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Abstract

The industrial mussel processing generates significant quantities of waste. Nearly 30% of one metric tonne of processed mussel is
finally destined for human consumption. Regardless of the mussel commodities, an important quantity of waste is concentrated at
several sub-processes, such as input reception, washing and declumping shells, and mussel meat extraction stages, or by means of
the rejection of mussels only due to a size characteristic criterion established by the target market. Despite the main segregated waste
comprising shells, byssus threads, residual meat and wastewater, a heterogeneous composition must be taken into account, since
much of the solid waste is commonly gathered and compacted for landfill transportation purposes. This paper reviews the sustainable
management strategies for mussel by-products, addressing their limitations for an industrial implementation to obtain value-added
products. It is concluded that, although there is a well-known diversity of waste sustainable management alternatives, several
proposed products (e.g., collagen, bio-adhesives, biopolymer, and adsorbent for pollutants) still remain in a potential framework,
circumscribed into laboratory results, subject to an optimization process, to a validation by industrial pre-scale trials, or even limited
by the associated production costs. Future researches should focus on reducing the uncertainties linked with their technical-economic
feasibility for an industrial scale development.
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Introduction average, about 14% of the world’s food is lost at the harvesting

phase, or “harvesting”, and before it reaches the retailer in the
According to the Food and Agriculture Organization of the

United Nations (FAO), food loss is defined as a decline in the
quantity or quality of food, as a result of decisions or actions by

food supply chain. However, the loss of food may be higher than
this average value, since the loss quantification must be stratified
by food group, region, and also it depends on the metric estab-

the majority of collectors, producers and suppliers in the food
supply chain, excluding minor food service providers and con-
sumers (Food and Agriculture Organization of the United
Nations, 2019). In contrast, food waste, as distinguished by the
FAO, refers to the decrease in the quantity or quality of food as
consequences of decisions or actions attributed to small-scale
food service providers and final consumers (Food and Agriculture
Organization of the United Nations, 2019). In any case, the
reduction of both food loss and food waste, has become a priority
objective. The actions aimed at achieving this are oriented
towards reducing production costs, increasing efficiency in the
food production and consumption system, and improving nutri-
tion and food security in a sustainable context.

In numbers, according to the State of Food and Agriculture
report issued by the FAO in 2019 (Food and Agriculture
Organization of the United Nations, 2019), it is estimated that, on

lished to quantify it.

By 2018 the global fish production was estimated in 179 mil-
lion metric tonnes (Mt), pointing out that this figure refers to fish,
crustaceans, molluscs and other aquatic animals, excluding
aquatic mammals, reptiles, seaweeds and other aquatic plants
(Food and Agriculture Organization of the United Nations,
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Figure 1. Estimated global mussel production collected from the Food and Agriculture Organization global fishery and
aquaculture production dataset. Adapted from dataset available at Food and Agriculture Organization of the United Nations

Fisheries Division (2020a).

2020b). About 88% of the aforementioned global production has
been estimated as human consumption, meaning an annual sup-
ply of 20.5 kg per capita, while the remaining 12% was destined
for non-food products, mostly for the manufacture of fishmeal
and fish oil (Food and Agriculture Organization of the United
Nations, 2020b).

In 2018 the estimated worldwide shelled molluscs production
— essentially bivalves (i.e., mussels, clams, scallops and oysters)
— was about 17.7Mt (live weight); representing a value of USD
34.6billion (Food and Agriculture Organization of the United
Nations, 2020b). Since molluscs’ inland aquaculture is less than
2%, this worldwide figure is mainly attributed to the combined
production carried out in the sea (i.e., mariculture) and in areas
adjacent to the sea, such as costal ponds and gated lagoons (i.e.,
coastal aquaculture) (Food and Agriculture Organization of the
United Nations, 2020b).

Recent statistical figures, collected and published by the FAO,
indicates that the worldwide bivalves production is broadly dom-
inated by the People’s Republic of China, with 13.4-103Mt (live
weight), followed by the Republic of Korea, with 3.9-102Mt, and
Chile with 3.8-102Mt (Food and Agriculture Organization of the
United Nations, 2020b).

Furthermore, by means of the FAO Fisheries Division (NFI)
website (Food and Agriculture Organization of the United
Nations, 2020a), an estimation of worldwide mussel production
can be retrieved from the global fishery and aquaculture dataset
(Food and Agriculture Organization of the United Nations
Fisheries Division, 2020a), using FishStatJ (Food and Agriculture
Organization of the United Nations Fisheries Division, 2020), a
software for measuring fishery and aquaculture statistical time
series. This software, among others at the NFI website, is avail-
able to anyone interested in accessing the FAO’s fisheries and

aquaculture datasets. Figure 1 depicts the global aquaculture pro-
duction time series, distributed by continent, after filtering in
order to show the estimated worldwide mussel production. Notice
that this FAO dataset refers to the production reported by 57 pro-
ducer countries, distributed as pointed out at the bottom legend of
the figure. According to the dataset, this worldwide production
counts for a total of 14 mussel species. As the FAO advises, some
countries’ production figures have been estimated by the organi-
zation, based on the information available when certain produc-
tion figures are not reported (Food and Agriculture Organization
of the United Nations, Fisheries Division, 2020a). For instance,
this is the case for the low annual figures attributed to African
producer countries during the 2000-2018 period. By 2018, the
African countries had produced less than 3000 Mt (live weight).
The 2000-2018 time series tendency indicates that the esti-
mated worldwide mussel production has experienced a signifi-
cant growth. The estimated global production in 2018, that is,
2.17 megatonnes (live weight), was more than 200% higher in
relation to the production at the beginning of the current century.
Despite the worldwide production has been permanently domi-
nated by Asian producers, it is also worthy to notice how the
Americas’ production has increased. In 2018, the mussel produc-
tion due to the American producer countries was more than 690%
higher in relation to the estimated production for the Americas in
2000, that is, 59.4 kilotonnes. In contrast, the Europe and Oceania
figures suggest less variability over the 2000-2018 period.
Global mussels’ commodities exportation quantities can also
be retrieved from the FAO’s commodities production and trade
dataset (Food and Agriculture Organization of the United Nations
Fisheries Division, 2020b). In this dataset, the exported com-
modities are, but not limited to, mussel meat prepared or pre-
served, frozen, in airtight containers, in brine as well as fresh,
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Figure 2. Estimated global mussel's commodities exportation collected from the corresponding FAO dataset. Adapted from
dataset available at Food and Agriculture Organization of the United Nations Fisheries Division (2020b).

chilled or frozen mussels, among other commodities. Figure 2
depicts the retrieved time series for the 2000-2018 period, and
distributed along five continents.

From 2000 to 2018, the European countries reported the high-
est exportation figures. By 2018, 59% of the estimated global
exports came from European producers, followed by the export
figures reported by American producers (28%), which have
shown an increased tendency during the 2000-2018 period.

