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A B S T R A C T

The rising demand for sustainable protein sources has led to increased interest in insect farming and the potential 
valorization of insect farming by-products, such as frass.

This study explores the potential of insect waste biomass, frass, as a substrate for biomethane production 
through anaerobic digestion. Frass from Tenebrio molitor and Hermetia illucens, reared on various byproduct-based 
diets, was analyzed for its physicochemical composition and subjected to Biochemical Methane Potential (BMP) 
tests.

Despite physicochemical differences, there was no statistically significant effect of diet on biogas or bio
methane production. ANOVA revealed a marginal (p = 0.0589) trend toward higher biogas production from 
Tenebrio molitor frass, which translated into higher average methane yields for Tenebrio molitor (229.2 ± 72.7 l 
CH4⋅kg− 1VS) compared to Hermetia illucens (167 ± 75.6 l CH4⋅kg− 1 VS).

These results suggest that frass composition linked to insect species has a stronger influence on methane yield 
than the type of diet used within a single species, due to the basic dietary requirements of the species itself. 
Nevertheless, frass from both Tenebrio molitor and Hermetia illucens shows promising potential for sustainable 
bioenergy production.

1. Introduction

Changes in global dietary habits, due to factors such as rising in
comes, population growth and urbanization in developing countries, 
have led to a growing demand for animal-based proteins, which is ex
pected to continue to increase by 2050 [1]. However, this demand 
clashes with the need to reduce the environmental impacts of intensive 
agriculture and livestock farming, which contribute to greenhouse gas 
emissions, biodiversity loss, disease and the overuse of land, water, and 
food resources [2,3]. For this reason, the use of insects is now being 
investigated as an alternative solution to produce high-quality proteins 
with a lower environmental impact [4].

Entomophagy has a long tradition in different parts of the world [5] 
and in recent years the use of insects as a sustainable food source has 
become increasingly popular. Insects have many advantages, including 
rapid reproductive capacity, high nutritional quality, low water and 
land consumption, high feed conversion efficiency, and the ability to be 

raised using organic waste, making them a much more sustainable 
source of protein than all conventional farming ([6]; Smetana et al., 
2016). Insects are not only farmed for food, but also for medicinal uses, 
for the production of materials such as silk, shellac, and beeswax [5], for 
waste management (Basri et al., 2022), and for biological pest control 
and pollination [6].

As with any form of farming, insect farming also generates waste, 
known as “frass”. Frass is composed of feces, substrate residues and 
exoskeleton part and contains both plant components such as cellulose 
and lignin, and insect-derived molecules such as chitin. Frass is mainly 
used as a fertilizer [7], but its potential substrate for biomethane pro
duction through anaerobic digestion (AD) is also being studied, although 
research in this area is still limited [8]. AD would represent a further step 
towards the valorization of this biomass, enabling the processing of 
biomass into energy and also fertilizers, while closing biological cycles 
by returning nutrients to the biosphere [9].

Although the biogas production process is well established, research 
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is still ongoing to improve its efficiency and introduce new substrates 
[10,11]. Meanwhile, the insect production industry is growing rapidly: 
economists predict that the global edible insect market value will grow 
from approximately $3.2 billion in 2022 to $17.6 billion in 2032 [12].

The development of this industry will result in an increase in the 
amount of post-production residues, which must be considered in waste 
management planning [13]. This creates an opportunity for routing 
these residues to biogas production and their upgrade to biomethane, 
which increases energy density and enables applications such as grid 
injection or use as vehicle fuel. Additionally, AD generates residual heat 
that can be used for various purposes, such as breeding other insects and, 
at least partially, for frass sanitation. Moreover, the digestate generated 
can be reused as fertilizer. This results in further synergies from frass 
digestion compared to simply composting frass and using it directly as 
fertilizer [8].

In this perspective, the present study aims to deepen the knowledge 
on the subject and evaluate the potential of biomethane production from 
the breeding waste of two insect species: Tenebrio molitor (TM) and 
Hermetia illucens or Black Soldier Fly (BSF). TM and BSF are among the 
most globally bred insects for food and feed [14]. Both can legally be 
used in the EU as animal feed additives [13]. TM, a beetle of the Ten
ebrionidae family, is mainly used as live food for domestic animals, but 
also for human consumption; in the EU, three out of seven authorized 
insect Novel Food ingredients are derived from Tenebrio molitor: dried 
yellow mealworm, frozen and dried yellow mealworm (including pow
der), and UV-treated powder of whole yellow mealworm ([15].

