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Abstract: Anchovies are among the largest fish catch worldwide. The anchovy fillet industry
generates a huge amount of biowaste (e.g., fish heads, bones, tails) that can be used for the extraction
of several potentially valuable bioproducts including omega-3 lipids. Following the extraction
of valued fish oil rich in omega-3, vitamin D3 and zeaxanthin from anchovy fillet leftovers using
biobased limonene in a fully circular process, the solid residue (anchovy sludge) was used as starting
substrate for the production of biogas by anaerobic digestion. In spite of the unbalanced carbon to
nitrogen (C/N) ratio, typical of marine biowaste, the anchovy sludge showed a good methane yield
(about 280 mLCH4·gVS

−1), proving to be an ideal substrate for co-digestion along with other carbon
rich wastes and residues. Furthermore, the presence of residual limonene, used as a renewable,
not-toxic and edible extraction solvent, does not affect the microbial methanogenesis. The results
reported in this study demonstrate that anchovy leftovers after the fish oil extraction process can be
efficiently used as a starting co-substrate for the production of biogas in a modern biorefinery.

Keywords: anaerobic digestion; circular economy; biogas; fish waste; anchovy; limonene

1. Introduction

The color of a sustainable future is blue and offers an “ocean” of opportunities. The
preservation of oceans, seas, rivers and coasts together with the valorization of aquaculture
and marine resources is an important part of the circular economy, creating new chances
for a sustainable and inclusive growth [1–3]. This approach takes form in the new and
ambitious concept of the “blue economy”, a paradigm founded on the biomimicry and on
the sustainable exploitation of marine and natural resources, which calls for a collective
responsibility in preserving the marine environment as one of the key factors of global
prosperity [4]. In practice, action for improvement requires the design of innovative
production and consumption methods with a far lower environmental impact. Similar
efforts are required by the 14th sustainable development goal (“Conserve and sustainably
use the oceans, seas and marine resources for sustainable development”) of the United
Nations 2030 Agenda for Sustainable Development [5–7].

In this context, the reuse and valorization of the fish waste is a key process which aims
to reduce methane emissions related to unsustainable management (e.g., landfilling) [8].
Furthermore, new economic opportunities for fisheries and the marine/maritime sectors
need to be found. Around 35% of the global catch is either lost or wasted every year,
whereas about 70% of processed fish turns into by-products (heads, viscera, skin, bones
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and scales) and is usually disposed of as waste [5]. This biowaste should rather be converted
into high value bioproducts and biofuels. While the biorefinery of lignocellulosic biomasses
relies, so far, on well-established technologies [9], the complete upgrading of fish waste into
biofuels and value-added chemicals can be considered at an embryonic state. Nevertheless,
the number of contributions in this field of research are rapidly growing [10–12].

Certain fishery by-products are an important source of nutraceuticals and bioactive
ingredients [12,13]. Fish by-products are rich in proteins and omega-3 long-chain polyun-
saturated fatty acids (LC-PUFAs) [14].

A sufficient daily intake of omega-3 marine essential lipids offers several health
benefits to both adults and children and is required for the prevention of many patholo-
gies [15,16]. As a consequence, a significant amount of the global fish catch (22 million
tonnes, about 12% of the total) is used for non-food purposes, with about 1 million tonnes
of fish oil produced in 2020.

Fish oil, at the industrial scale, is produced with established extractive technologies
including wet pressing and extraction, with either organic solvent or supercritical CO2,
followed by numerous purification steps [17]. Omega-3 concentrates, for instance, are
supplied in the form of synthetic ethyl esters to which natural or synthetic oxidants are
usually added to prevent quick oxidation and autooxidation of the double bonds in the
LC-PUFA molecular chain. Recently, a new green process for the recovery of a natural oil
rich in omega-3, eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), vitamin D3
and zeaxantin was developed by the Pagliaro research group, starting from the anchovy
processing waste [10]. The method employs citrus-derived d-limonene as a non-toxic
and edible extraction solvent in a closed-loop process in which the biobased solvent is
fully recovered and recycled after the extraction [18]. The residual product, derived from
this new extraction process (anchovy sludge), needs to be valorized in order to close the
material cycle.