Although there are no consolidated data on loss estimates in
the industrial processing of bivalve molluscs, background infor-
mation suggests that about 27% of one ton (live weight) of har-
vested mussels is rejected as by-products, for example,
undersized, broken or dead mussels (Vareltzis and Undeland,
2012). Consequently, sustainability in this industrial process is
required, in accordance with the current trend in the industrial
aquaculture activity (Rustad, 2003; Shahidi et al., 2019). In fact,
there is a wide diversity of application for by-products derived
from the aquaculture industry (Jayathilakan et al., 2012;
Ravindran and Jaiswal, 2016; Rustad, 2003; Shahidi et al., 2019).
In this context, by-products are defined as raw materials dis-
carded from the mussel industrial processing, but which can be
recycled after treatment (Rustad et al., 2011). Despite that several
alternatives for those by-products have been identified (Naik and
Hayes, 2019; Suplicy, 2018), as it will be argued in this review, a
gap still persists between the development and commercial avail-
ability of the required technologies to transform such by-prod-
ucts on an industrial scale.

The material flow and waste generation in the industrial mus-
sel processing have been a research object of several authors.
Concurrently, researchers have tackled the material flow and
waste generation in this industry from the life cycle analysis
(LCA) perspective, for example by Bugallo et al. (2012), Iribarren
etal. (2010a, 2010b, 2010c) and Lourguioui et al. (2017). For the
industry served by the aquaculture, the LCA methodology has

been addressed in a sustained way, since the beginning of 2000
(Bohnes and Laurent, 2019).

Iribarren et al. (2010a, 2010b, 2010c) have applied LCA to
evaluate the mussel processing industry in Galicia, Spain; one of
the industries with the highest production and strong presence in
the international market. Mussel LCA has been studied by dis-
criminating the production process in three main sectors, namely:
the mussel culture sector; the fresh mussel for human consump-
tion or as input to industrial plants; and the industrial processing
sector — represented by the canning plants and the mussel cooking
plants (Iribarren et al., 2010c). The same authors carried out the
shells and other organic remains valorizations from the LCA
(Iribarren et al., 2010a). These researchers evaluated, by means of
environmental indicators, the energy efficiency and environmen-
tal impact of the transformation process to obtain calcium carbon-
ate (CaCO;) from mussel shells. The shells transformation into
CaCOs; is tackled by the aforementioned researchers, and com-
pared with two options, in order to manage this waste, that is, (a)
through incineration and (b) through disposal of in landfills. The
incineration option is ruled out, due to its adverse environmental
impact and energy expenses. In contrast, disposal of in landfills,
although according to those authors it would have less adverse
environmental impact, also depends on other variables that con-
strained this option, making the alternative of producing CaCO; a
best suitable option for the mussel shells, in terms of its environ-
mental impact (Iribarren et al., 2010a). Although, Iribarren et al.
reported results derived from the analysis at a local industrial
environment, the general conclusion that emerged from their
research can be extended: the sustainable waste transformation is
not only feasible, but necessary. This is consistent with what has
been reported by other researchers, who have performed similar
studies in other regions, for example by Lourguioui et al. (2017).

The present review revisits sustainable options for the by-
products industrial mussel

derived from processing,
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Figure 3. A general mussel commodity life cycle diagram. Adapted from azti tecnalia (2017), Bugallo et al. (2012), and

Iribarren et al. (2010a, 2010b, 2010c).

highlighting the limitations associated with those alternatives
for a development on an industrial scale. The remaining sections
in this review have been organized as follows: the section
“Industrial mussel processing” depicts a general scope of basic
and common stages at the industrial processing to produce mus-
sel commodities; the “Mussel waste characterization” section
outlines a classification for wastes derived from mussel indus-
trial processing; a case study section comprises a chemical and
physical characterization of mussel waste, which is based on the
processing of waste samples supplied by a local mussel industry.
That section pursues an overview to put into the context of main
mussel wastes, generated at basic and common sub-processes in
the process line; the next section refers succinctly to current han-
dling and disposal strategies at the mussel industry; subse-
quently, current sustainability alternatives for mussel waste are
discussed, according to the main waste types identified in the
previous section. While alternatives are addressed, their limita-
tions and challenges to industry scale-up are also tackled in this
section. Finally, conclusions are drawn, as well as suggestions
for future study topics.

To conduct the current review, a sample collection was per-
formed through the search and selection of peer reviewed arti-
cles. Papers were collected from recognized academic databases.
The research method can be summarized as follows: the database
set used for this investigation comprises Web of Science Core
Collection (ISI Web of Science), SCOPUS, Science Direct,
EBSCOHost and Google Scholar.

The review was conducted following the recommended
phases for a systematic review (Moher et al., 2009): (a) identifi-
cation; (b) screening; and (b) eligibility — as preliminary steps to
include the studies in the present review article. Eligibility crite-
ria address the research’s specificity, research type, research out-
comes, period, number of citations, as well as a full text review to
meet the main objective of this critical study. Since the review is
also an iterative process (Moher et al., 2009), the final included
works were organized and gathered according to the by-products
identified in the industrial mussel processing.

LIS

Search terms such as “mussel waste”, “mussel by-products”,

“mussel organic waste”,
processing waste” were used to search through the aforemen-
tioned database set. Although, initially, the selected period for

this review was intended to be from 2010 to 2020, several refer-

LLIN3

mussel waste management”, “mussel

ences from outside of this period were also taken into account
due to their relevance for the main objective of present research.

At least, a total of 104 articles were identified and, therefore,
referenced for this research.

Examination of state of the art articles revealed previous
works reviewing mussel processing wastes valorization (Barnaby,
2004; Hart, 2020; Mo et al., 2018; Naik and Hayes, 2019; Shahidi
et al., 2019), some of them focused on a specific by-product val-
orization. The current review intends to address a discussion,
covering the main alternatives for mussel wastes valorization,
taking into account their limitations for an industrial implementa-
tion, supported by the research findings.

Industrial mussel processing: A
general scope

A high percentage of the mussel’s weight is waste. Mussel shells
alone can constitute between 70% and 80% (dry weight) of the
waste mass resulting from the industrial mussel processing (Naik
and Hayes, 2019). Different waste types, both organic and inor-
ganic in origin, make up the industrial wastes, generated from
raw material reception up to final process stages.

The diagram shown in Figure 2 summarizes the mussel indus-
trial processing chain by identifying major systems or processes
(azti tecnalia, 2017; Bugallo et al., 2012; Iribarren et al., 2010a,
2010b, 2010c¢).

The diagram in Figure 2 also depicts that each life cycle sys-
tem is associated with a waste generation. This review is oriented
to the waste management derived from the industrial mussels
processing. Therefore, the focus is on the system labelled as S5 in
Figure 3, dealing with by-products coming from system S4
(Industrial Processing).