The TM farm is space-efficient, requires no special equipment and 
generates low waste, making larval rearing both practical and cost- 
effective; larvae are typically raised in controlled environments using 
plastic or glass containers with lids [16]. BSF, a dipteran insect with 
interesting properties, is becoming increasingly important in the 
research for the treatment of organic waste, biodiesel production and 
entomoremediation, as well as being able to be used as feed for a variety 
of animals including but not limited to catfish, rainbow trout, poultry 
and swine [13,17]. BSF farming can yield over 150 tons of protein per 
hectare annually, outperforming traditional crops such as soy, which 
produce less than one ton of protein per hectare per year [6].

For the reasons listed above, the valorization of this biomass within 
an integrated biorefinery approach is of particular interest. This concept 
involves using insects as biological agents to transform waste biomass 
into energy and other valuable products with concomitant organic waste 
remediation [18].

In fact, the concept of insect biorefinery has recently gained attention 
[19]. For example, Parodi et al. [20] studied the use of BSF for nitrogen 
recovery from NH3 in manure and for protein production. More broadly, 
insects such as TM and BSF have been reported to effectively valorize 
organic waste into proteins and fats through their larval biomass. 
Moreover, insect biorefineries can also yield other biotechnological 
products such as biopolymers, bioenzymes, and biodiesel [18]. Typi
cally, these systems focus on the reuse of frass as fertilizer, but exploring 
alternative valorization routes, such as further energy recovery, could 
broaden the sustainability and applicability of insect-based processes 
[19].

In this study, the frass originates from insects reared on rice by- 
products and agricultural waste as feed, as part of the newRIFF project 
(New life for rice by-products and agricultural wastes: insects biocon
version for fish feed production), which aims to produce an alternative 
protein source to reduce the environmental impact of trout aquaculture. 
For experimental purposes, these insects are reared on different mix
tures of waste substrates, resulting in the production of various types of 
frass. Furthermore, the study wants to examine how different types of 
insect feed affect the biomethane-producing capacity of frass. Previous 
studies assessing the biogas or biomethane potential of insect frass have 
generally been limited to a single diet per species, thus providing only a 
partial view of the possible variability. To the best of our knowledge, this 
is the first study that compares the biomethane potential of frass from 

TM and BSF reared on multiple by-product–based diets. Moreover, 
yields were also normalized to larval biomass, providing a more inte
grated perspective of insect farming within a biorefinery framework.

2. Materials and methods

2.1. Insect waste collection

Frass was obtained by rearing BSF and TM insects at a laboratory 
scale at the University of Turin, with the aim of producing insect meal 
using rice waste as feed. All rice by-products were ground with a labo
ratory mill (Retsch, GM 300, Retsch GmbH, Haan, Germany) for 1 min at 
2400 rpm. Other feed ingredients were either ground prior to use or 
incorporated in their original form, depending on their physical prop
erties [21,22]. The TM larvae were reared in 60 × 40 cm crates in a 12 
m2 cell, maintained at a temperature of 28–29 ◦C and relative humidity 
of 60–70 %, with air recirculation by fan. The production cycle, from 
hatching to maturation of the larva, lasts 12 weeks. The BSF larvae were 
reared in 60 × 40 cm crates in a 30 m2 room, kept in the dark, with 60 % 
relative humidity and a controlled temperature of 28–29 ◦C, with air 
recirculation by fan. The production cycle consists of a period of 14 days 
from hatching to the larval stage ready for consumption. The larvae 
were fed on wheat bran (TM6) from 0 to 21 days of life, after which they 
were removed and reared on five different by-products-based experi
mental diets: TM1, TM2, TM3, TM4 and TM5 (details of which are given 
in Table 1). The BSF larvae were fed from 0 to 6 days of life on Gain
esville diet (BSF1), after which they were separated from the substrate 
and fed on four different diets: BSF2, BSF3, BSF4 and BSF5 (details of 
which, together with BSF1, are also given in Table 1). Each rearing box 
contained 10,000 TM larvae or 14,286 BSF larvae. Feed was provided at 
a fixed rate of 0.27 g/larva for TM (2.7 kg per box) and 0.7 g/larva for 
BSF (10 kg per box). Feed Conversion Ratios (FCR) were calculated as kg 
feed/kg larval biomass, ranging from 1.5 to 2.6 for TM diets and from 
2.1 to 3.3 for BSF diets. Following the removal of the insects, frass was 
not subjected to any further treatment. In total, the eleven frass variants 
(six for TM and five for BSF) were used as substrates for the BMP tests. 
The names of the diets were retained to identify the types of frass.

Table 1 
Percentage composition of experimental diets for TM and BSF.

