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Abstract

Background: Hermetia illucens L. have gained popularity in recent
years as an environmentally friendly response to both the present and
potential future food/feed crisis. The larvae of H. illucens L., or black
soldier fly larvae (BSFL), is an alternative solution to tackle the issue of
organic waste bioconversion. However, understanding the
environmental loads associated with biowaste bioconversion using
BSFL to produce dried BSFL is a pivotal point to keep the environment
sustainable. This study reported a life cycle assessment (LCA) of the
biowaste bioconversion process of BSFL and determined the
environment impact analysis to make recommendations for
modifications to lessen environmental consequences.

Methods: The methodology used is life cycle assessment (LCA), which
includes: (a) system boundary determination (gate-to-gate), starting
from biowaste production, biowaste bioconversion, prepupae and
BSFL frass production. The system boundary of the dried BSFL
production is designed for both the processing and production of one
cycle of BSFL; (b) life cycle inventory activities carried out at PT
Biomagg Sinergi Internasional, Depok, West Java, Indonesia; (c)
conducting life cycle impact assessment on five environmental impact
categories namely global warming potential (GWP), acidification (AC),
terrestrial eutrophication (TE), fossil fuel depletion (FFE), eco-toxicity
(ET); and (d) interpretation of the assessment result. The LCA is
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conducted using openLCA 1.11 software and TRACI 2.1 impact
assessment method.

Results: The impact values of GWP, AC, TE, FFE, and ET, per 100 kg of
BSFL dried production was 6.687 kg CO, eq; 0.029 kg SO,-eq; 0.092 kg
N-eq; 16.732 MJ surplus; 121.231 CTUe. Production of prepupa had the
highest hotspots in these emissions, followed dried BSFL production.

Conclusions: Efforts to reduce environmental impacts that can be
done are by implementing an integrated rearing system using
substrate from a single type of known substrate for BSFL and using
alternative drying methods for BSFL dried production.
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Introduction

The popularity of farmed insects as a future source of food, feed, and energy is growing.'~ Insects have been identified as
a viable answer to the worldwide difficulties connected with a shortage of protein sources for feed and food as the world
population grows.” In recent years, there has been considerable growth in the number of research and commercial
advances related to the use of insect production in connection to recycling, reduce, and reuse of agri-food system side-
streams and waste biomass.”™ Insects have a higher feed conversion efficiency and fewer greenhouse gas emissions than
traditional cattle, as well as a nutritional content that makes them potentially acceptable for food and animal feed.”

Further, the United Nations Food and Agriculture Organization has recognized the potential of edible insects to contribute
to healthy and sustainable diets and has urged their inclusion in the diets of people all over the globe.” The black soldier fly
(BSF) or Hermetia illucens is a focus species among farmed insects owing to the ability of its larvae (BSFL) to rapidly
thrive on various organic waste streams.'”'' The BSFL consumes a vast amount of organic waste and converts it into
larval biomass, which may later be converted into animal feeds.'> As commonly employed bio-converter agents for
diverse organic waste, the BSFL are often used as feed for poultry and fish because of their high protein content.'” The
protein content of the BSFL range from 40-44%, and is rich in amino acid, which is better compared to soybean meal.'*
Besides protein and amino acid, dietary BSFL oil is beneficial to enhance feed conversion ratio and increase the
incorporation of medium-chain fatty acids into abdominal fat pad and serum antioxidant capacity specifically in broiler
chickens. "’

Despite several literature sources on economic feasibility and societal acceptability, many unanswered topics remain for
academics to investigate. Industrial activities (for example: PT Biomagg, Sinergi Internasional, a BSF farm located in
Depok, West Java, Indonesia) will certainly have an impact on the environment, such as changes in the quality of water,
soil, and air. To reduce pollution and environmental impacts that occur during the product life cycle, the appropriate
method for analyzing is a life cycle assessment (LCA). LCA analysis aims to calculate the environmental load based on an
inventory analysis of the use of resources, energy, air, fuel, and others so that the environmental burden can be identified
and then analyzed using different alternatives to reduce the impact.'°"'® The present study reported to identify and
analyze input output based on inventory data from BSFL dried products and determine potential environmental impacts
in the form of global warming potential (GWP), acidification (AC), terrestrial eutrophication (TE), fossil fuel depletion
(FFE), and ecotoxicity (ET).