Despite the fact that the industrial line of sub-processes depends
on the mussel commodity (e.g., canned or frozen), common sub-
processes can be recognized as the groups shown in Figure 4.

Figure 4 illustrates the main sub-processes defined for the S4
system, according to the common types of product mussels, iden-
tified in Figure 4 as WHOLE (S4.2) and MEAT (S4.3) or mussels
without shells. In addition, the diagram in Figure 4 also shows a
common and basic sub-process: preprocessing (S4.1). Such sub-
processes are basic when the mussel product is packaged and her-
metically sealed. When the final mussel commodity is canned or
tinned, other sub-processes must be added, as it has been described
in Barros et al. (2009b). A detailed description of material flow for
each sub-process has been referred by several authors, for exam-
ple by Bugallo et al. (2012) and Iribarren et al. (2010b, 2010c).



Medina Uzcategui et al.

127

INDUSTRIAL PROCESSING
sS4
PRE-PROCESSING
S4.1
S4.1.1 S412 s41.3 S4.1.5 $4.1.6
WASHING AND CLASSIFICATION SHELL Brssus
dicxiias DECLUMPING REMOVAL REMOVAL
PROCESSING (MEAT)
S43
PROCESSING (WHOLE) S4.31 S432 s433
S4.2 COOKING Cooune SHELL REMOVAL
S4.21 $4.22 S4.23
$4.3.4 $43.5 S43.6
MANUAL RATIO VAcuuM
SELECTION DISTRIBUTION PACKAGING MANUAL SECOND COOUNG
INSPECTION COOKING
S424 $4.25 $4.26
$4.3.7 $4.3.8 $4.39
COOKING Cooune DRYING
DryiNG SINGLE FREEZING CLASIFICATION
S4.27 S4238 $4.3.10 S4.3.11
FREEEZING PACKING FREEZING P aniic
WASTES
_ WASTEWATER | ATMOSPHERIC EMISSIONS I OTHER WASTES I

Figure 4. An overview for mussel industrial processing and related wastes. Adapted from azti tecnalia (2017), Bugallo et al.

(2012], and Iribarren et al. (2010a, 2010b, 2010c).

Figure 4 also illustrates a general waste classification for the
industrial mussel processing (Barnaby, 2004; Bugallo et al.,
2012; Iribarren et al., 2010a), which is succinctly addressed in
the following section.

Mussel waste characterization
Solid wastes

This category defines solid remains obtained through different
sub-processes. Those wastes can be heterogeneous, comprising
crushed solid remains of shells, mussels’ tissue, even whole mus-
sels rejected due to dimensional quality criteria (i.e., mussels’
size is smaller than the approved one by quality control), and
byssus (i.e., mussels’ filaments that uses to attach itself to a sub-
strate such as rocks, or to the cultured hangings). They even com-
prise other molluscs, and algae being part of the raw material.

It must be noticed that several waste solid residues are com-
monly gathered at early processing stages (i.e., preprocessing
system shown in Figure 4) for transportation purposes to landfill
sites (Iribarren et al., 2010a). This gives a heterogeneous compo-
sition for some of the solid wastes to deal with and, therefore, a
complex condition for an effective sustainable management, as it
will be discussed later in detail.

Wastewater (WW)

It refers to the WW involved in different sub-processes, such as in
the whole mussel cooking sub-process and mussel meat cooking

sub-process. Through the industrial mussel processing, the WW
has organic-origin residues (Amado and Véazquez, 2015). In fact,
in this manufacturing process the WW varies its composition
depending on the sub-process carried out. Low organic load
(LOL) WW is generated at early stages as washing and declump-
ing (i.e., S4.1.2 in Figure 4), as well as during others auxiliary
operations (Barros et al., 2009b). In contrast, high organic load
(HOL) WW is derived from cooking sub-processes (e.g., S4.3.1 in
Figure 4) (Barros et al., 2009b; Bugallo et al., 2012).

Other wastes

These comprise wastes not included in the other categories. They
may refer to those ones derived from additional raw materials
supplied depending on the final mussel commodity. For instance,
those ones that are rejected due to quality criteria applied to the
final product (commodity) such as deteriorated cans or packages.
Odours and noise also comprise this category (Bugallo et al.,
2012), as well as residual fluids derived from additional indus-
trial sub-process (e.g., residual brine) and those derived from the
equipment maintenance.

Atmospheric emissions

These comprise emissions derived from different sub-processes,
such as exhaust gases related to power generation and vapour
emanated from the cooking sub-process, for instance as described
in Bugallo et al. (2012) and Iribarren et al. (2010b, 2010c¢).
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Mussel waste physical-chemical
characterization: A case study

The chemical composition of mussel byproducts has been ana-
lysed by several researchers, for example by Abdulkarim et al.
(2013), Beaulieu et al. (2013), Cros et al. (2004), Pastrana et al.
(1993), Prieto et al. (2015), Vareltzis and Undeland (2012),
Waldenstedt and Jonsson (2006), and Zhang et al. (2013). Most
of these investigations can be gathered according to the mussel
byproduct object of study. For instance, there have been reported
chemical characterizations obtained by: (a) processing mussel
shells (Abdulkarim et al., 2013; Paradelo et al., 2016; Zhang
et al., 2013); (b) processing WW (Cros et al., 2004; Pastrana
et al., 1993; Prieto et al., 2015); (c) processing byssus threads
(Qin et al., 2016); and (d) processing mussel meat (Vareltzis and
Undeland, 2012; Waldenstedt and Jonsson, 2006; Wang et al.,
2013). In most of these studies, it is assumed that the specific
mussel byproduct is available due to a prior waste segregation
activity, whereas in others studies, laboratory samples have been
prepared from mussels purchased at a local market or supplier,
for example by Vareltzis and Undeland (2012) and Wang et al.
(2013). However, as it is discussed later, heterogeneity is also a
typical composition for wastes derived from initial operations in
industrial mussel processing. Consequently, to put into context,
the following case study is presented to illustrate basic chemical
characteristics of heterogeneous waste samples collected at a
local mussel industry. In addition, a physical characterization for
rejected mussel samples is next developed.

A set of waste samples have been analysed for chemical and
physical characterization purposes. The waste samples were pro-
vided by a local industry, which processes Mytilus chilensis, a
variety of Chilean mussel.

Figure 5 depicts photograph of a compacted waste sample,
resulting from pre-processing stages (namely, S4.1 in Figure 4).