Anaerobic digestion is widely recognized as one of the most effective biorefinery
technologies for the upgrading of different types of organic waste and biomasses into biogas
through a series of biochemical reactions (hydrolysis, acidogenesis and methanogenesis)
occurring simultaneously in an oxygen-free environment [19–21]. Together with biogas
(methane: 55–70%; carbon dioxide: 30–45%; others: CO, H2S, NH3, H2O, etc. [22]), a solid–
liquid residue, generally known as “digestate”, is produced [23]. The digestate contains
macro- and micronutrients, making this by-product suitable as a sustainable replacement
for agricultural fertilizers [24,25].

The sustainable production of biogas through anaerobic digestion (AD) of fish pro-
cessing waste is an emerging field of research. Eiroa et al. tested the digestion of different
fish wastes achieving an average methane yield of 260 mLCH4·gVS

−1 (where VS stands
for volatile solids) for tuna, sardine and needle fish waste, and reaching 350 mLCH4·gVS

−1

for mackerel [26]. Nges et al. [27] and Bucker et al. [28] measured a methane yield of
828 mLCH4·gVS

−1 and 540 mLCH4·gVS
−1 for salmon heads and carp viscera, respectively.

When anchovy waste was used as starting substrate for anaerobic digestion, a very low
methane yield was registered as a consequence of the excessive accumulation of ammo-
nia [29]. In general, the production of methane, through AD processes, ranges from 200 to
900 mLCH4·gVS

−1, depending on the nature of the fish waste [30].
To the best of the authors’ knowledge, studies on the use of fish oil extraction residues

in anaerobic digestion are virtually non-existent in the literature. Even if this biowaste is
rich in lipids and proteins, the concomitant presence of LC-PUFAs, light metal ions (e.g.,
Ca2+, Na+, K+, Mg2+) and nitrogen-containing species (i.e., ammonia arisen from protein
hydrolysis) can inhibit methanogenesis [31]. Furthermore, the residual limonene from the
extraction process (and its dehydrogenation product p-cymene) is a well-known inhibitor
of anaerobic digestion, and therefore, it is necessary to verify the suitability of the extraction
of the solid residue and its subsequent AD process [32–34].
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In this study, we present, for the first time, biogas production through the anaerobic
digestion of the anchovy sludge residual from the extraction of fish oil, produced from the
anchovy processing waste using limonene as a solvent (Figure 1).

Figure 1. Biorefinery scheme for anchovy residues.

2. Materials and Methods

All chemicals were purchased from commercial sources (Merck Life Science S.r.l. and
Carlo Erba Reagents) and used without any further purification.

The fish oil extraction process was carried out following the procedure previously
reported [18]. An electric blender was used to mix and homogenize the frozen anchovy
leftovers (300 g) with a first aliquot of d-limonene (150 g) refrigerated at 4 ◦C. The so-
obtained semi-solid grey puree was transferred with a second aliquot of cold d-limonene
(150 g) into a glass beaker sealed with aluminum foil and further coated with parafilm. The
mixture was magnetically stirred at 700 rpm for 24 h at room temperature with the fish oil
obtained by rotavaporing the supernatant at 90 ◦C (pressure: 40 mbar). The solid anchovy
sludge (SAS) was dried in an oven at 70 ◦C for 3 days and, before use, it was crushed in a
ceramic mortar.

The morphological and elemental composition information of the solid anchovy
sludge was achieved with a Phenom Pro-X scanning electron microscope (SEM) equipped
with an energy-dispersive X-ray (EDX) using the SEM-EDX technique [35].

The analysis of the residual limonene present in the substrate was carried out by
mixing 0.3 g of SAS with 3 mL of a toluene solution (as an internal standard) in cyclohexane
(0.1 M) for 6 hours [36]. The liquid suspension was then filtered and injected into an offline
GC-FID (Agilent 6890 N) equipped with a CP-WAX 52CB column (60 m, i.d. 0.53 mm)
according to the analytical procedure reported previously [37,38].

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were
performed on a Netzsch instrument under a helium atmosphere from room temperature to
1000 ◦C at a heating rate of 10 ◦C/min.