Methods

The current report is a preliminary study of the life cycle assessment and environmental impact analysis of BSFL farming
in producing dried BSFL by using biowaste as a substrate for BSFL. The biowaste was provided from the traditional
market, Depok, West Java, Indonesia. The study was located at PT Biomagg Sinergi Internasional, located in Depok,
West Java, Indonesia (6°22/48.4”S 106°52'51.7"E). The system boundary (gate-to-gate) is designed for the core process
of both processing and production of the dried larva. The present study used the functional unit as 100 kg of dried BSFL,
which is an amount of dried BSFL production per cycle. Further, five environmental impact categories, GWP, AC, TE,
FFE, and ET were chosen (Figure 1-Left). The following processes were evaluated: 1) biowaste preparation for BSFL
substrate, 2) egg hatching to produce baby larvae, 3) bioconversion of biowaste, 4) production of prepupa, and
5) production of the dried larva (Figure 1-Right). Respectively, 1) at biowaste preparation for BSFL substrate, the
volume of biowaste (1000 kg) and diesel for crushing biowaste and operation time of chopper machine were recorded.
The biowaste was crushed using the chopper machine to homogenize the waste to make it easy to digest for BSFL.
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Figure 1. System boundary, process, and input flow of the BSFL farm for BSFL dried production at PT Biomagg
Sinergi Internasional, Depok, West Java, Indonesia.
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Meanwhile, 2) the number of eggs that were hatched (100 g), which were provided from PT Biomagg Sinergi
Internasional, and the energy of electricity consumed (0.264 kWh) during the hatching process were noted. The eggs
were incubated in the plastic box with crushed biowaste as substrate after they hatched. The egg was incubated for 3 days
to produce baby larvae. 3) In the bioconversion of biowaste, the volume of biowaste (1000 kg), mass of baby larvae of
BSFL (100 kg) and the energy of electricity consumed (0.264 kWh) were also recorded. Further, 4) the volume of crushed
biowaste (1000 kg), baby larva (100 g), and electricity (0.264 kWh) during the production of prepupa were obtained and
noted. Finally, 5) the wet prepupa (1000 kg), electricity energy consumed, and hour of microwave used in production of
dried prepupa per 100 kg, were kept. All data in step 1-5 was used as life cycle inventory data for measuring impact
assessment, as described below, and operation time of chopper machine were recorded.

The data used was starting from biowaste production, biowaste bioconversion, prepupa and frass production, and BSFL
dried production. This data was primary data (volume of biowaste and diesel, the number of eggs, mass of baby larvae of
BSFL and the energy of electricity consumed) that were directly taken from the PT Biomagg Sinergi Internasional'” and
was evaluated using the OpenLCA 1.11.0 (GreenDelta, Berlin), Ecoinvent database version 3.8 (Secondary data) and
TRACI 2.1 method based on a gate-to-gate approach. Secondary data such as data biowaste, electricity, diesel, and
chopper were obtained from the dataset of Ecoinvent 3.8 database. The Life Cycle Inventory (LCI) involved input waste
(biowaste), emissions, and energy consumption of each subprocess, based on the principle of mass balance. The LCI
involved input waste (biowaste), emissions, and energy consumption of each subprocess and were based on the principle
of mass balance. Meanwhile, the impact environment that includes GWP, AC, TE, FFE, and, ET, were evaluated.

Additionally, all inventory data was obtained and calculated from this facility, except for CH, and N,O emissions.
The published values for CH, and N,O emissions during BSFL bioconversion were used.”’ It was anticipated that residue
during bioconversion produced emissions equivalent to ordinary organic waste from home or kitchen garbage.
Furthermore, the results of the LCI evaluation may be utilized to examine life cycle impacts such as environmental
implications. As previously stated, the relevant inventory resulted in the identification of five environmental impact
categories. All methods have been deposited on protocols.io at: https://dx.doi.org/10.17504/protocols.i0.8epv5j54dl1b/
vl.2!