This industrial waste sample was properly refrigerated, prior
to being moved into the laboratory facilities for its characteriza-
tion. Chemical composition results were obtained from this het-
erogeneous residual industrial liquid (RIL). The determination of
protein, calcium (Ca), iron (Fe), ash, fat and lipid profile were
conducted by processing two fraction types, and after centrifuga-
tion and filtration steps. These fractions were prepared and ana-
lysed by the Services Laboratory of the Institute of Food Science
and Technology (ICYTAL), at the Universidad Austral de Chile
(Laboratorio de Servicios ICYTAL, 2019a, 2019b).

The first fraction type was obtained from the soluble part of
the industrial waste provided, identified in the following tables as
soluble fraction. In contrast, the second fraction type was
obtained from the insoluble part of this RIL, and it was identified
as filtered fraction. The chemical characterization comprises pro-
tein, Ca, Fe, ash, fat and fatty acids content determination,
addressed by standardized methods recommended by the
Association of Official Analytical Chemists (Laboratorio de
Servicios ICYTAL, 2019a, 2019b).

Furthermore, mussel samples, rejected due to the size crite-
rion, were also available for a physical characterization. Those

Figure 5. Heterogeneous waste sample provided by a local
mussel processing plant.

Table 1. Protein, calcium (Ca), iron (Fe) and ash estimation
for soluble and filtered fractions.

Fraction Protein Ca Fe Ash

type (N x 6.25] * [mg/100g]  (mg/100g] (g/100g])
(g/1004g)

Soluble 2.4+0.16 1228+30.9 6.9+182 2.2+0.13

Filtered 3.2+0.59 359.0+62.2 17.7x1.6 1.75*0.52

*, crude protein (N X 6.25) determination by semi-micro Kjeldhan
method (International Organization for Standardization 8968-3; 2004);
Ca and Fe determination according to the Journal of Association of Of-
ficial Analytical Chemists, Vol. 83, No. 5, 2000; and ash determination
according to Association of Official Analytical Chemists 930.30: 2007.

samples came from the mussel processing line, after cleaning and
shelling stages (or first shell removal step, i.e., S4.1.2 in Figure 4)
and from the mussel classification stage, based on their shell size
(i.e., S4.1.3 in Figure 4). This classification sub-process generates
the rejection of mussels that, usually, do not present physical dete-
rioration. Similarly, subsequent quality control phases (i.e., visual
inspections or classification stage assisted by automated opera-
tion) may produce additional whole mussels’ rejection (Bugallo
etal., 2012).

Protein, Ca, Fe and ash determination

Table 1 depicts crude protein (N X 6.25), Ca, Fe and ash determi-
nation in the two laboratory samples. Three samples per fraction
type were processed to perform a chemical analysis.

As expected, due to its heterogeneous composition, filtered
samples exhibit more protein, Ca, and Fe content than the sam-
ples derived from the soluble residues. It is noticeable that the
crude protein content in the non-soluble residue is 33% higher
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Table 2. Lipidic profile for soluble and filtered fractions.

Fraction Fatty matter * Acids (g/100g)
type (g/1004g]
Saturated Monounsaturated Polyunsaturated Trans-fatty
Soluble 0.2+0.04 0.1+0.01 0.1+0.04 0.05=x0.01 0
Filtered 0.4+0.0 0.17x0.0 0.18x0.0 0.06 £0.02 0

Notes: *, fatty matter determination by Association of Official Analytical Chemists (AOAC) 95.1.02: 2005; saturated, monounsaturated and poly-
unsaturated acids determination by AOAC 963.22 1995; and trans-fatty acid determination according to AOAC 963.21 1995.

Figure 6. Mussel samples rejected due to size criterion
(samples provided by a local mussel processing plant).

than the one found in soluble residues. In addition, Ca content in
filtered samples is 190% higher compared to soluble samples’ Ca
content. Similarly, Fe content detected in filtered samples is
about 150% higher than the one estimated in soluble samples.
Notice that major content of ash measured in the soluble fraction
may be salt (NaCl).

Lipidic profile

Table 2 presents the corresponding lipid profile from the pro-
cessed samples. According to these results, similar content in the
two sample types is observed in saturated, monounsaturated and
polyunsaturated acids, while fatty matter content is higher in
samples derived from non-soluble residues.

No significant trans-fat content has been detected in any of the
processed samples.

Rejected mussels’ dimensional
characterization

Figure 6 and Table 3 illustrate the dimensional characterization
of the rejected mussels’ samples available in three size sets. Sizes
1 and 2 correspond to samples of mussels rejected from the

Table 3. Mussel samples rejected due to dimensional
criterion.

Size 1 Size 3

Range [cm]

(1.5,4.8) (4.5,6.8)

Average yield (%)

14.5% 19.6% 26.3%

process line by vibration-induced size segregation. In addition,
Size 3 represents samples obtained from mussels removed from
the process line when applying a dimensional quality criterion.
This quality criterion responds to the requirement of the target
market for the final product (frozen whole and half-shell
mussels).

The ranges linked to each sample size is depicted in Table 3.
The average yield refers to the weight fraction of the meat
extracted from the discarded mussel in relation to the mussel total
weight.

As it is observed, the average yield value varies from 15% to
26% (dry basis), approximately. The latter value is similar to the
one expected for those mussels that meet the dimensional quality
criterion. This suggests an immediate opportunity for the valori-
zation of the meat recovered manually from the discarded mus-
sels. In fact, such an opportunity may be implemented by relying
on the current installed capacity of the production line. Additional
alternatives are examined in the “Current sustainability strategies
for mussel wastes” section.

Current handling and disposal of
mussel wastes

Recalling from Figure 3, the main solid wastes, that is, shells,
undersized mussels, byssus, and other molluscs, are derived from
initial stages as reception, washing, declumping, and byssus
removal. The solid residues are usually gathered, crushed and
milled, reducing their size for disposal purposes (i.e., to facilitate
the transportation to landfills or incineration) (Bugallo et al.,
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Table 4. Main sustainable alternatives for shells derived from industrial mussel processing.