The biochemical methane potential (BMP) consists of measuring volumes of biogas
and methane, produced by batches loaded with inoculum, organic substrate (SAS in this
case), diluting water and nutrient solutions. The inoculum used in this experiment was a
liquid digestate coming from a full-scale anaerobic digestion plant that treats manure and
various residues from the agro-industry, located in the Reggio Calabria province (Italy).
After the collection, inoculum was sieved to remove undigested materials (e.g., straw) and
then stored at 35 ◦C for few days until the test started. Both the inoculum and the substrate
were characterized in terms of pH, total solids (TS) and volatile solids (VS) according to
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standard methods [39] before the test. Moreover, only the SAS, chemical oxygen demand
(COD) and carbon to nitrogen (C/N) ratio were measured by photometric determination
(WTW Photolab S12) using specific pre-dosed cuvettes (COD Cell Test 114555) and the
elemental analyzer TOC-LCSH (Shimadzu, Kyoto, Japan), respectively.

The BMP test was carried out according to a method that was extensively used in
previous studies (e.g., [40]) and in compliance with the UNI/TS 11703:2018 Italian norm
and standardized protocols [41]. The method involves the use of 1.1 L glass bottles (WTW-
Germany) as hermetically sealed batches. Each of them has two side necks equipped with
perforable septa for biogas collection and a main central neck closed by a stopper. The
bottles were placed into a thermostatic cabinet at 35 ± 0.5 ◦C (mesophilic conditions) and
kept under continuous mixing by a magnetic stirrer. Periodically, the generated biogas was
withdrawn from the batches, using a 100 mL syringe, and transferred into an alkaline trap
(NaOH solution, 3 M) where carbon dioxide was absorbed while the methane caused an
increase of the pressure in the trap, which resulted in a displacement of an equal volume of
the solution measured in a graduated cylinder. In this way, the percentage of methane in
the generated biogas was evaluated.

The BMP test also included blank assays (in duplicates) that were only filled with
inoculum in order to measure the non-specific methane production, the internal controls
(in duplicates) fed with α-cellulose (CAS 9004-34-6, Sigma-Aldrich, St. Louis, MO, USA)
for the validation of the process as required by the UNI/TS 11703:2018 norm, and lastly,
the batches (in triplicates) loaded with SAS. Likewise, the inoculum and substrate cellulose
were also characterized. In each batch, the volumes of inoculum, diluting water and
nutrient solutions, prescribed by the aforementioned norm in order to supply macro- and
micronutrients for the bacteria metabolism, were mixed up to a working volume of 350 mL.
The solutions were designed as A, B and C, and contained KH2PO4, Na2HPO4 12H2O,
NH4Cl (A, 5% of the total working volume), CaCl2 2H2O, MgCl2 6H2O, FeCl2 4H2O (B, 5%
of the total working volume) and MnCl2 4H2O, H3BO3, ZnCl2, CuCl2, Na2MoO4 2H2O,
CoCl2 6H2O, NiCl2 6H2O, Na2SeO3 (C, 1% of the total working volume). The amounts of
cellulose and SAS (2.1 and 2.7 g, respectively) were added in order to reach a substrate to
inoculum ratio (on a VS basis) equal to 0.3. Finally, the solids concentration in the batches
did not exceed 50 gTS·L−1, as the regulations recommend. Before any test started, the pH
of each batch mixture was measured (Table 1).

Table 1. Experimental reactor settings.

Substrate Batch Substrate [g] TS Mix pH Mix

-(blank)
1 - 2.5%

7.38
2 7.42

Cellulose (control)
3

2.1 3.1%
7.50

4 7.47

SAS
5

2.7 3.3%
7.39

6 7.30
7 7.41

The BMP values of the internal controls and substrate-fed batches were expressed as
the volume of produced methane gas under normal conditions (273.15 K and 101.33 kPa)
per mass of VS added (mLCH4·gVS

−1) and determined by subtracting the average methane
production of the blanks (inoculum). In accordance with the regulations, the BMP test was
stopped when the daily methane production was lower than 1% of the total cumulated
methane volume, determined starting from the test beginning. This evidence emerged on
day 34.
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The net specific cumulative methane production of the batches fed with SAS were
modeled using the modified Gompertz equation, Equation (1) [42]:

B = P·exp
{
−exp

[
Rm

P
·(λ − t) + 1

]}
(1)

where B [mL·gVS
−1] stands for the specific methane production at time t (d), P [mL·gVS

−1]
stands for the methane production at time t = ∞, Rm [mL·gVS

−1·d−1] stands for the
maximum methane production rate and λ [d] stands for the lag phase duration. P, Rm and
λ were determined by minimizing the sum of square errors between the model and the
experimental average values through the Excel tool “Solver”.