Insect 
Species

Feed 
Ingredients

Experimental Diets

Tenebrio 
Molitor

​ TM1 
(%)

TM2 
(%)

TM3 
(%)

TM4 
(%)

TM5 
(%)

TM6 
(%)

Rice by- 
products

0 10.5 26.5 17 42.2 0

Feed waste 39.6 75.2 64 78.6 43.5 0
By-products 
of animal 
origin

0 6.8 14.45 8.2 9.7 0

By-products 
of vegetable 
origin

15 39.4 9 8.1 6.6 15

Distillery by- 
products

5.4 2.5 9.5 2.5 12.2 0

Total 100 100 100 100 100 100

Hermetia 
Illucens

​ BSF1 
(%)

BSF2 
%)

BSF3 
(%)

BSF4 
(%)

BSF5 
(%)

​

Rice by- 
products

0 0 11.5 13.5 15 ​

Forage crops 15 0 0 0 0 ​
By-products 
of vegetable 
origin

15 46.2 23.45 16.3 16,3 ​

Distillery 
and brewery 
by-products

0 52.8 49.05 53.75 50.7 ​

Water 70 1 16 16.45 18 ​
Total 100 100 100 100 100 ​
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2.2. Biochemical Methane Potential (BMP) tests

The BMP evaluation test was performed following the guidelines of 
Holliger et al. [23]. Experiments, performed in five consecutive sets, 
were conducted in mesophilic conditions (40 ◦C) and each test was 
performed in triplicate. Experiments were performed in 5 l batch plex
iglass reaction tank coupled to a variable volume (max. 1 l) 
aluminum-poly-ethylene gas storage bag. Bioreactors were filled with an 
inoculum of pre-incubated digestate, coming from different commercial 
biogas plants, mainly fed with corn, triticale and cattle slurry. Before the 
experiment, the inoculum was filtered at 1 mm and it was starved until 
the daily biogas production was less than 10 ml for one week.

Reaction tanks were filled with a mixture of inoculum and substrate. 
The mixture followed a 1:1 ratio between inoculum and substrate (I/S), 
based on total solids (TS) content. Temperature was continuously 
monitored and maintained constant through electric air heaters coupled 
with proportional-integral-derivative logic controllers. The reactors 
were incubated in the dark and mechanically stirred for a minute daily. 
For each trial, three batch reactors were used as control, measuring the 
BMP of the inoculum, in order to determine the net BMP from the 
substrate. For each set, the test was terminated when the daily methane 
production was reduced to only 0.5 % of the total biogas production for 
at least 5 days.

The quality and quantity of biogas were measured each time the bags 
attached to the digesters were filled. Biogas composition was analyzed 
with ADC LFG20 Gas Analyzer to assess the quality (CO2 and CH4 con
tent) inside the digesters, while a flowmeter and a stopwatch were used 
to evaluate the volume produced and collected in the bags. The collected 
data were then used to calculate the BMP, which was expressed as the 
volume of dry methane gas at standard conditions (273.15 K and 101.33 
kPa) per mass of frass VS (l CH4⋅kg− 1VS).

2.3. Analytical methods

TS and moisture content, along with the volatile solids (VS) and ash 
content, of all types of frass were determined gravimetrically, following 
the standard procedures (European Committee for Standardization, 
2011). The samples were dried at 105 ◦C until they reached a constant 
weight, followed by ignition at 550 ◦C. Total nitrogen TKN was deter
mined by the Kjeldahl method. The nitrogen to protein conversion factor 
of 6.25 was used for protein estimation [24]. Total carbon was detected 
from Van Bemmelen factor of 1.724 [25]. Crude fat was measured by 
using the Soxhlet apparatus with hexane as the solvent [26]. The yield of 
the fat was measured gravimetrically. The determination of neutral 
detergent fiber (NDF), acid detergent fiber (ADF), and lignin was carried 
out using the Van Soest procedure [27]. The various fractions were 
measured gravimetrically, calculated as the dry mass recovered after 
each analytical step.

2.4. Data analysis

All physicochemical analyses of the frass samples were carried out in 
triplicate, with results presented as the mean ± SD. Likewise, the AD 
experiment was performed in three replicates, and both biogas pro
duction and BMP values are expressed as the mean ± SD. Differences in 
physicochemical parameters between TM and BSF frass were assessed 
using the Mann–Whitney U test.

