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ABSTRACT
Black soldier fly larvae (BSFL) treatment is an emerging technology for the valori-
sation of nutrients from biowaste. Selecting suitable substrates for BSFL treatment 
is a frequent challenge for researchers and practitioners. We conducted a system-
atic assessment of BSFL treatment substrates in Nairobi, Kenya to source more 
substrate for upscaling an existing BSFL treatment facility. The applied approach 
is universal and considers four criteria: 1) substrate availability and costs, 2) BSFL 
process performance, 3) product safety, and 4) waste recovery hierarchy. Data were 
collected from previous waste assessments or semi-structured key informant inter-
views and sight tours of waste producers. Waste nutritional composition and BSFL 
process performance metrics were summarised in the “BSFL Substrate Explorer”, an 
open-access web application that should facilitate the replication of such assess-
ments. We show that most biowaste in Nairobi is currently not available for facility 
upscaling due to contamination with inorganics and a lack of affordable waste col-
lection services. A mixture of human faeces, animal manure, fruit/vegetable waste, 
and food waste (with inorganics) should be pursued for upscaling. These wastes 
tend to have a lower treatment performance, but in contrast to cereal-based byprod-
ucts, food industry byproducts, and segregated food waste, there is no conflict with 
animal feed utilization. The traceability of substrates, source control, and post-har-
vest processing of larvae are required to ensure feed safety. The criteria presented 
here ensures the design of BSFL treatment facilities based on realistic performance 
estimates, the production of safe insect-based products, and environmental benefits 
of products compared to the status quo.

1. INTRODUCTION
Biowastes significantly contribute to the global waste 

problem (Gustavsson et al., 2011; Wilson et al., 2015). Cur-
rently, biowaste is frequently not safely managed, leading 
to the wastage of nutrients, energy, and water (Chen et al., 
2020; Diener et al., 2014; Hoornweg & Bhada-Tata, 2012). 
Biowaste management also contributes to global challeng-
es, such as poor urban health, degradation of the natural 
environment, and climate change.

Black soldier fly larvae (BSFL) treatment is an emerg-
ing technology for biowaste treatment (Gold et al., 2018; 
Zurbrügg et al., 2018). The technology uses the immature 
life stage of the black soldier fly (Hermetia illucens, Diptera: 

Stratiomyidae) that feeds on a large variety of biowastes 
and turns them into a compost-like residue (Gold et al., 
2018). Insect biomass can be separated from the residue 
and processed into raw materials for various applications 
such as lubricants, biodiesel and pharmaceuticals, and 
currently most promising, for animal feed markets (Bar-
ragán-Fonseca et al., 2017; Bosch et al., 2014; Makkar et 
al., 2014), for example, dried larvae or protein meal as a 
feed ingredient for poultry, fish, pigs, and pets. 

Throughout the past decades, research and implemen-
tation has indicated that the technology has the potential 
to produce higher treatment product revenues, result in 
reduced greenhouse gas emissions compared to other bi-
owaste treatment technologies, such as composting, and 
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produce insect-based feeds with a lower environmental 
impact than the status quo (Ermolaev et al., 2019; Gold 
et al., 2018; Mertenat et al., 2019; Smetana et al., 2019). 
In addition, the technology can operate at various scales, 
modularity, and levels of automation (Diener et al., 2011; 
Ites et al., 2020). These advantages have been demonstrat-
ed by the global industrial-scale implementation of BSFL 
technology in recent years, for example, the Netherlands, 
China, Chile, the USA, Germany, Kenya, South Africa, and 
Malaysia. However, to have a significant global impact on 
waste management and the sustainability of the food sys-
tem, more insect-based biowaste treatment facilities are 
needed (Gold et al., 2018).