At the end of each test, the digestates were analyzed to determine the pH, TS and
VS [39]. Furthermore, resulting from the centrifugation (10.000 rpm per 10 min), the total
ammoniacal nitrogen (TAN), the Cl- content using pre-dosed cuvettes (Ammonium Cell
Test 114559 and Chloride Cell Test 114730, respectively) and the photometric determination
(WTW Photolab S12) in the liquid fraction, the total volatile fatty acids (VFAs) concentra-
tion and the volatile organic acids/buffering capacity (FOS/TAC) ratio were determined.
In particular, the latter two parameters were determined through a four-point titration
method [43] consisting of titrating 20 mL of centrifuged digestate up to pH values of 5.0,
4.4, 4.3 and 4.0 with a 0.1 N sulphuric acid solution. The parameters were calculated by
using Equations (2) and (3) [43,44]:

VFAs =

[
131340·

(
VpH4.0 − VpH5.0

)
·
NH2SO4

Vsample

]
−
[

3.08·VpH4.3 ·
NH2SO4

Vsample
·1000

]
− 10.9 (2)

FOS/TAC =

[(
VpH4.4 ·1.66

)
− 0.15

]
·500

VpH5.0 ·250
(3)

where VFAs and FOS are reported as the acetic acid equivalent (mgHAC·L−1) and TAC
as the lime equivalent (mgCaCO3·L−1); and VpH5.0 , VpH4.3 , VpH4.4 and VpH4.0 stand for the
volumes recorded for acid consumption corresponding to the respective pH values, while
NH2SO4 and Vsample represent the normality of the acid solution (0.1) and the volume in mL
of the sample (20), respectively.

3. Results and Discussion

The SEM images clearly show the presence of an irregular and amorphous surface
(Figure 2).

The EDX analysis revealed the predominant presence of carbon and nitrogen. Other
mineral elements including potassium, calcium, magnesium, zinc and copper were also
detected. The absence of toxic and/or heavy metal contaminants (such as lead, mercury
and cadmium) in the sample is worth noting [45]. This is probably due to the short life
span of the small pelagic species present in the Mediterranean sea.

The thermal properties of SAS were determined by TGA and DTA analysis (Figure 3).
The first degradation step (25–200 ◦C), corresponding to a weight loss of about 10%, can be
attributed to the residual water and limonene present in the sludge. The next degradation
step (200–500 ◦C), was probably due to degradation of organic materials and proteins,
while the last weight loss at a max temperature of about 560 ◦C was due to combustion of
the remained carbon and inorganic phase (including bones and scales) [46].
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Figure 2. The scanning electron microscopy-energy dispersive X-ray (SEM-EDX) analysis of the solid anchovy sludge.

Figure 3. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) analysis of the
solid anchovy sludge.

The characterization of the inoculum and substrates is summarized in Table 2.

Table 2. Characterization of inoculum, cellulose and solid anchovy sludge (SAS).

pH TS [%] VS [%TS] COD [mgO2·gTS
−1] C/N d-Limonene [mg·gTS

−1]

Inoculum 7.50 5.0 ± 0.10 76.3 ± 0.18 - - -
Cellulose - 95.6 100 1185 * - -

SAS 6.30 98.0 ± 0.15 77.1 ± 0.27 918.3 4 5

* Estimated from the stoichiometry.

The solids content of the SAS was quite high due to the drying carried out after the
extraction process. The organic matter content, measured as VS and COD, was lower than
that expected from other studies, probably because of the extraction process. Furthermore,
the high protein content of the fish resulted in a very low C/N ratio. Lastly, since the
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d-limonene was used as the extraction solvent, its residual presence in the substrate
was detected.

Biogas productions, BMP values and average methane contents for the internal control
and SAS-fed batches are summarized in Table 3. The average cumulated biogas and
methane production trends of the three replicates fed with the tested substrate are depicted
in Figure 4.

Table 3. Biogas and methane final production and methane content in biogas volumes of control and SAS-fed batches.