Mussel by-products

Main valorization

References

Shells

Calcium carbonate
Calcium oxide

Calcium hydroxide
Calcium phosphate
(hydroxyapatite)
Bio-adsorbent for
pollutants

Antibacterial material
Biopolymer (chitin/chitosan)

Concrete aggregate

Soil amendment
Handicrafts and jewellery

Barros et al. (2009a), Hamester et al. (2012), Iribarren et al. (2010a), Lu
etal. (2018)

Abeynaike et al. (2011), Buasri et al. (2013), Felipe-Sesé et al. (2011),
Zhang et al. (2013])

Ferraz et al. (2019), Khan et al. (2018)

Bee and Hamid (2020), Edralin et al. (2017), Kumar et al. (2017), Macha
etal. (2013)

Chiou et al. (2014), Craggs et al. (2010), Luo et al. (2013), Paradelo

et al. (2016), Pefa-Rodriguez et al. (2013), Quintans-Fondo et al. (2016),
Romar-Gasalla et al. (2018), Seco-Reigosa et al. (2013, 2014)

Li et al. (2014, 2015)

Abdulkarim et al. (2013), Alabaraoye et al. (2018), Hamed et al. (2016),
Vakili et al. (2014)

Ballester et al. (2007), Barnaby (2004), Lertwattanaruk et al. (2012),
Martinez-Garcia et al. (2019], Mo et al. (2018), Nagi et al. (2020), Tayeh
et al. (2020), Yoon et al. (2004)

Alvarez et al. (2012), Paz-Ferreiro et al. (2012)

Food and Agriculture Organization of the United Nations (2020b)

2012; Iribarren et al., 2010b). Despite this common practice for
the solid waste management, references indicates that some pro-
ducers have already adopted a waste segregation alternative, spe-
cifically, to provide the removed shells to a third party for their
valorization (Iribarren et al., 2010a). Typically, liquid effluents,
derived from several sub-processes, are collected in a homogeni-
zation container where they are treated (Bugallo et al., 2012).
However, before a common WW treatment, and due to organic
load variation, as it has been pointed out in the “Mussel waste
characterization” section, specific treatment for HOL and LOL
effluents should be performed for a better removal of the pollut-
ing load (Barros et al., 2009b).

Current sustainability strategies for
mussel wastes

In a general context, the sustainable management of waste, at the
industry served by aquaculture, ranges from its transformation,
based on its nutritional value, to its use as biomass or fertilizer
(Lopes et al., 2015).

Although there are different recognized alternatives for the
transformation into by-products, it must be noted that several
options remains as “potential” or are limited by the technology
required for the implementation in an industry context. In con-
trast, the alternative of mussel shells processing to obtain CaCOj,
the available evidence confirms that the required technology is
fully established at the industry level (Barnaby, 2004; Bugallo
et al., 2012; Iribarren et al., 2010a, 2010b; Yao et al., 2014).

Strategies for shells’ valorization

In Table 4 to Table 8, the main by-products from mussel industry
processing are summarized, addressing their corresponding val-
orizations, pointing out reference sets as examples linked to each

by-product item. Each identified mussel by-product (i.e., shells,
byssus, residual meat, heterogeneous waste, and WW) may be
derived from one or more sub-processes.

As it is discussed next, excepting the removed shells, the rest
of the mussel waste is usually collected and compacted. Table 4
shows the current sustainability strategies for mussel shells.

The mussel shells by-product as an aggregate for cement, con-
stitutes the most established organic waste recovery for sustain-
ability purposes in the industrial processing of bivalve molluscs
(Hart, 2020; Mo et al., 2018).

The shells are mainly composed of naturally formed CaCOs;, the
mineral phase being calcite with some argonite. The main chemical
composition of seashells is similar to limestone, consisting mainly of
CaCOs;, with small fractions of other carbonates and oxides.

In general, the technology required for the transformation
of this waste consists of three fundamental processes: wash-
ing, calcining and crushing to the required size (Mo et al.,
2018). During the washing process, the NaCl content of the
seashell waste is removed, while heating or calcination is per-
formed to remove water and organic materials (Ballester
et al., 2007). When seashell wastes are used as aggregate,
crushing is required to ensure that smaller fractions are
obtained, and a more rounded shape of the seashell is required
to improve adhesion to the cement, as well as to reduce voids
(Yoon et al., 2004).

Iribarren et al. (2010a), based on data collected from a canned
mussel processing plant, indicate that from 100 tonnes of waste,
consisting of shells and other organic remains, 56% of this waste
is shells, while the rest (44%) represents various organic remains.
The same authors report that 65 tonnes of CaCO; can be pro-
duced from processing 100 tonnes of waste.

In contrast to the alternative to produce CaCO, (Barros et al.,
2009a; Hamester et al., 2012; Lu et al., 2018), other options have
emerged for shells’ valorization, such as bio-absorbent for
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pollutants, which results from transformation into a powder
through a conventional process of fine grinding (Paradelo et al.,
2016; Pefia-Rodriguez et al., 2013; Quintans-Fondo et al., 2016;
Romar-Gasalla et al., 2018; Seco-Reigosa et al., 2013, 2014). In
this case, its performance has been proven to mitigate soil con-
tamination from soluble fluoride, which, in significant quantities,
can be attributed to industrial activities such as aluminium pro-
duction or phosphate-containing fertilizers (Quintans-Fondo
et al., 2016). For instance, Quintans-Fondo et al. (2016) exam-
ined the fluoride absorption and desorption performances in for-
est, vineyard, pyrite material, granitic material and finely ground
mussel shells (<1mm.), as well as in soil types, adding to each
48 T/ha of finely ground shell residues. Although the results indi-
cate that the absorption of soluble fluoride by powdered shells
alone is the lowest (i.e., 34%, according to the reported results),
adding them to pyritic material not only results in the best absorp-
tion levels, above 80%, but also the addition does not decrease
the original desorption of the pyritic material from the fluoride
(Quintans-Fondo et al., 2016). Though it is concluded, on the
basis of the experimental results reported in Quintans-Fondo
et al. (2016), that fluoride retention can be increased by adding
pulverized mussel shell residue, additional tests are required to
evaluate fluoride absorption by pH and temperature analysis.

Similarly, the potential use of this residue to filter highly con-
taminating metals present in aqueous solutions has been evalu-
ated, for example by Craggs et al. (2010), Paradelo et al. (2016),
Pena-Rodriguez et al. (2013), and Romar-Gasalla et al. (2018).
As an example, in Seco-Reigosa et al. (2014) three mixtures of
different industrial wastes are examined for the retention of arse-
nic, chromium and mercury. This study focuses on the waste
from the incineration of the shells, which, due to its physical and
chemical characteristics, is complex to recycle (Seco-Reigosa
et al., 2014). According to the reported results, two mixtures,
with different percentages of: ash from calcined shells, from mud
and shells, and from wood ash, showed significant retention of
mercury (98%) and arsenic (over 90%). This percentage is lower
for chromium (32%) (Seco-Reigosa et al., 2014). The findings in
Seco-Reigosa et al. (2014) endorse the potential application of
this organic waste to form mixtures, in order to absorb residual
contaminating elements derived from high-contaminated indus-
tries such as, for instance, mining. Comparing this valorization to
the production of CaCOj, the transformation of the mussel shells
into bio-absorbent material, despite the availability of industrial
technology, has not achieved a similar diffusion.