Results and Discussion
The present report evaluated the LCA and environmental impact analysis of the dried BSFL production from biowaste
bioconversion using BSFL in PT Biomagg Sinergi Internasional, Depok, West Java, Indonesia (Table 1)."

The GWP of the BSFL bioconversion system was calculated to be 6.687 kg CO2-eq. The specified amounts were
2.898 kg CO,-eq for dried BSLF production use, 3.239 kg CO,-eq for prepupa production, 0.452 CO,-eq for
bioconversion of biowaste, 0.096 kg CO,-eq for eggs BSF hatching, and 0.680 kg CO,-eq for production crushed
biowaste. A past study by Salomoneer al.,”” revealed that each 100 kg of food waste/biowaste emits 3.2 kg CO,
equivalent per global warming potential. Meanwhile, the greatest proportion (39.33%) of the overall energy usage was
attributable to drying. Salomone, Saija”> also stated that substantial GWP effects were generated by electricity use during
the prepupa drying and using the microwave was related with the greatest energy consumption in the dried BSFL
production system (Figure 2A).

Meanwhile, acidification (Figure 2B) was often associated with the pollutants which are resulted from N- compounds.
The total effect of acidification was 0.029 kg SO,-eq. The present report stated that the emissions from the production of
the prepupa process had the greatest influence on acidification. High NH; emissions during the prepupa production
caused a significant acidification burden. Further, the overall effect of NH; emissions on terrestrial eutrophication was
0.092 kg N-equivalent. During the production of prepupa, emissions of NH;3 accounted for most of the emissions, which

Table 1. Functional unit and value of the environmental impact analysis per 100 kg of the black soldier fly
larvae (BSFL) dried production at PT Biomagg, Sinergi Internasional, Depok, West Java, Indonesia.

Impact category Unit Value
Global Warming Potential (GWP) kg CO,-eq 6.687
Acidification (AC) SO,-eq 0.029
Terrestrial eutrophication (TE) kg N-eq 0.092
Fossil fuel depletion (FFD) MJ surplus 14.767
Ecotoxicity (ET) CTUe 119.264
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Ecotoxicity

Figure 2. Impact analysis of the black soldier fly larvae (BSFL) dried production at PT Biomagg, Sinergi
Internasional, Depok, West Java, Indonesia.

was 0.0429 kg N-equivalent. In addition, the sum of the effect on fossil fuel depletion was 14.76 MJ surplus. The fossil
fuel depletion produced by the production of crushed biowaste was 10.88 MJ surplus, which used a diesel-electric
generating set in operating the chopper machine. Finally, the eco-toxicity for the system was 119.264 CTu. The eco-
toxicity was related to electricity 66.017 CTu and 1.624 CTu in tap water used.

Conclusion

This brief report revealed the GWP, the effects of acidification, terrestrial eutrophication, and eco-toxicity, bridging a
significant information gap regarding the environmental impact of the BSFL bioconversion system. Contribution
analysis might assist in locating “hot spots” within the selected environmental impact categories. Electricity and tap
water for prepupa production, and electricity consumption for crushing biowaste, were the top three processes in terms of
the GWP. This study also reported the environmental impact of the production of 100 kg of dried BSFL using the life
cycle assessment method. Environmental impact analyzed includes the potential for global warming potential, acidifi-
cation, terrestrial eutrophication, fossil fuel depletion, and eco-toxicity with their respective values of 6.687 kg CO, eq;
0.029 SO,- eq; 0.092 kg N-eq; 14.767 MJ surplus; 119.264 CTUe. The prepupa production is the biggest contributor to
global warming potential, acidification, terrestrial eutrophication, and eco-toxicity of all stages in dried BSFL production.
It is suggested to use alternative single raw materials for substrate BSFL and another drying method, so that the
sustainable BSFL dried production process can be achieved. Another recommendation is optimizing the use of tap water,
by tightening the implementation of the SOP for tap water in order to be more economical and efficient for usage in BSFL
dried production.