One main challenge faced by utilities, municipalities, in-
sect companies, and entrepreneurs is the selection of suit-
able biowastes for BSFL treatment. Process performance 
as measured by bioconversion rate, and larval mass, and 
larval biomass composition, such as protein and lipid con-
tent, vary among substrates (Gold et al., 2018; Gold et al., 
2020a; Lalander et al., 2019). In addition, chemical and mi-
crobial contaminants in different biowastes require careful 
consideration to ensure product safety (Van der Fels-Klerx 
et al., 2018). Moreover, substrates may already have a val-
ue when used in, for instance, animal feed and biogas pro-
duction. Alternatively, the provision of the waste has high 
costs due to decentralised collection, long distances from 
the treatment facilitities, or high amounts of inorganic ma-
terials (plastic, glass, and paper) that need to be removed 
prior to BSFL treatment (Dortmans et al., 2017).

Here, we present a systematic approach to identify suit-
able substrates for BSFL treatment by considering waste 
availability and costs, the BSFL process performance of 
the biowaste, the waste recovery hierarchy, and product 
safety. The applied approach is universal and enables the 
design of BSFL treatment facilities based on realistic per-
formance estimates, the production of safe insect-based 
products, and environmental benefits of products in com-
parison to the status quo. This study also developed the 
“BSFL Substrate Explorer”, an open-access web application 
(moritzgold.shinyapps.io/BSF_app/) with tools to explore 
waste compositional data and BSFL process performance 
and formulate efficient biowaste mixtures.

2. MATERIALS AND METHODS
This case study was conducted in Nairobi, Kenya, using 

a combination of primary and secondary research. At the 
beginning of the assessment, approximately 20 tonnes/
day of human faeces and fruit and vegetable waste were 
treated at an existing BSFL treatment facility. The BSFL 
were processed into dry larvae and sold to feed millers, and 
the residue was composted and sold as a soil condition-
er. The assessment was completed with the aim of sourc-
ing more biowaste for the upscaling of the facility (> 100 
tonnes of waste per day).

2.1 Selection criteria
The biowaste assessment approach considered four 

criteria (Figure 1): waste availability and costs, the BSFL 
process performance of the biowaste, the waste recov-

ery hierarchy, and product safety. These criteria can be 
processed step by step, either in parallel, or iteratively. 
The process performance of the biowaste is important 
because it influences the treatment time and larval and 
residue amounts produced per unit of biowaste. Ultimate-
ly, process performance influences operational costs 
and revenues from treatment products. Considering the 
waste recovery hierarchy as well as waste availability and 
potential waste costs is important because wastes with 
high process performances may already have uses, for 
example, as animal feed, and therefore, conversion of the 
waste may not produce affordable treatment products, or 
wastes may already be part of meaningful resource recov-
ery (Smetana et al., 2019). Product safety is critical for 
BSFL treatment because treatment products are used for 
human food production, and wastes can include contami-
nants relevant to animal and human health (Van der Fels-
Klerx et al., 2018).

2.2 Availability and costs
Biowaste availability and the costs of wastes in Nai-

robi were assessed using criteria proposed by Lohri et al. 
(2015). These criteria include biowaste quantity, biowaste 
cost, waste characteristics (mixing of organics with inor-
ganics), and the existing use of waste, for example, landfill-
ing and composting. Biowaste quantities and costs were 
mainly assessed using previous waste assessments con-
ducted in Nairobi (Baud et al., 2004; Njoroge et al., 2014; 
Kasozi & Von Blottnitz, 2010; Kirai et al., 2009). Data were 
validated by semi-structured key informant interviews and 
sight tours of waste producers. These included restaurants 
and hotels, slaughterhouses, animal farms, supermarkets, 
and food industries. 