A promising approach to shells’ valorization is based on chitin
and chitosan extraction (Abdulkarim et al., 2013; Alabaraoye
et al., 2018; Hamed et al., 2016; Vakili et al., 2014). Chitin
(C4H,;05N), is a natural polysaccharide, contained in the shell of
the shrimps and crabs, cartilage of the squid, and in the exoskel-
eton of arthropods (Abdulkarim et al., 2013; Hamed et al., 2016).
Chitosan is also a natural polysaccharide, derived from chitin.
Both have important biological activities such as anti-cancer,
antioxidant, and immune-enhancing, and they can be used in
diverse industrial applications (e.g., medical, cosmetic, food, and
textile) (Hamed et al., 2016). Chitin can be industrially extracted

from marine food processing industries; mainly from crustacean
shells, such as shrimp and crab shells or krill (Hamed et al., 2016;
Kaur and Dhillon, 2015). It has been estimated that sources from
marine ecosystems provided 1328 megatonnes of chitin per year
(Cauchie, 2002).

The industrial extraction process for chitin comprises various
chemical sub-processes, such as demineralization, deproteina-
tion, bleaching and decoloration, and deacetylation (Abdulkarim
et al., 2013; Hamed et al., 2016). The chitin extraction is per-
formed by acid and alkali solutions at high temperature, during a
prolonged incubation time. This extraction method affects the
physico-chemical properties of chitin, increasing the cost of the
chitin purification process and, paradoxically, producing effluent
WW (Dhillon et al., 2013). As a result of those disadvantages,
biological extraction techniques are gaining wider attention
(Kaur and Dhillon, 2015). Although crustaceans, crab and shrimp
shells are recognized as the main industrial sources for chitin, it
is worthy to notice that authors have reported a 23.25% chitin
content in mussel shells (Abdulkarim et al., 2013), a similar per-
centage content estimated in some of the aforementioned sources
(El Knidri et al., 2018).

Strategies for byssus valorization

The byssus has the function of fixing the mussel to an underwater
substrate. The byssal threads provide to mussel a robust adhesion
to wet, NaCl-encrusted, corroded and slimy surfaces (Lee et al.,
2011). Together with the shells, it is a distinctive waste in the
industrial mussels processing. In the industrial process line, this
residue comes typically from the shell washing and debyssing
sub-processes (S4.1.6 in Figure 3). Table 5 presents the sustain-
able options for this waste.

Given its physical-chemical characteristics, byssus can be
used to obtain collagen and bio-adhesives, both of which are used
in the pharmaceutical, cosmetic or food industries (Coyne et al.,
1997; Harrington et al., 2018; Kaushik et al., 2015; Renner-Rao
et al., 2019; Yu et al., 1999). However, obtaining collagen from
byssus processing remains in development, at the experimental
context (Renner-Rao et al., 2019; Suhre et al., 2014). The required
technology has not been extended to an industrial level (Naik and
Hayes, 2019). The same applies to the technology needed for
the industrial production of bio-adhesives. The technological
resources for this transformation on an industrial scale are still
limited by the associated production costs and, therefore, remain
in research and development phases (Naik and Hayes, 2019).
Due to this, the current valorization of this organic waste is more
likely to come from alternatives to manage the heterogeneous
waste, which is described later in this article.

Strategies for residual meat

Table 6 outlines several sustainable options to deal with residual
mussel meat. An immediate use of residual mussel meat can come
from the yield obtained from the discarded mussels due to dimen-
sional criteria. This alternative, although in a lesser contribution,
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Table 5. Main sustainable alternatives for byssus waste derived from industrial mussel processing.

Mussel by-product  Main valorizations

References

Byssus Collagen

Byette et al. (2014), Coyne et al. (1997), Montroni et al. (2018), Renner-

Rao et al. (2019), Suhre et al. (2014)

Bio-adhesives

Cha et al. (2008), Harrington et al. (2018), Kaushik et al. (2015), Lee

et al. (2011), Naik and Hayes (2019), Wiegemann (2005}, Yu et al. (1999)

Bio-absorbent for dye pollution

Montroni et al. (2017)

Table 6. Main sustainable alternatives for residual meat waste derived from industrial mussel processing.

Mussel by-product Main valorizations

References

Fertilizer
Additive for fish meal, mussel meal

Residual meat

Emulsions

Food flavouring agent
Isolate proteins
Peptides

Barnaby (2004), Kuo et al. (2004), Spangberg et al. (2013)
Iribarren et al. (2010b), Langeland et al. (2016), Muminovi¢
(2011), Waldenstedt and Jonsson (2006), Weiss and Buck (2017)
Iribarren et al. (2010a)

Breternitz et al. (2017)

Vareltzis and Undeland (2012), Wang et al. (2013)

Beaulieu et al. (2013)

may be also for the remains of meat attached to the shells, even
after the cooking sub-processes.

A frequent option is to supply this waste to a third party to use
it as a raw material for fishmeal processing (Iribarren et al.,
2010b; Langeland et al., 2016; Weiss and Buck, 2017). In addi-
tion, and as another alternative to reduce the volume of wastes
going to the landfills, the residual meat has been suggested and
investigated for composting purposes (Barnaby, 2004; Kuo et al.,
2004; Spangberg et al., 2013).

Another potential option is using residual meat as an input to
prepare emulsions. The technology required for this transforma-
tion is similar to the one employed in other industries, that are
also served by aquaculture activity (Iribarren et al., 2010a), such
as the tuna and salmon industries, in which it is well established
(Aquerreta et al., 2002). Despite its technical feasibility on an
industrial scale, this alternative has not been fully exploited.
Based on the application of LCA, other researchers have sug-
gested the potential of this alternative by conducting a hypotheti-
cal exercise using production and process data from a canned
mussel production plant (Iribarren et al., 2010a). According to
this hypothetical exercise, 100 Mt of mussel meat residue could
be used as input to produce, approximately, 278 Mt of emulsion
or spreadable mussel meat (Iribarren et al., 2010a).

The lipid and protein content in mussel meat has also been a
subject of interest, in order to study its use in the preparation of
nutritional supplements or functional foods (Vareltzis and
Undeland, 2012; Wang et al., 2013). However, this option has not
been fully developed, and it still remains in the area of research
and development (Naik and Hayes, 2019).

Furthermore, flavouring agents obtained from mussel meat by
the microencapsulation technique (Breternitz et al., 2017), is
another evaluated option for managing this waste, which may be
taken into account for mussels discarded only on the basis of
dimensional criteria. In the food industry, the production of fla-
vourings is widespread. In fact, the microencapsulation spray
drying technique is one of the most widely used techniques for

obtaining flavourings (Breternitz et al., 2017). In this regard,
consumer acceptance of this option has been evaluated by pro-
ducing a flavouring, based on an experimental test, applied to a
frozen sample of Perna perna mussel meat (Breternitz et al.,
2017). The flavouring has been obtained by microencapsulation
of meat protein, which has been synthesized through enzymatic
hydrolysis. The results of the flavouring’ sensory acceptance sug-
gest the potential of this alternative. In fact, revised references
confirm the commercial availability of this alternative (e.g.,
Carnad A/S (n.d.).