To assess significant differences between BMP values were analyzed 
using one-way analysis of variance (ANOVA). Significant differences 
were assessed by comparing. 

a) BMP of frass from the six different TM diets (TM1, TM2, TM3, TM4, 
TM5, TM6).

b) BMP of frass from the five different BSF diets (BSF1, BSF2, BSF3, 
BSF4, BSF5).

c) BMP from frass of the two insect species (TM vs BSF).

Following ANOVA, a post-hoc analysis with Tukey tests was per
formed to assess which groups there were significant differences.

To investigate potential relationships between physicochemical 
characteristics and methane production, Pearson correlation analyses 
were performed between CH4 yields obtained from BMP assays and key 
analytical parameters.

In addition to VS-based values, biogas and methane yields were also 
expressed per kg of larva. For this purpose, the measured volatile solids 
content of frass and the frass-to-larva ratios obtained during rearing 
were used.

Analysis was performed with RStudio (2023.06.2 Build 561 © Posit 
Software, PBC) and Microsoft Excel. A schematic representation of the 
methodology is shown in Fig. 1.

Legenda. 1: Temperature regulator; 2: Heater; 3: Flexible hose for 
biogas; 4: Fermenter; 5: Biogas collecting bag; 6: Connecting hose; 7: Gas 
analyzer; 8: Flowmeter.

3. Results and discussion

3.1. Physicochemical parameters of the frass

The physicochemical composition of TM and BSF frass is reported in 
Table 2, while Table 3 shows statistically significant differences in 
certain physicochemical parameters between TM and BSF frass. The 
analysis of total solids (TS) showed that TM frass had a very high TS 
content, with average values exceeding 86 % (±0.63), while BSF frass 
presented a lower TS content (48.32 % ± 8.94), which is due to the 
higher water requirements of BSF diets during rearing.

When compared to other studies, the TS values for TM frass in our 
analysis (86 %) are consistent with data reported by Bulak et al. [13], 
who found a TS content of 89.40 % (±0.04). For BSF frass, the observed 
values (48.32 %) are lower than those reported by Bulak et al. [13], who 
indicated a TS content of 84.00 % (±0.10). Win et al. [28] report a 
significantly lower TS content for BSF frass (22.6 %), while the values 
reported by Papa et al. [25] are more consistent with our results, ranging 
between 45 % and 50 %. This indicates that frass can have considerable 
variability, with differences likely due to the type of feed used [10]. 
Indeed, diets reported in previous studies vary widely: Bulak et al. [13] 
used carrot and beetroot scraps for BSF and oatmeal with leftover veg
etables and fruits for TM; Papa et al. [25] tested BSF frass derived from 
the organic fraction of municipal solid waste; Wedwitschka et al. [5] 
evaluated frass from BSF fed corn silage, brewery waste, biogas plant 
residues, aquatic plants, and bran; and Win et al. [28] investigated BSF 
frass from larvae reared on chicken feed and food scraps. Other works, 
such as Muñoz-Seijas et al. [29] for TM and Praeg & Klammsteiner [30] 
for both species, did not specify rearing diets.

Given the different moisture content of the two frasses, TM contains 
more organic matter relative to its fresh weight (FW) compared to BSF. 
However, the mean organic matter content in the dry matter is slightly 
higher in BSF frass (89.92 % ± 1.95 vs. 82.12 % ± 3.71). Both frasses, 
nevertheless, present a suitable organic matter content for anaerobic 
digestion, similar to other substrates reported in the literature (Dueblein 
& Steinhauser, 2008).

The lipid content (% on TS) is also markedly higher in BSF frass (up 
to 4.64 %), while in TM it remains below 1 %. These results differ from 
previous findings for TM, where higher values were reported: 3.47 % ±
0.09 [13] and 2.22 % ± 0.1 [29]. For BSF, our data falls within the broad 
range observed in the literature, from very low values such as 0.60 % ±
0.05 [13], 0.2–0.6 % [5], and 0.89–1.36 % [25], to exceptionally high 
values like 20.8 % reported by Win et al. [28]. The analysis also high
lighted a difference in fiber composition: TM frass contains a higher 
proportion of hemicellulose (30.42 % ± 5.50 vs. 20.89 % ± 2.58), and 
lower levels of cellulose and lignin compared to BSF. For BSF frass, Papa 
et al. [25] found hemicellulose contents ranging from 15.6 % to 21.4 %, 
cellulose from 19.2 % to 23.6 %, and lignin from 11.3 % to 12.7 %, 
which are comparable to our findings. In contrast, the study by Win et al. 
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[28] reported much lower values for BSF fiber fractions: 7.1 % hemi
cellulose, 5.5 % cellulose, and 2.3 % lignin. For TM frass, our cellulose 
and lignin values are higher than those reported by Muñoz-Seijas et al. 
[29], who found 13.6 % ± 0.65 cellulose and 10.9 % ± 0.04 lignin. 
Overall, TM frass appears richer in hemicellulose, whereas BSF frass is 
characterized by higher structural fiber content (cellulose and lignin), 
with all values generally in line with those found in similar studies.