Data availability
Underlying data
Figshare: Life Cycle Assessment BSF, https://doi.org/10.6084/m9.figshare.22224034.,"

This project contains the following underlying data:
* Impactanaylisis assessment.xIsx (Present data shows raw data from the life cycle inventory to assess the impacts
of BSFL dried production. The impacts assessment are: Global warming Potential, Acidification, Terestrial

Eutrophication, Fossil Fuel Depletion, and Ecotoxicity)

Data are available under the terms of the Creative Commons Zero “No rights reserved” data waiver (CCO 1.0 Public
domain dedication).

Extended data
Protocol.io: Life Cycle Assessment for Black Soldier Fly Larvae Dried Production, https://dx.doi.org/10.17504/
protocols.io.8epv5j54dl1b/v1 2

Data are available under the terms of the Creative Commons Attribution 4.0 International license (CC-BY 4.0).

Page 5 of 9


https://doi.org/10.6084/m9.figshare.22224034
https://creativecommons.org/publicdomain/zero/1.0/
https://dx.doi.org/10.17504/protocols.io.8epv5j54dl1b/v1
https://dx.doi.org/10.17504/protocols.io.8epv5j54dl1b/v1
https://creativecommons.org/licenses/by/4.0/legalcode

Acknowledgements
The authors would also like to thank Manajemen talenta Badan Riset dan Inovasi Nasional/National Research and
Innovation Agency, especially The Research Center for Sustainable Production System and Life Cycle Assessment and
Faculty of Mathematics and Natural Sciences, Mulawarman University for its support. Our sincere gratitude to all
members of Research Centre for Sustainable Production System and Life Cycle Assessment, National Research and
Innovation Agency, Indonesia.

References

F1000Research 2023, 12:814 Last updated: 04 SEP 2023

10.

11.

12.

13.

Lange KW, Nakamura Y: Edible insects as future food: chances
and challenges. J. Future Foods. 2021; 1(1): 38-46.
Publisher Full Text

Moruzzo R, Mancini S, Guidi A: Edible insects and sustainable
development goals. Insects. 2021; 12(6): 557.
PubMed Abstract | Publisher Full Text | Free Full Text

Nugroho R, Nur F: Insect-based protein: future promising
protein source for fish cultured. IOP conference series: Earth and
environmental Science. IOP Publishing; 2018; 144: 012002.
Publisher Full Text

Van Huis A, Van Itterbeeck J, Klunder H, et al.: Edible insects: future
prospects for food and feed security. Food and agriculture
organization of the United Nations; 2013.

Ragossnig HA, Ragossnig AM: Biowaste treatment through industrial
insect farms: One bioeconomy puzzle piece towards a sustainable net-
zero carbon economy? Vol. 39. London, England: SAGE Publications
Sage UK; 2021; pp. 1005-1006.

Publisher Full Text

Shaboon AM, Qi X, Omar MA: Insect-mediated waste conversion.
Waste-to-Energy. Springer; 2022; pp. 479-509.
Publisher Full Text

Tanga CM, Egonyu JP, Beesigamukama D, et al.: Edible insect
farming as an emerging and profitable enterprise in East Africa.
Curr. Opin. Insect. Sci. 2021; 48: 64-71.

PubMed Abstract | Publisher Full Text

Van Huis A: Potential of insects as food and feed in assuring food
security. Annu. Rev. Entomol. 2013; 58: 563-583.
PubMed Abstract | Publisher Full Text

van Huis A: Prospects of insects as food and feed. Org. Agric. 2021;
11(2): 301-308.

Publisher Full Text

Addo P, Oduro-Kwarteng S, Gyasi SF, et al.: Bioconversion of
municipal organic solid waste in to compost using Black Soldier
Fly (Hermetia illucens). International Journal of Recycling Organic
Waste in Agriculture. 2022; 11(4): 515-526.