2.3 Process performance
2.3.1 Review of performance metrics

The process performance of biowastes with BSFL 
was estimated using values provided in the literature of 
typical BSFL performance metrics, for example, larval 
mass, bioconversion rate, and waste reduction (Banks et 
al., 2014; Bava et al., 2019; Diener et al., 2009; Gold et al., 
2021; Gold et al., 2020a; Jucker et al., 2017; Lalander et 

FIGURE 1: Criteria considered for selection of BSFL treatment sub-
strate in Nairobi, Kenya.
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al., 2019; Liu et al., 2018; Meneguz et al., 2018; Miranda et 
al., 2019; Nguyen et al., 2013; Nyakeri et al., 2019; Rehman 
et al., 2017; Somroo et al., 2019; Spranghers et al., 2017; 
Tschirner & Simon, 2015). The feeding rate and treatment 
time within these studies were 40–250 mg waste/larva/
day and 6–27 days, respectively. Some wastes, including 
grass, wastewater sludge, or water hyacinths tended to be 
unsuitable for BSFL treatment because of very low growth 
(Dieu et al., 2015; Lalander et al., 2019; Liu et al., 2018) 
and were not included in the performance summary. Re-
search to increase the growth of BSFL on these substrates 
by pre-treatments (Isibika et al., 2019) and co-conversion 
with beneficial bacteria (Mazza et al., 2020; Rehman et al., 
2019) is ongoing.

2.3.2 Biowaste analyses for mixture formulation
A single biowaste stream cannot fulfil the entire treat-

ment capacity (>100 tonnes/day); therefore, we analysed 
biowastes for gross nutrient composition. The formulation 
of biowaste mixtures based on similar nutrient content, 
especially protein and carbohydrates, has been tested as 
a promising approach for efficient and reliable BSFL treat-
ment (Gold et al., 2020a; Barragán-Fonseca et al., 2018). 
Crude protein, lipids, neutral detergent fibre (NDF), acid de-
tergent fibre (ADF), and ash were analysed using standard 
procedures used for animal feeds (Gold et al., 2020a). Pro-
tein was estimated by multiplying nitrogen with waste-spe-
cific factors (Chen et al., 2017; Mariotti et al., 2008; Sriperm 
et al., 2011). Hemicelluloses were determined as the dif-
ference between NDF and ADF. ADF was assumed to be a 
reliable estimate of the fibre (cellulose and lignin) content. 
Samples were pit latrine sludge (n = 3), human faeces with 
sawdust (n = 4), fruit and vegetable waste (n = 1), vegetable 
waste (n = 2), poultry feed (n = 1), food waste from hotels 
(n = 9), food waste from restaurants (n = 2), cereal-based 
by-products (n = 1), fruit waste (n = 4), and slaughterhouse 
waste (n = 2). To generalise our approach, values provided 
in the literature for the same parameters were summarised 
(Giromini et al., 2017; Gold et al. 2020a; Gold et al., 2020b; 
Gold et al., 2021; Liu et al., 2018; Meneguz et al., 2018; Shu-
mo et al., 2019; Vruggink, 2020).

2.3.3 Open-access web application
Process performance and waste compositional data, 

as well as the formulation of biowaste mixtures, were 
included in an open-access web application called the 
“BSFL Substrate Explorer” (moritzgold.shinyapps.io/BSF_
app/). Process performance (n = 60) and biowaste com-
positional data (n = 67) were analysed using R version 312 
3.6.2 (R Core Team, 2020). Data were manipulated using 
tidyverse (Wickham et al., 2019) and were visualised by 
boxplots using ggplot2 (Wickham, 2016). In addition, 
compositional data were visualised in a two-dimensional 
plane following a principal component analysis (PCA) us-
ing the FactoMineR (Le et al., 2008) and factoextra pack-
age (Kassambara & Mundt, 2020). The calculation of the 
nutrient content of biowaste mixtures was also included 
in the Shiny-based web application (Barragán-Fonseca et 
al., 2018; Gold et al., 2020a). These analyses were trans-
lated into the web application using the Shiny (Chang et 

al., 2020) and shinydashboard package (Chang & Ribei-
ro, 2018). Shiny-based applications are interactive and 
change outputs, for example, plots and descriptive statis-
tics, based on user input.

2.4 Product safety
Biowaste contains various contaminants such as mi-

crobes, for example, pathogenic bacteria and viruses, 
(heavy) metals, and/or chemicals, for example, pharma-
ceutical and pesticide residues (Gold et al., 2018; Van der 
Fels Klerx et al., 2018). We used the available BSFL litera-
ture, as well as general animal feed safety considerations 
of the Food and Agriculture Organization of the United Na-
tions (FAO) (FAO, 1997) to identify potential waste contam-
inants in the identified wastes, their fate in BSFL treatment, 
and BSFL post-harvest processing. 