In terms of Neutral Detergent Soluble (NDS) fraction, TM frass shows 
higher average values (45.84 % ± 6.17) compared to BSF (40.91 % ±
5.52). This difference suggests that TM frass contains a higher propor
tion of easily degradable compounds, such as simple sugars, starches, 
pectin, and soluble proteins. This, and the observed fiber composition, 
indicate a greater availability of easily fermentable organic matter in 
TM, which is favorable for rapid microbial uptake and biogas yield [31].

Win et al. [28] found that nitrogen content in BSF frass is higher than 
in raw food waste, probably due to enzymatic activity during digestion, 
which promotes nitrogen mineralization and increases ammonium 
concentrations. Additionally, the presence of chitin from larval molting 
stages may contribute to the nitrogen content found in the residue. In 
this study, the nitrogen content in TM frass was 2.92 % ± 0.27, while 
BSF frass showed a slightly higher value of 3.00 % ± 0.43. These values 
differ from those reported by Bulak et al. [13], who found a higher ni
trogen content in TM frass (5.12 % ± 0.22) and a lower value in BSF 
(2.21 % ± 0.23). Papa et al. [25] also reported BSF frass nitrogen con
tent in the range of 2.0–2.4 %. Praeg & Klammsteiner [30] also found 
similar results: 3.84 % ± 0.03 for TM and 2.84 % ± 0.05 for BSF.

In this study, the C/N ratio of TM frass was 16.33 ± 0.07, while that 
of BSF was slightly higher at 17.38 ± 0.19. Both values fall below the 
generally recommended optimal range for AD, which lies between 25:1 
and 30:1, as this ratio supports microbial growth and efficient biogas 
production. However, values lower than this range are common in 
practice: sewage sludge, for example, typically has a C/N of around 9:1 
[32]. Comparing with the literature, Bulak et al. [13] reported a lower 
C/N for TM (7.77 ± 0.47) and a more similar value for BSF (15.48 ±
1.70). Similarly, Praeg & Klammsteiner [30] observed a C/N of 10.95 ±
0.08 for TM and 15.09 ± 0.40 for BSF.

In summary, our analysis and comparison with the literature high
light that frass from the same insect species can have considerable 
variability, likely due to differences in feed and rearing conditions. In 
this study, TM and BSF frass show overall similar physicochemical 
characteristics, both suitable for use in AD processes. However, they 
differ primarily in moisture content, fiber composition, and the soluble 
fraction, with TM frass being richer in readily degradable compounds, 
while BSF frass contains higher amounts of structural fiber and lipids.

3.2. BMP & data analysis

The biogas production trend was similar for each waste type, which 

can be explained by the similar composition of the waste. Most of the 
biogas production occurred in the first ten days of the process. The 
duration of the process varied across the five consecutive trials, with a 
mean of 23.0 ± 7.2 days for TM and 34.5 ± 7.8 days for BSF, indicating 
that the process was on average approximately 11.5 days longer for BSF 
compared to TM. Detailed cumulative biogas production curves for each 
diet are provided in Supplementary Figures SM1–SM11, which illustrate 
the production dynamics over time.

The cumulative biogas production by insect species is reported in 
Table 4, while biogas production by each diet type is presented sepa
rately in Table 3. In general, TM frass generated a higher biogas volume 
(441 ± 145.1 l kg− 1 VS) compared to BSF frass (312.6 ± 123.1 l kg− 1 

VS) (see Table 5).
The concentration of methane in the biogas, which represents a 

quality parameter [34], had an average value of 51.4 ± 5.6 % for TM 
and 50.1 ± 9.0 % for BSF. These values are similar to each other and to 
those reported in most studies on the subject [8], though slightly lower 
than those of other types of manure. For example, Kafle and Chen [35] 
reported an average methane content from the AD of dairy cow manure 
of 69.1 %, while Amon et al. [36] reported a value of 59.5 %. The highest 
CH4 value for TM was 71.1 % for the TM1 diet recorded on day 5, while 
for BSF, it was 68.6 % from the BSF4 diet recorded on day 9.

