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Abstract

Purpose This study performs an exploratory comparative
evaluation of various animal and vegetable protein and lipid
sources, used as feed in the aquaculture industry. The ingredi-
ents studied include fishmeal (FM) and fish oil (FO) from
fisheries by-products, meal and fat by-products from poultry
slaughter, FM and FO from Peruvian anchovy capture, and
soybean meal and oil. The boundaries studied include the
production or capture, the ingredient processing unit and the
transport to the unit that processes the ingredients into
aquafeeds in Portugal.

Methods The LCA impact assessment method is the CML-IA
baseline V3.04/EU25 and the results were obtained for the
characterisation step. Some of the inventory data were collect-
ed from a Portuguese company (Savinor) that processes both
by-products from local fisheries and by-products from poultry
production. Savinor provided data specifically associated with
the ingredients’ production. Obtained data were
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complemented with literature data from: fish capture and
poultry production. Inventory data for the production of ingre-
dients from Peruvian anchovy and soybeans were retrieved
from literature. It was assumed that the transport of the ingre-
dients produced from Peruvian anchovy, between Lima and
Rotterdam, is made in a transoceanic vessel, and it is consid-
ered a transport by truck between Rotterdam and Ovar, for
soybean ingredients and FM/FO produced from Peruvian
anchovy.

Results and discussion This paper shows that poultry meal
and poultry fat from poultry slaughter by-products have the
larger contribution to all environmental impact categories
evaluated, being the production of poultry the life cycle stage
that contributes most to the overall categories. On the other
hand, FM and FO from Peruvian anchovy were the ingredi-
ents with a lower contribution to all impact categories, except
for abiotic depletion category, for FM from Peruvian anchovy,
and abiotic depletion, abiotic depletion (fossil fuels) and
ozone layer depletion for FO from Peruvian anchovy. For
these categories, soybean meal and oil had lower impacts,
respectively. The ingredients were compared by classes (pro-
tein and lipid sources).

Conclusions A general conclusion is that soybean meal and
oil and FM/FO from Peruvian anchovy appear to be very
interesting options for aquafeeds from an LCA perspective.
However, some limitations identified for this study, as, for
instance, that it does not account for the environmental bene-
fits associated with the use of the mentioned by-products, that
would otherwise be considered wastes (i.e. by-products from
the fish canning sector and poultry slaughter) shall be evalu-
ated in future studies.

Keywords Aquafeedingredients - Animal by-products - LCA
(life cycle assessment) - Lipid sources - Protein sources -
Sustainable aquaculture
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1 Introduction

Aquaculture plays a relevant role in the current status of the
fish and seafood production systems. In comparison with oth-
er food industries, aquaculture had the largest growth rate
(8.3%) between 1970 and 2009 (Duarte et al. 2007).
According to FAO (2016), in 2014, about 44% of the fish
consumed worldwide was from aquaculture, and an increase
of 70% in aquaculture production was estimated for the future
(FAO 2016). The increase in consumption of fish and seafood
from aquaculture has some drawbacks, one of the most rele-
vant being the required need of an accompanying growth in
aquaculture feeds (Naylor et al. 2000). On one hand, the aqua-
culture’s great dependency from marine resources used to
produce fishmeal (FM) and fish oil (FO) for aquafeeds may
likely hinder the growth of this sector (Natale et al. 2013). On
the other hand, the aquaculture industry has recently made
great efforts to find alternative feed ingredients that resulted
in a decrease in the incorporation of FM and FO in aquafeeds
(Klinger and Naylor 2012). In fact, for some fish species, it is
nowadays possible to produce aquafeeds mostly from vegeta-
ble ingredients (Izquierdo et al. 2003; Montero et al. 2005,
2008; Rana and Hasan 2009; Karalazos et al. 2011; Messina
et al. 2013). Moreover, the use of some land animal meals in
aquafeeds has recently been re-allowed in Europe, enabling
the incorporation of land animal by-products as nutrient
sources for fish diets (Klinger and Naylor 2012). FM and
FO, however, which are obtained either from low commercial
valued fish or from by-products (generally from the fish can-
ning industry), still remain the preferred ingredients, because
they (i) are still largely available; (ii) have an excellent palat-
ability and digestibility for aquaculture fish; (iii) contain a
suitable profile of amino acids and essential minerals; (iv)
are a rich source of long chain highly unsaturated fatty acids
(n-3 LC HUFA); and (v) bring health benefits to the animal,
improving the immunological status, the survival rate and re-
ducing the incidence of malformations (Rana and Hasan
2009; Rust et al. 2011). A more sustainable perspective for
aquaculture will thus have to look at alternative ingredients
that do not compromise the growth and quality of fish. These
alternatives may be roughly divided into three groups: (i) FM
and FO from processed by-products (generally from the fish
canning industry), (ii) vegetable sources and (iii) land animal
sources.