Tomberlin J, Van Huis A: Black soldier fly from pest to ‘crown
jewel'of the insects as feed industry: an historical perspective.
J. Insects Food Feed. 2020; 6(1): 1-4.

Publisher Full Text

Logan LA, Latty T, Roberts TH: Effective bioconversion of farmed
chicken products by black soldier fly larvae at commercially
relevant growth temperatures. ). Appl. Entomol. 2021; 145(6):
621-628.

Publisher Full Text

Permana AD, Rohmatillah DDF, Putra RE, et al.: Bioconversion of
Fermented Barley Waste by Black Soldier Fly Hermetia illucens L.

14.

15.

16.

17.

18.

19.

20.

21.

22.

(Diptera; Stratiomyidae). Jurnal Biodjati. 2021; 6(2): 235-245.
Publisher Full Text

Lee ), Kim Y-M, Park Y-K, et al.: Black soldier fly (Hermetia illucens)
larvae enhances immune activities and increases survivability
of broiler chicks against experimental infection of Sa/monella
gallinarum. J. Vet. Med. Sci. 2018; 80(5): 736-740.

PubMed Abstract | Publisher Full Text | Free Full Text

Kim YB, Kim D-H, Jeong S-B, et al.: Black soldier fly larvae oil as an
alternative fat source in broiler nutrition. Poult. Sci. 2020; 99(6):
3133-3143.

PubMed Abstract | Publisher Full Text | Free Full Text

Chopra J, Tiwari BR, Dubey BK, et al.: Environmental impact
analysis of oleaginous yeast based biodiesel and bio-crude
production by life cycle assessment. J. Clean. Prod. 2020; 271:
122349.

Publisher Full Text

Espada J), Rodriguez R, de la Pefia A, et al.: Environmental impact
analysis of surface printing and 3D inkjet printing applications
using an imine based covalent organic framework: A life cycle
assessment study. /. Clean. Prod. 2023; 395: 136381.

Publisher Full Text

Kamari A, Kotula BM, Schultz CPL: A BIM-based LCA tool for
sustainable building design during the early design stage.
Smart and Sustainable. Built. Environ. 2022; 11: 217-244.
Publisher Full Text

Nugroho RA, Rofiq MN, Santoso AD, et al.: Bioconversion of
biowaste by black soldier fly larvae (Hermetia illucens L.) for
dried larvae production: A life cycle assessment and
environmental impact analysis. Figshare: Raw data of LCA BSF.
2023.

Publisher Full Text

Mertenat A, Diener S, Zurbriigg C: Black Soldier Fly biowaste
treatment-Assessment of global warming potential.

Waste Manag. 2019; 84: 173-181.

PubMed Abstract | Publisher Full Text

Nugroho RA, Rofiq MN, Santoso AD, et al.: Bioconversion of
biowaste by black soldier fly larvae (Hermetia illucens L.) for
dried larvae production: A life cycle assessment and
environmental impact analysis. Protocol.io: Life Cycle
Assessment for Black Soldier Fly Larvae Dried Production. 2023.
Publisher Full Text

Salomone R, Saija G, Mondello G, et al.: Environmental impact of
food waste bioconversion by insects: application of life cycle
assessment to process using Hermetia illucens. J. Clean. Prod.
2017; 140: 890-905.