To assess the usability of a substrate for energy production, it is more 
relevant to evaluate the BMP rather than just the biogas potential, as was 
done in this study. For TM, the BMP was 229.2 ± 72.7 l CH4⋅kg− 1 VS, 
whereas for BSF, it was 167 ± 75.6 l CH4⋅kg− 1 VS. In particular, among 
the TM diets, the highest BMP value was recorded for diet TM1 (316.5 ±
101.3 l CH4⋅kg− 1 VS), while the lowest was observed for diet TM3 (133.7 
± 152.9 l CH4⋅kg− 1 VS). Among the BSF diets, the highest BMP value 
was found in the BSF4 diet (267.9 ± 27.0 l CH4⋅kg− 1 VS), while the 
lowest was recorded for the BSF2 diet (76.0 ± 65.9 l CH4⋅kg− 1 VS). 
Although these numerical differences between diets were observed, 
ANOVA and Tukey post-hoc tests confirmed that these variations were 
not statistically significant (p > 0.05; see Supplementary Materials, 
Tables SM1–SM4, Appendices SM1–SM4). These results are consistent 
with other studies reporting the BMP from BSF frass, showing a pro
duction range varying from 26 to 502 l CH4⋅kg− 1 VS [8], and with a 
study on TM reporting a value of 252.6 l CH4⋅kg− 1 VS [10].

The ANOVA analysis revealed that the different diets administered to 
TM did not significantly affect biogas production or methane produc
tion. The Tukey post-hoc test further confirmed the absence of signifi
cant differences among dietary treatments for biogas production. These 
results suggest that the type of diet used for TM rearing, and the 
resulting frass composition, did not lead to statistically significant var
iations in biogas or methane yields.

Similarly, in the case of BSF, the various diets did not produce sig
nificant differences in either biogas or methane production.

When comparing the two insect species, independently of single diet, 

Fig. 1. Schematic rapresentation of the applied mothodology.
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ANOVA revealed a near-significant difference in biogas production (F 
(1,31) = 3.90, p = 0.0573), with TM tending to produce higher yields 
than BSF. Methane production also showed a borderline significance (F 
(1,31) = 2.91, p = 0.098), suggesting a potential trend toward higher 
methane output in TM frass. Full ANOVA tables and Tukey post-hoc 
comparisons for methane and biogas yields are reported in the Supple
mentary Material (Table S1–S6; Appendices S1-S6).

To further investigate whether specific physicochemical properties 
of the frass were contributing factors to methane production, in contrast 
to the non-significant effect of diet, Pearson correlation analyses were 
carried out. The chemical composition of the frass, influenced not only 
by the diet, but also by species dependent feeding behavior, may affect 
biogas and methane yields, as suggested in previous research [8]. In 
particular, the fibrous fractions were examined due to their known 
impact on AD efficiency [37]. The analysis revealed no statistically 
significant correlations between fibrous components and CH4 produc
tion. Hemicellulose showed a weak and non-significant positive corre
lation (r = 0.20, p = 0.55), cellulose a moderate negative correlation (r 
= − 0.43, p = 0.19), and lignin a very weak negative correlation (r =
− 0.12, p = 0.73). Despite the lack of statistical significance, these trends 
are consistent with findings from previous studies, which report that 
lignin reduces biogas yield while hemicellulose tends to enhance it [38]. 
In addition, Dandikas et al. [39] identified lignin as one of the most 
influential factors in biomethane production from energy crops, noting 
that when lignin content is below 10 percent, biomethane yields are 
generally higher. This observation aligns with the lower methane Ta
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Table 3 
Physicochemical composition of frass from TM and BSF with statistical com
parison (Mann–Whitney U test).

Parameter TM BSF Test (p)

TS (%FW) 86.69 ± 0.93 48.32 ± 8.35 Mann–Whitney U (p =
2.448e-10) ***

VS (%TS) 82.12 ± 4.14 89.92 ± 1.84 Mann–Whitney U (p =
1.286e-08) ***

N tota (%TS) 2.92 ± 0.27 3.01 ± 0.43 Mann–Whitney U (p =
4.286e-01)

C totb (%TS) 47.63 ± 2.40 52.16 ± 1.07 Mann–Whitney U (p =
1.286e-08) ***

C:N 16.41 ± 1.15 17.65 ± 2.58 Mann–Whitney U (p =
4.286e-01)

Lipidsc (%TS) 0.76 ± 0.08 3.98 ± 0.65 Mann–Whitney U (p =
4.329e-03) **

Proteind (%TS) 18.23 ± 1.70 18.79 ± 2.71 Mann–Whitney U (p =
4.286e-01)

Hemicellulosee (% 
TS)