FM and FO from processed fish by-products have a quite
similar nutritional profile to FM and FO produced directly
from fisheries (Klinger and Naylor 2012); FM from by-
products will generally have a higher mineral content (ash)
and, consequently, lower protein levels. However, according
to Ziegler et al. (2016), the yield is dependent of (i) the species
fished, (ii) age, (iii) size and (iv) fishing season.

Vegetable alternatives to FM and FO have, among others,
some limitations, such as (i) the presence of anti-nutritional
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factors, (ii) high fibre content, (iii) unbalanced amino acid
profile and (iv) poor digestibility (Rana and Hasan 2009).
However, some of these limitations can be overcome through
technological manipulation (e.g. enzymatic treatment) (Olsen
and Hasan 2012), or by using a natural selection process,
where the individuals that demonstrate better feed conversion
ratios using vegetable diets are selected (Rust et al. 2011;
Klinger and Naylor 2012).

Other group of alternative ingredients to FM and FO are
processed land animal by-products. In Europe, these ingredi-
ents have been recently reintroduced in aquafeeds, with some
limitations mentioned in the Commission Regulation EU N°
56/2013 (2013). Only category 3 by-products can be used in
aquafeeds, and these are parts of slaughtered animals suitable
for human consumption, but that would otherwise be wasted
(e.g. bruised meat, offal, bones). The benefits of using proc-
essed land animal proteins include their good amino acid pro-
file and high digestibility for fish, resulting in an adequate fish
growth (Klinger and Naylor 2012). The current market reality
is already making use of ingredients made from vegetable and
animal by-products. This is to say that most of the commercial
aquafeeds include these protein and lipid sources.

The environmental impact associated with most FM and
FO alternatives, as far as we are aware of, has been poorly
evaluated. Nevertheless, it is an important issue that enables
the comparison and evaluation of possible environmental en-
hancements. Life Cycle Assessment (LCA) has been used to
evaluate the environmental impact associated with feed pro-
duction (Pelletier and Tyedmers 2007; Davis et al. 2010;
Iribarren et al. 2012; Samuel-Fitwi et al. 2013). Although
results are not consensual, in general, a low/moderate substi-
tution of FM and FO by vegetable ingredients leads to envi-
ronmental benefits (Pelletier and Tyedmers 2007; Davis et al.
2010; Iribarren et al. 2012; Samuel-Fitwi et al. 2013). But it is
not possible to generalise and assume that the total substitu-
tion of marine ingredients by vegetable sources will decrease
the environmental impact of aquafeeds. This is related to the
low digestibility and difficulty of some fish species in process-
ing vegetable ingredients (Pelletier and Tyedmers 2007).
According to Papatryphon et al. (2004), from an environmen-
tal impact perspective, the replacement of FM and FO with
processed animal proteins and fats has advantages when com-
pared with the use of vegetable alternatives. The energy sup-
ply type and country energy mix, the access to raw materials,
commercial models, efficiency of production of the raw ma-
terials (fisheries, agricultural production) and type of fuel used
are, among others, factors that also affect the environmental
impacts associated with the various feedstuffs.

As mentioned above, most LCA studies focus on fish diets
and analyse ingredient replacement, comparing a standard diet
with experimental formulations, with varying amounts of al-
ternative ingredients (Papatryphon et al. 2004; Davis et al.
2010; Boissy etal. 2011). The few studies that analyse a single
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ingredient do not make use of any company specific data.
Iribarren et al. (2012) have, in fact, used real values with the
collaboration of a specific company, including the production
of feeds for a specific fish species, but lost the focus on the
individual ingredient.

The LCA of some of the most common protein and fat
sources used in aquafeeds (fishmeal (FM) and fish oil (FO)
from by-products from Portugal, poultry by-products’ meal
and fat from Portugal, FM and FO from Peru, and soybean
meal and oil from Brazil) has, to our knowledge, never been
determined. To evaluate the environmental impact of the
Peruvian anchovy ingredients and of the ingredients resulting
from soybean processing, inventory data available in the pub-
lished literature was used. In order to cover all the other in-
gredients, specific data from a Portuguese company (Savinor),
that produces meals and fats from animal by-products, were
collected and used to assess their respective environmental
impacts. This study aimed at providing a robust comparative
analysis among various ingredients currently used in
aquafeeds.

2 Methods

According to NP EN ISO 14040 2008, and following this
method’s mandatory steps, this study assesses the environ-
mental impacts of ingredients from animal and vegetable
sources used in aquaculture feeds. Four protein sources (FM
from fisheries by-products, poultry meal from poultry by-
products, FM from Peruvian anchovy and soybean meal)
and four lipid sources (FO from fisheries by-products, poultry
fat from poultry by-products, FO from Peruvian anchovy and
soybean oil) were considered.