Strategies for heterogeneous waste

The sustainable management alternatives discussed in the afore-
mentioned paragraphs require the implementation of waste seg-
regation practices. Nevertheless, as a result of waste compaction,
the waste in the industrial mussel processing is mainly heteroge-
neous. Even, from the shell removal sub-process (S4.3.3 in
Figure 3), the shells present tissue residues, which is a limitation
to obtain CaCO; efficiently. In fact, during the pre-processing
phases (S4.1 in Figure 3), a large amount of heterogeneous waste
is generated. Although this type of waste is still common at the
industrialized mussel processing, it has not been widely exam-
ined in the technical literature as it occurs for the other mentioned
waste categories, which require waste segregation processes.
Consequently, the efficient management of this organic debris on
an industrial scale is still the major focus of interest for mussel
processing plants.

Table 7 depicts the alternatives for this type of waste, pro-
posed by several identified references.

The most common alternatives for the valorization of the het-
erogeneous organic waste are those linked to its use as fertilizer
and as biomass (e.g., Messiga et al., 2016; Wollak et al., 2018).

The controlled decomposition of this organic waste is the
means of transforming the waste into fertilizer. The decomposi-
tion must be such that the nutrients for the plants can be
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Table 7. Main sustainable alternatives for heterogeneous waste derived from industrial mussel processing.

Mussel by-product Main valorizations References

Barnaby (2004), Messiga et al. (2016), Spangberg et al. (2013)
Ammenberg and Feiz (2017), Feiz and Ammenberg (2017), Nkemka and Murto (2013],

Heterogeneous Fertilizer
waste Biomass
Rezaei et al. (2013]), Wollak et al. (2018)
Peptides Beaulieu et al. (2013)

assimilated. Fertilizer efficiency is usually associated with the
presence of nitrogen (N), phosphorus (P) and potassium (K),
which are basic and necessary elements in general application
fertilizers. As a fertilizer, experimental evidence (e.g., Barnaby,
2004) suggests that mussels’ tissue, while it can be used for this
purpose, is less effective than a general-purpose commercial fer-
tilizer (Barnaby, 2004). Moreover, this effectiveness is reduced
when the fertilizer is obtained from residual tissue or meat with
presence of shell remains. The high CaCO; content of the shell
will buffer the pH of the mix at a level closer to 8.0 making pH
control difficult. In addition, while the levels of N and P are simi-
lar to those found in a commercial fertilizer of general applica-
tion, the lack of K content represents a limitation, which can be
mitigated by mixing with other organic waste (Spangberg et al.,
2013). This mixture also improves its odour characteristic.
Furthermore, such potassium deficiency can be compensated for
by adding potassium permanganate, or potassium hydroxide
(Barnaby, 2004). More recently, sediments derived from blue
mussel (Mytilus edulis) industrial processing, have been tested,
and compared with synthetic fertilizer, as a sustainable option to
improve annual ryegrass and tomato plants’ growth (Messiga
et al., 2016). However, mussel sediments have shown lesser
effectivity as fertilizer when compared with synthetic fertilizer.
Related to its limited performance is that sediments analysis has
revealed some variability on N, P, K and Ca contents, which
depends on time and harvest location, showing also a better per-
formance as fertilizer for acid soils (Messiga et al., 2016) — this
by-product has been successfully tested. Nevertheless, this
organic waste is a proved source of micronutrients for crops, and
despite its limited efficiency, it may help to reduce the synthetic
fertilizer use. However, evidence has also been found that mus-
sels concentrate some dangerous heavy metals such as cadmium,
much of which will be partitioned into the waste stream (Bias and
Karbe, 1985). Therefore, some of these heavy metals will also
concentrate in plants, implying a potential issue with fertilizer.
On the other hand, the capacity of heterogeneous waste to
constitute biomass, or to generate biofuels, has also been investi-
gated (e.g., Nkemka and Murto, 2013; Rezaei et al., 2013).
Anaerobic digestion of waste, consisting of mussel shells and
meat, has been experimentally evaluated to identify its efficiency
in biogas production. According to Nkemka and Murto (2013),
the results indicate that the efficiency of methane production is
lower when the biomass is made up of meat and mussel shells,
compared to the efficiency obtained when the biomass is made
up of only mussel meat. In addition to questioning the use of this
residue, consisting of meat and shells, as a biomass, the authors
also warned of a risk of ammonia. To overcome this issue, they

proposed to add low N substrates to aerobic digestion (Nkemka
and Murto, 2013). It also worthy to notice that, under anaerobic
condition, mussels’ shell is inert, but it will buffer the solution
against acid instability.

Also, in an experimental context, the production of calcium
oxide (CaO) from the process of calcination of the shells has been
examined, as CaO is a catalyst for the production of biodiesel.
Using response surface methodology, researchers Rezaei et al.
(2013) explored the effects of calcination temperature, catalyst con-
centration and molar ratio of methanol to oil used in the investiga-
tion (soybean oil). The results indicate that using a calcination
temperature of 1050°C, a catalyst concentration of 12% and a molar
ratio of 24:1, it is possible to produce biodiesel with the highest
purity value (Rezaei et al., 2013). Despite these promising results, it
has to be taken into account that most lime is still made from lime-
stone that is an abundant, common and inexpensive mineral.

Those references coincide in that the efficiency of the waste,
for an energetic use, is weakened due to its heterogeneous condi-
tion. Particularly, an issue of technological origin arises when
dealing with the presence of shells in this organic waste. The
shells must be crushed, a condition that favours sedimentation
and makes the operation of the digester difficult. This can be
overcome by using multi-stage digesters (Ammenberg and Feiz,
2017). However, such a solution is still being explored in pilot
schemes (e.g., Nkemka and Murto 2013), without having plenty
of evidence for its availability at the industrial level.

An interesting potential solution has been explored by Beaulieu
et al. (2013) at pilot scale. They processed 100kg of heterogeneous
waste (i.e., damaged shells and non-commercial size mussels),
coming from a production line of blue mussel (M. edulis), in order
to obtain protein hydrolysates (peptides) by a pilot scale enzymatic
hydrolysis process. Although this work focuses on the recovered
protein hydrolysates’ anti-proliferative activity (i.e., inhibition
growth), tested and validated on four immortalized cancerous cell
lines, it must be also highlighted that the proposed process for the
heterogeneous waste is as an alternative, in relation to conventional
strategies, such as those discussed before. The authors recognized
the necessity to improve this still experimental process, to generate
bioactive peptides of interest, suggesting, among other factors, that
the removal of mussels’ shells is required to enhance the recovery
of bioactive peptides, since presence of CaCO, affects the enzy-
matic hydrolysis (Beaulieu et al., 2013).