30.42 ± 5.70 20.89 ± 2.73 Mann–Whitney U (p =
8.658e-03) **

Cellulosef (%TS) 17.76 ± 3.37 26.69 ± 2.47 Mann–Whitney U (p =
8.658e-03) **

Ligning (%TS) 5.98 ± 2.37 11.61 ± 4.28 Mann–Whitney U (p =
1.732e-02) *

NDSh (%TS) 45.84 ± 6.31 40.91 ± 5.91 Mann–Whitney U (p =
1.775e-01)

​ ​ ​ ​

Legend: *, **, *** = p < 0.05, 0.01, 0.001 (Mann–Whitney U).
a Detected by the Kjeldahl method following standard procedure [33].
b Detected by Van Bemmelen factor of 1.724 [25].
c Detected by Soxhlet method with n-Hexane as solvent [26].
d Determined by nitrogen to protein conversion factor of 6.25 [N (g kg− 1 DM) 

x 6.25]) [24].
e Detected by Van Soest method. Hemicellulose fraction: Neutral Detergent 

Fiber (NDF) – Acid Detergent Fiber (ADF).
f Detected by Van Soest method. Cellulose fraction: Acid Detergent Fiber 

(ADF) – Acid Detergent Lignin (ADL).
g Detected by Van Soest method. Lignin fraction: Acid Detergent Lignin (ADL). 

Total Fiber Lignocellulose: Cellulose + Hemicellulose + Lignin fractions.
h NDS (neutral detergent soluble): Detected by Van Soest method. Neutral 

Detergent Solute (NDS): Dry Weight -Total Fibre Lignocellulose (The NDS 
fraction is comprised of sugars, soluble carbohydrates, pectins, non-protein ni
trogen, proteins, lipids and other solubles).
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production recorded in BSF frass.
Another possible explanation for the differences observed in 

methane production among the experimental units lies in the variation 
of total solids (TS) concentrations within the digesters. Although a 1:1 
inoculum-to-substrate (I/S) ratio based on TS was maintained, the actual 
TS content in each digester differed due to natural variability in the TS 
content of both the inoculum and the frass used. As a result, the final TS 
concentration varied across trials, ranging from approximately 3.1 %– 
11 %, while still remaining within the typical range for wet AD systems.

This variability in TS concentration may have influenced methane 
yields. A weak positive correlation was observed between TS and 
methane production (r = 0.36, p = 0.278), as well as between VS and 
methane production (r = 0.37, p = 0.267), although neither relationship 
was statistically significant.

Previous studies have shown that TS concentration can significantly 
affect biogas production. For example, Paramaguru et al. [40] found that 
a TS concentration of 10 % led to the highest biogas yield under mes
ophilic conditions. Therefore, in future trials, it would be beneficial to 
not only standardize the I/S ratio, but also to control the final TS con
centration in the reactors to optimize biogas production.

The remaining physico-chemical characteristics also did not exhibit 
any statistically significant correlation with biogas production.

The differences in frass composition and its performance in biogas 
production may also be attributed to the distinct nutritional re
quirements and feed conversion efficiency of each insect species, which 
influence the biochemical profile of the residual biomass (Siddiqui et al., 
2024). BSF, in particular, is known for its ability to develop on a wide 
variety of organic substrates, making it highly adaptable and efficient at 
converting low-value feedstocks into biomass (Seyedalmoosavi et al., 
2022). This broad substrate variability may help explain the variability 
in BSF frass biogas yield of different studies. The presence of ligno
cellulolytic potential in the BSF microbiota also suggests active degra
dation of fibrous components during larval development, which can 
influence the residual substrate characteristics (Seyedalmoosavi et al., 
2022).

In contrast, TM has more specific dietary needs and is typically 
reared on wheat bran supplemented with fruits, vegetables, and protein 
sources to ensure balanced nutrition. Although TM shows some plas
ticity in adapting to alternative substrates, its diet must still meet certain 
nutritional requirements, which tends to result in more homogeneous 
frass composition (Lienhard et al., 2023). This may partly explain the 
more consistent methane yields observed for TM frass compared to BSF.

To further investigate the differences between the two species within 
a biorefinery perspective, biogas and methane production was also 
calculated per kg of larva produced. On this basis, TM yielded on 
average 234.9 ± 81.4 l biogas and 124.6 ± 44.7 l CH4 per kg of larva, 
while BSF reached 319.5 ± 60.0 l biogas and 170.0 ± 46.6 l CH4 per kg 
of larva. These results can be explained by the different frass-to-larva 
ratios observed, which were on average 0.80 kg frass per kg larvae for 
TM and 2.8 kg frass per kg larvae for BSF. These results indicate that, 
although TM frass exhibited higher yields on a VS basis, the larger frass- 
to-larva ratio in BSF resulted in higher yields when normalized per kg 
larva. Future studies should therefore further explore whether maxi
mizing frass generation to increase energy recovery per kg larva or 
minimizing frass production to reduce residual outputs represents the 
most advantageous strategy for insect-based biorefineries.

