellulosic
degradation, since pH lower than 6 inhibits the lignocellulosic degra-
dation of microorganisms [27].

A significantly higher degradation of cellulose was achieved in the
frass control with enzymes (F-E, Fig. 3c), while the degradation of
hemicellulose was significantly lower (Fig. 3d) compared to the other
treatments.

4.4. Process efficiency from a large-scale treatment perspective

For BSFL composting to be relevant on an industrial scale, certain
parameters must reach sufficient efficiency for the waste management to
be economically viable [12]. Which parameters are considered most
important varies depending on the intended perspective or objective of
the treatment. From a waste management perspective, substrate
reduction is crucial, as the waste producers are typically charged a fee
per tonne of waste. From a protein producer perspective, high BCE,s and
short process times are key to maximising value. To fully utilise the
value in the larvae, harvest efficiency is important in both scenarios, as
larger larvae simplify the harvesting process. In this study, the residue
resulting from the enzyme treatments (-E) had low TS, rendering dry
separation of larvae and residue not feasible.

From a protein production perspective, the treatment with half vol-
umes of substrate, frass and enzymes and cover (PR-HT) appears to be
most suitable. It resulted in significantly higher BCE, material reduction
and larval size, and the highest harvest efficiency compared to the
control. Although the larval yield was slightly lower than in the treat-
ments with full substrate volume, due to the inclusion of only half the
number of larvae, the difference was marginal. From a waste manage-
ment perspective, the treatment with double larval density (PR-L2) or
double concentrations of enzymes (PR-E2) would be most suitable, as
the material reduction was high. However, this is only relevant if the
larvae are not intended for further use, such as in protein or feed
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production, which is unlikely even when the focus is on waste man-
agement. While the covered treatment (PR-HT) achieved a similar ma-
terial reduction, it treated only half the amount of waste in the same
space and time, potentially increasing costs due to the need for addi-
tional covers and labour. Nevertheless, forgoing the potential revenue
from the larval biomass could ultimately be even more costly.

5. Conclusions

The hypothesis that enzyme addition would improve BCE was
confirmed, as was the hypothesis that frass addition would enhance BCE
and material reduction when BSFL composting of horticulturally pro-
duced cucumber plant residuals. A high harvest efficiency after BSFL
composting was achieved with the treatment with half volumes of
substrate, frass and enzymes, half larval density and a foam cover, which
improved BCEys by 130 % and material reduction on a VS basis by 59 %
compared to the control. However, the larval yield was not significantly
different from the control treatment even though only half the number
of larvae were added at the start.

Further studies are needed to assess whether these additions and
adaptations are suitable for industrial-scale BSFL composting of plant
residuals.
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