The data related with the industrial processes associated
with fishmeal from fisheries by-products, poultry by-product
meal, FO from fisheries by-products and poultry by-product
fat were collected in a Portuguese company (Savinor S.A.).
Savinor is a Portuguese company specialised in the collection,
treatment and valorisation of animal by-products. The compa-
ny produces ingredients (meals and fats) for aquafeeds and pet
food and is responsible for around 30 and 65% of the
Portuguese production of ingredients from poultry and fish
by-products, respectively. Figure 1 presents the system bound-
aries considered for each ingredient.

In this study, the crude contents (of protein and lipids) for
each ingredient is the following: FM from fisheries by-
products and from Peruvian anchovy have, respectively, ap-
proximately, 65% (Savinor) and 65.4% crude protein (NRC
2011). Poultry by-products meal has about 70% (Savinor) and
soybean meal has 44% (NRC 2011). All fat sources have
about 99-100% of crude lipids.

Our study is attributional and thus uses allocation. Mass
allocation was used and the results obtained are expressed

by metric ton of aquafeed ingredient produced. This approach,
together with the details on the crude contents for each ingre-
dient, may assist to an informed environmental decision
concerning the overall impacts of ingredients currently in
use in the formulation of aquafeeds.

The physical unit (mass, expressed in metric tons) chosen
for the present study is considered the most appropriate ap-
proach for co-product allocation over other options, from an
aquafeed industry perspective. Energy-based allocation was
not considered adequate, since the aquafeed industry uses in-
gredient mass as a reference when formulating the aquafeeds.
The results obtained with mass allocation fulfill the needs of
the aquafeed industry when the aim is the comparison among
ingredients (either lipid or protein) from different origins.
Similarly, economic allocation was not considered adequate,
since this type of allocation may result in increased complex-
ity in the interpretation of LCA results. The available literature
on this subject state that, for some cases, prices summarise
complex attributes of product not easily correlated with phys-
ical units (Ardente and Cellura 2012). This is valid for the
present study, due to the large fluctuation of market prices
observed for some of the ingredients in focus (e.g. fishmeal
meal and fish oil—Tacon and Metian (2008); FAO (2012)).
The price fluctuations throughout time for these ingredients
are a good example of a low correlation between prices and
physical units. For these reasons, we chose to our results in a
physical unit, i.e. mass of the aquafeed ingredient.

2.1 Scope definition

For the selected ingredients, the stages considered in-
clude fishing (in the case of fish used to produce FM
and FO), the transportation to the processing unit and
the processing steps to produce the ingredient. This is
valid for the ingredients sourced from fisheries’ by-
products and the ones resulting from the use of
Peruvian anchovy. In the case of the poultry by-prod-
ucts, the poultry production, slaughter and processing of
by-products were all taken into account. Finally, for the
case of ingredients obtained from soybeans, the bound-
aries included the crop production and the processing
unit in Brazil, as well as the transport to the aquafeed
production unit in Europe (Ovar, Portugal). A more de-
tailed description of the boundaries per ingredient was
made (see Fig. 1). The construction and maintenance of
infrastructures and equipment, consumption of resources
or the production of emissions and wastes from admin-
istration, laboratory, canteen or offices are out of the
scope of this study.

The data refer to 1 t of ingredient used as the functional
unit. In the production of all ingredients mentioned above, the
capital goods production, maintenance and end of life were
not considered.
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Fig. 1 Boundaries considered for each one of the selected ingredients for aquafeeds

2.1.1 FM and FO production using by-products from fisheries

The production of FM and FO includes two main systems: the
fishing stage (S.1.) and the processing operations to obtain the
ingredients (S.2.). The by-products transportation between
S.1.and S.2. was also considered. This included the fish trans-
portation from the canning industry that supplies the by-
products to the processing unit where FM and FO are
produced.