Publisher Full Text

Page 6 of 9


https://doi.org/10.1016/j.jfutfo.2021.10.001
http://www.ncbi.nlm.nih.gov/pubmed/34203968
https://doi.org/10.3390/insects12060557
https://doi.org/10.3390/insects12060557
https://doi.org/10.3390/insects12060557
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8232599
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8232599
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8232599
https://doi.org/10.1088/1755-1315/144/1/012002
https://doi.org/10.1177/0734242X211036949
https://doi.org/10.1007/978-3-030-91570-4_16
http://www.ncbi.nlm.nih.gov/pubmed/34649017
https://doi.org/10.1016/j.cois.2021.09.007
https://doi.org/10.1016/j.cois.2021.09.007
https://doi.org/10.1016/j.cois.2021.09.007
http://www.ncbi.nlm.nih.gov/pubmed/23020616
https://doi.org/10.1146/annurev-ento-120811-153704
https://doi.org/10.1146/annurev-ento-120811-153704
https://doi.org/10.1146/annurev-ento-120811-153704
https://doi.org/10.1007/s13165-020-00290-7
https://doi.org/10.3920/JIFF2020.0003
https://doi.org/10.1111/jen.12878
https://doi.org/10.15575/biodjati.v6i2.14609
http://www.ncbi.nlm.nih.gov/pubmed/29657236
https://doi.org/10.1292/jvms.17-0236
https://doi.org/10.1292/jvms.17-0236
https://doi.org/10.1292/jvms.17-0236
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5989015
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5989015
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5989015
http://www.ncbi.nlm.nih.gov/pubmed/32475450
https://doi.org/10.1016/j.psj.2020.01.018
https://doi.org/10.1016/j.psj.2020.01.018
https://doi.org/10.1016/j.psj.2020.01.018
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7597637
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7597637
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7597637
https://doi.org/10.1016/j.jclepro.2020.122349
https://doi.org/10.1016/j.jclepro.2023.136381
https://doi.org/10.1108/SASBE-09-2021-0157
https://doi.org/10.6084/m9.figshare.22224034
http://www.ncbi.nlm.nih.gov/pubmed/30691890
https://doi.org/10.1016/j.wasman.2018.11.040
https://doi.org/10.1016/j.wasman.2018.11.040
https://doi.org/10.1016/j.wasman.2018.11.040
https://doi.org/10.17504/protocols.io.8epv5j54dl1b/v1
https://doi.org/10.1016/j.jclepro.2016.06.154

F1000Research 2023, 12:814 Last updated: 04 SEP 2023

Open Peer Review

Current Peer Review Status: ¥

Reviewer Report 04 September 2023

https://doi.org/10.5256/f1000research.145285.r198614

© 2023 Julyantoro P. This is an open access peer review report distributed under the terms of the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

v

Pande Gde Sasmita Julyantoro
Faculty of Marine Science and Fisheries, Universitas Udayana, Bali Province, Indonesia

This study reported a life cycle assessment (LCA) of the biowaste bioconversion process of BSFL
and determined the environmental impact categories namely global warming potential (GWP),
acidification (AC), terrestrial eutrophication (TE), fossil fuel depletion (FFE), eco-toxicity (ET).
Interesting results showed that Electricity and tap water for prepupa production, and electricity
consumption for crushing biowaste, were the top three processes in terms of the GWP and that
prepupa production is the biggest contributor to global warming potential, acidification, terrestrial
eutrophication, and eco-toxicity of all stages in dried BSFL production.

The recommendation/suggestion of this study might be not only using alternative single raw
materials for substrate BSFL, using another drying method, and optimizing the use of tap water
but might also provide information on the optimum dried BSFL production when using a high-
efficiency bioconversion process.
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This study presents the bioconversion of biowaste by black soldier fly (Hermetia illucens L.) larvae
for dry larvae production: Life cycle study and environmental impact analysis. This article uses LCA
as a research methodology. This research uses open-source LCA, which is easy to apply.
Furthermore, life cycle assessment (LCA) techniques are used and include (a) system boundary
determination (gate-to-gate), starting with biowaste production, biowaste bioconversion,
prepupae, and BSFL frass. This methodology adds to the literature on using BSFL Bioconversion
through BSFL cultivation. It has the ability to decompose organic waste so that it can be an
alternative solution in urban solid waste management. Some interesting points include:

This article does not need to present statistical analysts because the method calculates life cycle
analysis from Maggot BSF production. In addition, the authors have used LCA Open Source
software as their analysis tools.

In the introductory section, it is necessary to add BSFL application literature in other fields, such as
health, renewable energy, animal feed, etc, so that the presence of this article can show the
environmental impact of BSFL cultivation.

In the results and discussion section, it is necessary to develop related to the weaknesses of this
article so that it can become a recommendation for further research.
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