Substrate Batch Biogas
[mL·gVS

−1]
Average

[mL·gVS
−1]

BMP
[mLCH4·gVS

−1]
Average

[mLCH4·gVS
−1]

Average Methane
Content

Cellulose
(control)

3 603.4
598.3

396.5
390.0

68%
4 593.3 382.6 65%

SAS
5 406.4

378.5
296.1

278.0
72%

6 381.7 281.3 73%
7 347.4 256.4 73%

Figure 4. Cumulated biogas and methane production trends of batches fed with SAS.

The average cumulated methane production of the substrate batches was modeled
with the modified Gompertz equation (Figure 5), and the respective kinetic parameters
calculated are summarized in Table 4.

Table 4. Kinetic parameters of the Gompertz equation.

P [mL·gVS
−1] Rm [mL·gVS

−1·d−1] λ [d] r2

268.7 24.8 3.145 0.997

The BMP values of the internal controls met the UNI/TS 11703:2018 requirements
of 325 ± 25% mLCH4·gVS

−1 and a difference lower than 10% was found. The results
support the necessary validation of the BMP test. With regard to the batches fed with SAS,
batch 5 showed a slightly higher methane production than the other replicates. However,
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it is notable that final BMP values of the three batches were quite close to each other,
indicating that the respective anaerobic processes were even. Indeed, when evaluating the
processes in terms of biogas/methane generation, the digestions also performed similarly
in the three replicates. In fact, after a small acclimatation period of a few days, the gas
production increased faster up to the 14th day. Then, the batches continued to generate
biogas/methane, albeit with a slower rate, until the 34th day when the test was stopped.
Moreover, the practically identical methane contents in the biogas volumes confirmed that
the anaerobic digestion processes of the three replicates proceeded with similar trends.

Figure 5. Simulation of cumulated methane production by the Gompertz model.

The Gompertz interpolating model fits the average of the experimental measurements
of the three replicates (r2 > 0.99) well. The ultimate methane production at time ∞ was
predicted to be 268.7 mLCH4·gVS

−1 in good agreement, although it was slightly lower with
the average BMP value at the end of the test. The lag phase duration, found using the
Gompertz model of about 3 days, was consistent with the initial low biogas/methane
production depicted in Figure 5.

Lastly, in Table 5 the chemical characteristics of the residual digestates are summarized.

Table 5. Characterization of solid anchovy sludge digestate.

Property Blank Cellulose SAS

pH 7.1 ± 0.06 7.0 ± 0.01 7.3 ± 0.00
TS 2.4 ± 0.03% 2.5 ± 0.02% 2.7 ± 0.01%
VS 71.2 ± 0.19% 72.1 ± 0.18% 69.3 ± 0.57%

TAN [mg·L−1] 234 ± 8.8 173 ± 8.0 697 ± 20.3
Cl- [mg·L−1] 1263 ± 17.5 1105 ± 55.0 1297 ± 107.3

VFA [mgHAC·L−1] 297.3 ± 14.11 290.4 ± 21.04 411.1 ± 28.09
FOS/TAC [gHAC·gCaCO3

−1] 0.08 ± 0.001 0.09 ± 0.010 0.09 ± 0.008

In contrast with the blanks and controls, the pH values of the mixtures of the SAS-fed
reactors at the end of the experiment did not vary significantly compared to those measured
at the beginning of the test (Table 5). In terms of the TS and VS content, no difference
among the different assays was detected. Considering the initial total solids content of each
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reactor mixture, it can be noticed that in the control and tested substrate-fed reactors the
solid matter was consumed by the microbial process, while in the blanks, the solid content
changed to a lower extent. The ammonium content was clearly higher in the residual
digestates of the reactors loaded with SAS than in the others. This was predictable since
the tested substrate showed a low C/N ratio which, in the digestion process, resulted in
ammonium accumulation. On the other hand, the determination of the Cl- concentration
did not exhibit differences among the different digestates. The total VFAs content was
slightly higher in the residual digestates of the tested substrate-fed reactors than in the
other assays, while for the FOS/TAC ratios, no differences among the different assays were
observed. The very low calculated FOS/TAC ratios suggest that all the organic matter was
consumed by microorganisms for each reactor.