2.5 Waste recovery hierarchy
BSFL treatment frequently aims to provide biowaste 

treatment and products with lower environmental impact 
than the status quo. Biowastes or byproducts with use as 
food or feed do typically do not provide environmental ben-
efits in comparison to the status quo (Bosch et al., 2019; 
Smetana et al., 2016; Smetana et al., 2019). Using the 
waste recovery hierarchy concept (UNEP, 2013) and pub-
lished life cycle assessments (LCAs) results (Bosch et al., 
2019; Smetana et al., 2019), we discuss whether environ-
mental benefits are likely to be associated with diverting 
the identified wastes to BSFL treatment. Even though re-
sults are very case specific (e.g. depending on substrate, 
energy type and production, post-processing of frass and 
larvae), typcial environmental benefits over production of 
conventional protein-rich feed ingredients and composting 
are lower greenhouse gas emissions and land use (Bosch 
et al., 2019; Mertenat et al., 2019).

3. RESULTS AND DISCUSSION
3.1 Availability and costs

In Nairobi, domestic and non-domestic biowaste is 
generated to upscale the BSFL treatment facility. Most bi-
owaste in Nairobi is domestic, i.e., household waste. When 
considering the population (4.4 million, KEBS (2019)), the 
average city-wide waste generation estimate (0.65 kg/cap-
ita/day) and average waste composition (59% of domes-
tic waste is estimated to be organic), approximately 1,690 
tons of household biowaste is generated per day (Kasozi & 
Von Blottnitz, 2010). Determining the quanities of non-do-
mestic biowaste, for example, from schools, restaurants, 
hotels, and markets, is more challenging because of an 
unknown number of sources (>3,000) (Kirai et al., 2009) 
and variable waste generation rates per source (Table 1). 
Approximately 20-30% of all biowaste generated in the city 
has previously been estimated to be non-domestic using 
the estimate of total domestic waste generation (Kasozi & 
Von Blottnitz, 2010; Kirai et al., 2009). Consequently, using 
the estimate for domestic waste generation and average 
waste compositon (74% of waste is organic) (Kirai et al., 
2009), approximately 529-906 tonnes of non-domestic bi-
owaste is generated per day. Based on previous work by 
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Kirai et al. (2009) and the interviews and field visits con-
ducted in the present study, non-domestic biowaste in Nai-
robi consists of: fruit and vegetable wastes, for example, 
from canneries, juice producers, and retailers; animal ma-
nure, for example, dairy and pig farms; food waste, for ex-
ample, retailers, markets, hotels, restaurants, and shopping 
malls; cereal-based byproducts, for example, spent grain 
from breweries, press cakes from oil production, byprod-
ucts from flour and animal feed mills, and slaughterhouse 
waste, for example, rumen content and blood. Solids in 
wastewater and faecal sludge are additional poorly man-
aged and valorised wastes in Nairobi that could be poten-

tially utilized as BSFL substrates.

3.2 Process performance
Figure 2 demonstrates the “Conversion performance” 

tab of the web application. It summarises the performance 
metrics of the BSFL treatment based on the substrate 
group and the performance metrics selected by the user. 
The summary can support the selection of efficient sub-
strates and provides realistic performance estimates for 
treatment design (e.g., waste reduction) and estimations 
of treatment product quantities (e.g., bioconversion rate). 
Use of the web application shows that animal manure, fae-
cal sludge, fruit and vegetable waste, and slaughterhouse 
waste, which are suitable for up-scaling based on availabil-
ity and cost in Nairobi, typically result in lower larval weight 
and bioconversion rate than food waste, cereal-based by-
products, or human faeces.