Strategies for WW

The WW derived from cooking the whole mussel or its meat, has
an organic load that, instead of being treated regularly as an
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Table 8. Main sustainable alternatives for WW derived from industrial mussel processing.

Mussel by-product ~ Main valorizations

References

Wastewater Concentrate for food industry

Substrate for bioproduction of astaxanthin,
gibberellins, amylases, glucose oxidase, citric acid,
pediocin, hyaluronic acid, and single cell proteins

Cros et al. (2004, 2005), Song et al. (2019)
Gonzalez et al. (1987), Mirdn et al. (2010), Murado
et al. (1997), Pastrana et al. (1993), Pintado et al.
(1993), Prieto et al. (2015), Rodriguez Amado and
Vazquez (2015), Vazquez et al. (2004, 2010a)

effluent, can become a by-product, given its nutritional value
(Cros et al., 2004). Several alternatives have been explored for
WW, as it indicated in Table 8. For example, research carried out
by Cros et al. (2004) concluded that it is technically feasible to
treat the WW from mussel cooking, in order to produce a concen-
trate for the food or animal feed industries. By means of well-
established
electrodialysis and reverse osmosis processes, applied to WW
samples recovered from the industrial cooking of M. edulis, the
aforementioned researchers reported obtaining a concentrate that

industrial techniques such as centrifugation,

retains the original aroma characteristics of the water used for
cooking. Although their paper warns that an economic feasibility
study should be carried out, the results of the concentrate’s chem-
ical characterization, as well as a sensory evaluation by a panel of
experts, support this potential option. In fact, the commercial
availability of this by-product is already known (e.g., Carnad
A/S, n.d.).

The mussel processing WW has also been explored as a natu-
ral source to synthesize astaxanthin (Rodriguez Amado and
Vazquez, 2015), a broad-spectrum carotenoid used in the phar-
maceutical, food and cosmetic industries (Guerin et al., 2003).
Currently, the natural source for astaxanthin is the green fresh-
water algae (Haematococcus pluvialis). In fact, its production is
higher than yeasts, the preferred source for astaxanthin biopro-
duction on an industrial scale, due to their higher growth rates
and easier cultivation conditions (Bumbak et al., 2011).
Nevertheless, the growing demand for this carotenoid has also
contributed to examining other alternatives, employing low-cost
substrates such as those derived from food waste (Gervasi et al.,
2019).

Despite the reported results (Rodriguez Amado and Vazquez,
2015) suggesting that mussel processing WW is a promising
nutritive medium for astaxanthin, even higher than a synthetic
industrial media (i.e., yeast peptone dextrose), those results are
kept in an experimental framework, emphasizing the potential of
this option, but without contrasting results with the other natural
sources already used for astaxanthin bioproduction.

In a similar context, mussel processing WW has been success-
fully evaluated as a carbon substrate for a diverse number of
microbial bioproducts, such as gibberellic acid (Pastrana et al.,
1993), single cell proteins (Gonzalez et al., 1987), glucose oxi-
dase (Miron et al., 2010), citric acid (Pintado et al., 1993), pedi-
ocin (Vazquez et al., 2004), hyaluronic acid (Vazquez et al.,
2010b), and amylases (Murado et al., 1997). Though there are
promising laboratory results, reported by several studies,

the outcomes also confirm the necessity to optimize the corre-
sponding procedures, as well as industrial-scale trials develop-
ment for validation purposes (Prieto et al., 2015).

Conclusion and perspectives

There are several, and well recognized, alternatives towards to a
sustainable management of organic waste derived from the myt-
iliculture industry. Nevertheless, a vast majority of them still
remain in an experimental context, in a development phase, or
are limited by uncertainties linked with their technical-economic
feasibility for an industrial scale development. Consequently,
future research should be oriented towards technology develop-
ment for the commercial availability of the majority of the above
sustainable options revisited, in conjunction with the implemen-
tation of human health and environmental safety polices.

In the light of the conducted review, the following conclu-
sions can be stated:

(a) Mussels shells’ valorization alternatives are the most imple-
mented waste sustainable strategies on an industrial scale.
There is plenty of evidence for their industrial waste valori-
zation. Mussels shells constitute a reliable source of CaCOj,
calcium hydroxide and CaO.

(b) Byssus threads’ valorization remains as a potential alterna-
tive in an industrial context. They are mainly an object of
interest due to their biological adhesion capacity and ability
to attach to wet fouled surfaces, receiving, therefore, atten-
tion for biomedicine applications. However, there is still a
gap between the results confined in a laboratory environ-
ment and a functional extraction of their adhesive proteins.
Restrictions are on limited yields of these proteins as well as
on costly extraction procedures.

(¢) Employing residual meat as additive for fishmeal or as a
source to produce mussel meal are the most common indus-
trial valorizations. It is worthy to notice that, even though the
required industrial technology is well established, other sus-
tainable options such as emulsions for human consumption
or as food flavouring agents are not quite extended in an
industrial context. Furthermore, the physical characterization
practised on rejected mussels’ samples suggests that it is fea-
sible to obtain up to a similar yield to those mussels that meet
the dimensional criterion. Therefore, the recovery meat could
be either supplied to a third party or reprocessed for a produc-
tion oriented to another market.
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(d) Production of aromatic mussel concentrates from WW
derived from a cooking process is also a feasible industrial
valorization. In fact, this valorization is already commer-
cially available. Plenty of experimental evidence points out
that mussel processing WW can be also used as a growth
medium for bioproduction.

(e) The heterogeneous mussel waste constitutes a significant
limitation for an efficient development of the sustainable
strategies revisited above. As it has been mentioned, com-
monly, heterogeneous waste is generated when solid mussel
waste is compacted due to disposal purposes. While waste
segregation is not fully implemented, the challenge will be
dealing with this waste configuration. Even the efficiency of
well-established options, such as obtaining CaCO; from
shells or transforming it into fertilizers or biomass, are
affected by the waste’s heterogeneity.

Furthermore, the outcomes from this review also give rise to the
following perspectives:

(a) Mussels shells can be valorized as a bio-absorbent for pol-
lutants, or even as a soil amendment. A promising approach,
for future research on the valorization of this specific waste,
is the development of feasible industrial techniques for the
extraction of chitin and chitosan.

(b) Because of limitations for a functional extraction of byssus
proteins, research efforts have been oriented to develop
hybrid types of mussels’ byssus-inspired adhesive proteins.

(¢) Development of research to improve the production effi-
ciency when mussel WW is used as a growth medium for
bioproduction is still required to reduce the gap between
these alternatives and their industrial implementations.

Interventions in the process line, aimed at early implementation
of waste segregation sub-processes, from stages such as raw
material pre-processing and quality control stages, are short-term
strategies, with low difficulty and low associated cost, to facili-
tate the incorporation and improvement of sustainable manage-
ment in this industry.
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