The SAS methane yield was consistent with the range observed for fish waste anaer-
obic digestion (200–900 mLCH4·gVS

−1) reported by Ivanovs et al. [30]. Comparing only
studies on the anaerobic digestion of fish oil extraction residues, the BMP of our test
was lower, by far, than 742 mLCH4·gVS

−1 (the residue of salmon heads enzymatically
hydrolyzed in Nges et al. [27]) and 426 mLCH4·gVS

−1 (residue of carp viscera thermome-
chanically pre-treated in Bucker et al. [28]). In these studies, as in the present one, nitrogen
inhibition was not observed despite the low C/N ratios. This was probably due to the
positive inoculum influence. First of all, inoculum can contribute to balancing the substrate
nitrogen content, as noticed by Vivekanand et al. [47] and confirmed by Bucker et al. [28].
In the aforementioned studies, the methane yields of fish oil extraction residues were
about 10% and 20% lower than those determined by raw fish waste digestion (828 and
541 mLCH4·gVS

−1 in Nges et al. [27] and Bucker et al. [28], respectively). This suggests that
oil extraction does not severely affect the potential use of fish waste as the substrate in
anaerobic digestion. However, further research could be carried out in order to investi-
gate other possible pre-treatments of both fish waste and oil extraction residues. Process
conditions very similar to ours were reported by Eiroa et al. [26]. In their study on the
anaerobic digestion of four different fish wastes, the methane yield and final TAN content
were 285 mLCH4·gVS

−1 and 728 mg·L−1 (both on average), respectively. Inhibition was
signalized by Morales-Polo et al. [29], where the anaerobic digestion of the anchovy waste
generated only 4.6 mLCH4·gVS

−1 because of a distinct ammoniacal nitrogen accumulation
(TAN concentration of 6.13 g·L−1).

For this reason, it is possible that co-digestion with an additional substrate that has a
higher C/N would be beneficial, as already demonstrated for other N-rich substrates (e.g.,
manure, slaughterhouse waste) [48,49].

Moreover, the residual limonene concentration in the anaerobic mixture was found
to be around 40 mg·L−1, well below the level tolerable for a stable AD [32]. However, the
initial slow methane production and the peculiar production trend could be due to the
adaptation of anaerobic microorganisms to the limonene presence [34].

Finally, it is interesting to highlight the potential impact of this research from a
sustainable and an economic point of view. In 2018, the landings of small pelagics in the EU
reached 2.06 million tonnes, with anchovies, sardines, herrings and mackerels accounting
for the 43% of the total volume. In particular, in the last few years, the EU anchovy landings
exceeded 135,000 tonnes, with 91% of the total coming from Spain, Portugal, Italy, Croatia
and Greece [50]. Considering that the preparation of anchovy fillets generates about 40%
wt. of the leftovers, the environmental benefits that have arisen from their valorization
into energy, rather than a landfill disposal, are evident. Moreover, the potential methane
production from the residual anchovy sludge appears to be enormous, even after the
omega-3 extraction (SAS represents 97% wt. of the total leftovers amount) [18]. Finally,
the digestate produced during AD could be beneficially used as amendant/fertilizer in
agriculture because of the noticeable nitrogen content and the absence of undesirable
compounds (e.g., heavy metals).
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4. Conclusions

The full valorization of anchovy fillet processing waste requires converting the resid-
ual sludge after the extraction of fish oil rich in omega-3, vitamin D3 and zeaxanthin.
In this preliminary report, we used the aforementioned anchovy sludge as a biobased
substrate in anaerobic digestion aimed at producing biogas. A good methane yield of
about 280 mLCH4·gVS

−1 was obtained. The overall process was very stable, thus making
the anchovy sludge a suitable substrate for co-digestion with other biomass wastes and
residues. Indeed, taking into account the high nitrogen content of the fish waste, we
also demonstrated that an optimal carbon to nitrogen ratio (C/N) is advisable in order to
maximize biogas production.

Moreover, the residual limonene, used as a green extraction solvent, was found to be
in a concentration (40 mg·L−1) lower than that generally reported for the inhibition of the
microbial methanogenesis process.

Finally, due to the huge amount of biowaste generated every year from the landing
of small pelagics in the EU, a new “blue-biorefinery” scenario can be imagined at a large-
scale in the next years for Mediterranean nations.
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