The process performance of individual wastes is of lim-
ited value in Nairobi because a single waste stream cannot 
meet the entire treatment capacity (>100 tonnes/day). In 
this case, knowledge of an efficient biowaste mixture and 
the associated process performance is required. Typical-
ly, biowaste mixtures have been identified in trial and er-
ror feeding experiments with different biowaste mixtures 
(Nyakeri et al., 2019; Rehman et al., 2017). The formulation 
of biowaste mixtures based on nutritional composition, 
for example, overall nutrient content, protein, and carbo-
hydrates, has recently emerged as a more systematic ap-
proach (Barragán-Fonseca et al., 2018; Gold, et al., 2020a). 
This approach considers that protein, digestible carbohy-
drates (a fraction of hemicelluloses), lipids, and the over-
all nutrient generally correlated with rearing performance. 
However, such an approach requires accurate waste com-

Source Waste examples Waste generation 
(kg/day)

Hotels Food scraps 200-2,000 1,2

Restaurants Food scraps 2,100 2

Markets Food scraps, discarded food 
(e.g., fruit and vegetable peels)

> 19,000 2

Shopping malls Food scraps 1,100 2

Commercial 
animal farms

Pig and cow manure 25,000 2

Slaughterhouses Blood, rumen content 45,000 1

16,000 2

Supermarkets Discarded fruits and vege-
tables

2,500 2

Food industry Discarded fruits and vegeta-
bles, byproducts from juice 
production, canneries and 

bread baking

0.5-100 1

1 own data, 2 Kirai et al (2009)

TABLE 1: Non-domestic waste generation (in kg) per day and facil-
ity from different sources.

FIGURE 2: The “Conversion performance” tab of the web application summarises process performance results based on the substrate 
group and performance metric selected by the user. Descriptive statistics are included in a table below the boxplot (not shown in this Figure).
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positional data that are not always available.
Before the formulation of biowaste, it is helpful to gain 

a general understanding of the contents of important nu-
trients in the available wastes, such as protein, lipids, di-
gestible carbohydrates (e.g. glucose and starch), hemi-
celluloses, fibres, and ash. Protein, lipids and digestible 
carbohydrates and potentially some fraction of hemicel-
luloses are thought to have a positive influence on pro-
cess performance (Barragán-Fonseca et al., 2018; Gold 
et al., 2020a; Gold et al., 2018b). Fibres are important for 
substrate texture, but above yet unknown contents can 
decrease process performance (Liu et al., 2018). The sub-
strate organic content (100% - ash) has also been shown 
to positively correlate with process performance (Laland-
er et al., 2019). The “Nutrient composition” tab of the web 
application (Figure 3) dynamically summarises and visual-
ises the waste nutrient composition based on the BSFL 
substrate group (see Gold et al. (2018a)) and the nutrient 
parameters selected by the user. It shows a PCA biplot and 
summarises descriptive statistics in a table, for example, 
mean, standard deviation (sd), minimum (min), and max-
imum (max). The boxplots and PCA biplot demonstrated 
a large variability in nutrient composition among samples 
of the same substrate group. This is to be expected, be-
cause waste comes from different sources (e.g., different 
fruits or vegetables) and different waste management sys-

tems (e.g., waste storage durations). Food wastes were 
the most variable because this substrate group includes 
former food stuffs (FFS), and waste from households, mar-
kets, canteens, and restaurants, which can differ greatly in 
nutrient composition. Despite this variability, the vector di-
rections of the PCA biplot allow broad categories of waste 
based on nutrient composition. For example, considering 
the wastes available in Nairobi, animal manure and fae-
cal sludge are high in fibres and low in lipids, and fruit and 
vegetable wastes are low in proteins and lipids. Despite its 
importancefor BSFL performance, no conclusions can be 
drawn on digestible carbohydrate contents in these sub-
strates due to few or lacking results. Food waste is the 
substrate group with the highest nutrient content, and is 
typically high in proteins, lipids, digestible carbohydrates, 
and hemicelluloses, and low in ash and fibres. Consequent-
ly, to increase process performance, it could be beneficial 
to mix animal manure and faecal sludge with food waste. 
Information from compositional databases for food (ndb.
nal.usda.gov), feed (feedipedia.org), and food wastes 
(foodwasteexplorer.eu) should also be considered beyond 
our web application.