Future studies could also explore in greater depth how the nutritional 
flexibility of BSF affects frass composition and its subsequent biogas 
potential. A better understanding of how diet influences frass charac
teristics at the biochemical level could support the optimization of 
feeding strategies, not only to enhance insect growth, but also to 
improve the energy recovery potential of insect-derived residues.

4. Conclusions

The results of this study highlight the potential of insect frass, spe
cifically from TM and BSF, as a feasible substrate for biomethane pro
duction through AD. Although the different diets administered within 
each species did not lead to statistically significant differences in biogas 
or methane yields, the insect species itself appeared to have a greater 
impact. TM frass produced higher biogas and methane volumes than BSF 
frass, likely due to its higher proportion of readily degradable organic 
matter. When normalized to larval biomass the trend was reversed: BSF 
reached higher biogas and methane yields per kg of larvae compared to 
TM. This result reflects the larger frass-to-larva ratio of BSF.

This difference can also be attributed to the distinct nutritional re
quirements and digestive physiology of the two species, which lead to 
frass with different physicochemical characteristics. Factors such as 
metabolic efficiency and feed conversion affect the composition of the 
residual biomass and, in turn, its AD.

Physicochemical analyses revealed compositional differences be
tween the two frasses, particularly in terms of total solids, lipid content, 
and fiber fractions. However, correlation analyses between these 

Table 4 
BMP trials’ results for each insect diet.

Insect Species Parameter Unit Frass Type

Tenebrio Molitor ​ ​ TM1 TM2 TM3 TM4 TM5 TM6
Biogas potential l⋅kg− 1VS 582.3 ± 130.2 567.5 ± 119.9 295.6 ± 329.5 433.9 ± 107.9 240.3 ± 156.2 530.0 ± 95.7
BMP l CH4⋅kg− 1VS 316.5 ± 101.3 282.2 ± 56.2 133.7 ± 152.9 190.9 ± 108.5 152.9 ±

98.5
259.9 ± 41.9

Mean CH4 content % vol. 52.2 ± 13.2 51.3 ±
2.5

46.9 ± 3.8 52.0 ± 11.2 61.6 ±
3.0

49.9 ± 1.6

Maximum CH4 content % vol. 71.1 65.0 62.6 65.8 70.3 63

Hermetia Illucens ​ ​ BSF1 BSF2 BSF3 BSF4 BSF5 ​
Biogas potential l⋅kg− 1VS 389.2 ± 31.0 152.5 ± 133.2 218.3 ± 280.4 448.7 ±

52.0
354 ±
16.7

​

BMP l CH4⋅kg− 1VS 184.7 ± 15.1 76.0 ± 65.9 110.1 ±
161.0

267.9 ±
27.0

196.4 ±
1.0

​

Mean CH4 content % vol. 48.2 ± 1.9 50.1 ± 3.3 36.3 ± 17.6 59.4 ±
1.7

56.9 ±
3.7

​

Maximum CH4 content % vol. 56.2 60.2 63.4 68.6 69.0 ​

Table 5 
BMP trials’ results summary for TM and BSF.

Parameter Unit Insect species

​ ​ Tenebrio Molitor Hermetia Illucens
Biogas potential. l⋅kg− 1VS 441 ± 145.1 312.6 ± 123.1
BMP. l CH4⋅kg− 1VS 229.2 ± 72.7 167 ± 75.6
Mean CH4 content % vol. 51.4 ± 5.6 50.1 ± 9.0
Maximum CH4 content % vol. 64.8 61.0

Statistically significant difference between species (biogas ANOVA, p = 0.0573; 
BMP ANOVA P = 0.098).
Significance codes: 0.001 ‘***’, 0.01 ‘**’, 0.05 ‘*’, 0.1 ‘.’).
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parameters and biogas yield did not result in statistically significant 
relationships, likely due to the small sample size and because biogas 
production depends on complex interactions among multiple composi
tional factors [41].

Overall, this study supports the inclusion of insect frass as a prom
ising waste biomass for bioenergy recovery. Further research involving 
larger samples, different types of frass, and continuous digestion systems 
is recommended to validate these findings and to explore its integration 
within a broader integrated biorefinery approach.
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