Barragán-Fonseca et al. (2018) and Gold et al. (2020a) 
formulated biowaste mixtures using Microsoft Excel, with-
out sharing the actual Excel tool. The “Substrate mixture 
formulation” tab (Figure 4) provides this calculation in a 

FIGURE 3: The “Nutrient composition” tab of the web application summarises the waste nutrient composition based on the substrate 
group and nutrient parameter selected by the user. Descriptive statistics are included in a table below the plots (not shown in this Figure).
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web application. It dynamically calculates the nutrient 
composition of biowaste mixtures (in wet and dry mass) 
based on the nutrient content of the individual wastes 
(Figure 3) with information on the quantity and moisture 
content of the wastes provided by the user. The web ap-
plication considers the nutritional variability by displaying 
the range of the nutritional composition of the biowaste 
mixture, calculated with the minimum and maximum nutri-
ent content for each ingredient. For the wastes ultimately 
selected for facility upscaling, this tool can be used to cal-
culate the proportion of each waste that needs to be added 
to have similar nutrient content among batches. Balanc-
ing content among batches in these nutrients by mixing 
wastes can make the process performance more reliable. 
However, some variability will remain because the formu-
lation relies on intrinsically variable waste compositional 
data (Figure 3). In addition, maintaining all macronutrients 
within fixed limits among batches is difficult in practice 
because wastes typically have variable amounts of each 
macronutrient.

3.3 Product safety
Table 2 summarises the potential hazards in the BSFL 

substrates identified in Nairobi. As BSFL live in their feeding 
substrate and the substrate passes through their digestive 
tract during feeding, substrate contaminants have a poten-
tial to accumulate on surfaces or be taken up with other 

digestion products into larval tissue (Gold et al., 2018a; Van 
der Fels Klerx et al., 2018). In addition, animal pathogens 
in substrates can populate the larval digestive tract. When 
considering the current knowledge on the fate of contami-
nants in BSFL treatment, heavy metals especially cadmium 
and arsenic in biowastes are a significant hazard for ani-
mal feed safety. In contrast to most microbes, for example, 
bacterial and viral pathogens that can be present in un-
processed BSFL but can be inactivated by heat treatment, 
some heavy metals have been shown to bioaccumulate in 
the larval tissue (Van der Fels Klerx et al., 2018; Diener et 
al., 2015; Schmitt et al., 2019). Spore-forming pathogens 
in substrates that are potentially transferred to the surface 
or digestive tracts of BSFL, such as Bacillus cereus and 
Clostridium botulinum, are also of special concern because 
they can survive heat treatment. Aflatoxin B1 (a common 
mycotoxin) and human/veterinary drugs and chemsporei-
cals have so far not been detected in BSFL grown on con-
taminated substrates (Bosch et al., 2017; Charlton et al., 
2015; Lalander et al., 2016; Purschke et al., 2017). Hydro-
carbons, for example, mineral oil hydrocarbons, dioxins, 
polychlorinated biphenyls (PCBs), and traces of plastic in 
substrates can accumulate following processing by BSFL 
in the larval tissue. However, concentrations of these con-
taminants were below legal limits at moderate substrate 
contaminant levels, for example, 3–6% plastic fragments 
(van der Fels-Klerx et al., 2020).

FIGURE 4: The “Substrate mixture formulation” tab of the web application calculates the nutrient composition of a biowaste mixture based 
on the substrate, quantity, and moisture content provided by the user.
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Strategies aimed at these hazards to meet legal feed 
limits include the selection of traceable substrates with 
low contaminant concentrations, mixing of substrates 
with low and higher contaminant concentrations, a series 
of post-processing steps to reduce contamination levels, 
for example, pasteurization (EC, 2011) including good hy-
giene practices (IPIFF 2019). At the BSFL treatment facility 
in Nairobi, only human faeces collected from standardised 
and well operated source-separating toilets are used. Sep-
aration of faeces from urine means that an estimated two-
thirds of the excreted drug residues are disposed of else-
where (Lienert et al., 2007). Furthermore, mixing faeces 
with sawdust in the toilet, and co-processing this mixture 
with dischared fruits and vegetables, that is, FFS, further re-
duces drug residue concentrations. Although not yet shown 
in the few completed studies, in cases where drug residues 
are carried over to BSFL, heat treatment contributes to 
their inactivation (Tian et al., 2017). All substrates identi-
fied in Nairobi may include microbial pathogens; therefore, 
live BSFL should not be fed to animals. Further research is 
needed to determine how the hazards in wastewater sludge, 
for example, heavy metals, and slaughterhouse waste, 
for example, misfolded prion proteins, can be managed.

3.4 Waste recovery hierarchy
BSFL treatment is frequently selected with the aim of 

providing biowaste treatment and products with lower en-
vironmental impact than the status quo (Mertenat et al., 
2019; Smetana et al., 2019). To deliver this goal, the waste 
recovery hierarchy is a useful and established concept. It 
indicates the order of preferences of waste reduction and 
management measures. The order of most preferred to 
least preferred measures includes prevention, reduction, 
recycling, recovery, and disposal (UNEP, 2013). We propose 
to extend this concept to encompass the treatment of bio-
waste with BSFL (Figure 5). BSFL treatment should be the 
most preferred measure following waste prevention, for ex-
ample, by strategies to avoid food waste, and waste reduc-
tion (including reuse), for example, by using animal feed. 
For this Nairobi case study, it means although cereal-based 
byproducts and some food and fruit/vegetable wastes 
have favorable nutrient content and process performance 
with BSFL they should not be diverted to BSFL treatment 

because of their potential use as animal feed and part in 
meaningful resource recovery. In addition, BSFL treatment 
should be considered before other waste treatment tech-
nologies, such as anaerobic digestion or composting, to 
recycle nutrients back into the food chain. Biowaste, for 
example from the food processing industry, can therefore, 
enter a circular value chain (Cappellozza et al., 2019).

3.5 Trade-offs between selection criteria
The present Nairobi case study has demonstrated that 

selecting substrates for BSFL treatment is a trade-off be-
tween larval biomass production efficiency and substrate 
costs, with overarching considerations for the safety and 
sustainability of the larval-based products. Substrates that 
have the highest performance typically have high costs and 
are already used as animal feed, and this concords with the 
waste hierarchy concept and circular economy principles. 
The remaining substrates that are available at reasonable 
costs have lower performances and require careful consid-
eration to ensure product safety. 

Based on the four-criteria assessment here, a mixture of 
human faeces, animal manure, fruit/vegetable waste, and 
food waste should be targetted for upscaling the BSFL treat-
ment facility in Nairobi. Biowaste mixtures with similar nutri-
ent contents can be calculated with the “Substrate mixture 
formulation” tab (Figure 4) of the web application. Multipli-
cation or further expansion of the facility requires changes 
in Nairobi`s waste management system, such as increased 
separation of biowaste from inorganic wastes and finan-
cially viable collection services. Seventy to eighty percent 
of Nairobi`s biowaste is household waste mixed with inor-
ganics, which makes it unsuitable for BSFL treatment (Kirai 
et al., 2009). Furthermore, only 30–50% of waste in Nairobi 
is collected (Aryampa et al., 2019; Kasozi & Von Blottnitz, 
2010). Achieving universal waste management services in 
Nairobi is challenging, particularly when considering that 
more than 50% of the population lives in informal areas.

All original data presented in this study is publicly avail-
able. The “BSFL Substrate Explorer” at the time of writing 
this paper can be downloaded at Eric/open (https://open-
data.eawag.ch), the Eawag Research Data Institutional Re-
pository (DOI: 10.25678/00051D). The current version can 
be found at https://github.com/MoritzGold/BSF_app.
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