S.1. refers to the fishing stage. According to Savinor,
the main species used to produce FM and FO from by-
products are sardine and tuna fish. These species are
essentially captured by using the purse seine fishing
method that was herein considered for the inventory of
the fishing stage. After landing, the fish is transported
to the canning industries (generally located close to the
harbours). According to Almeida et al. (2015) in the
canning industry, the fish is adjusted to the can size
and the head, tail and guts are cut off by using manual
work. The environmental impact of the manual work is
not relevant, neither is its energy consumption and, as
such, it was not considered in the present study. The
by-products of the canning industry are then collected
and transported by road to Savinor. For the inventory,
the fuel consumed, the detergents and disinfectants used
in cleaning the trucks that transport the by-products
were all considered. System S.2. reflects the processing
operations needed to obtain the two feed ingredients:
FM and FO from by-products.
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2.1.2 FM and FO production from Peruvian anchovy fishing

Two main systems associated with FM and FO pro-
duction were studied. S.1. refers to anchovy fishing
and the data were retrieved from Fréon et al. (2014).
S.2. refers to the processing unit where anchovies are
processed into FM and FO, and its description used
data from Fréon et al. (2017), who assessed the im-
pacts associated with three different options of FM
and FO production from the Peruvian anchovy. For
this study, we assume the data of Fréon et al. 2017,
choosing only Prime option, due to be the option more
similar to FM/FO from fisheries by-products, nutri-
tionally, and about manufacturing processes. S.l. has
similar inputs and outputs to the corresponding system
in 2.1.1. The nets and the construction of the fishing
vessels used for fishing were not considered, as they
only represent about 2.9% of all environmental im-
pacts of fisheries (Fréon et al. 2014). No local trans-
portation is required between the dock and the pro-
cessing unit in Peru. A pumping system redirects the
fish into the processing unit, located only hundreds of
meters from the ferry pier (Fréon et al. 2017).
However, the transport of FM and FO from Lima
(Peru) to the unit where the aquaculture feeds are pro-
duced, located in Ovar (Portugal), was considered.
This includes maritime transport from Lima (Peru) to
Rotterdam (The Netherlands), and finally the road
transport connecting Rotterdam to Ovar (Portugal).
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2.1.3 Poultry meal and fat production using by-products
from poultry slaughter

The poultry meal and poultry fat production system include
the poultry production (S.1.), the transportation of live poultry
to the slaughterhouse at Savinor, the activities occurring at the
slaughterhouse (S.2.) and finally, all processing steps needed
(S.3.) to obtain the feed ingredients. Savinor also has a poultry
slaughterhouse unit that provides category 3 by-products di-
rectly to the rendering unit, where they are processed into the
above-mentioned ingredients. In this case, transportation was
not considered for the inventory purposes, since the plants are
located on the same industrial site.

Poultry production occurs in several units external to
Savinor. The system also includes road transport from the
different production sites to the slaughterhouse facilities of
Savinor. System S.2. refers to the processes occurring at the
slaughterhouse. Only category 3 by-products from poultry
slaughter are used to produce feed ingredients. In System
S.3. cat. 3 by-products from other poultry slaughterhouses that
are sent to Savinor for processing, together with this
company’s own by-products, were considered. The fuel con-
sumed, detergents and disinfectants used in cleaning trucks
were considered for the inventory.

2.1.4 Soybean meal and oil production

Two main soybean meal and soybean oil production systems
were studied. The first one (S.1.) considered the agricultural
production of soya, and the second one (S.2.) the processing
unit transforming the soya beans into ingredients to be used in
aquafeeds. The soya produced in Brazil was selected since this
country is one of the largest world producers of soya. The
information from the two systems was retrieved and adapted
from the study by Cavalett (2008). The processing unit was
located 150 km away from the soya agro-production site and
the transportation was done by road. The railroad transporta-
tion (distance of 1000 km), between the soya processing unit
and the Santos dock (Brazil) was considered. Transportation
from Brazil to Rotterdam was maritime and from Rotterdam
to Ovar transport was done by road.

2.2 Inventory analysis

The inventory analysis was performed using SimaPro soft-
ware (version 8.3.0.). The Ecoinvent database (version 3.3.)
was employed as the principal source of background data. For
the fishing activities, data were retrieved from either Cavadas
(2013) or Fréon et al. (2014). The inventory data for the fish-
ing stage provided by Cavadas (2013) was selected due to the
fact that it is comparatively more complete than the data pre-
sented in other studies (e.g. Almeida et al. 2014). Cavadas
(2013) covers the emissions of a wider number of fishing

activities, namely, ice production, painting and antifouling
agents. In addition, data from Cavadas (2013) has greater
representativeness in terms of national fish captures.
According to INE (2012), the Matosinhos dock represents
35 to 40% of the overall sardine landings by Portuguese fish-
ing vessels. Data from poultry production was collected from
Lopes (2011). Data from poultry slaughtering was made avail-
able by Savinor. The inventory data from the processing units
(for ingredients from by-products of fisheries and poultry pro-
duction) were supplied by Savinor or estimated using activity
data from the company. The data from the processing units for
the ingredients from the Peruvian anchovy were collected
from Fréon et al. (2017) and that from soya of Cavalett
(2008). Data related to transportation were obtained from ei-
ther Savinor, MapQuest (2017) or SeaRates (2017). This pa-
per considers the most recent electricity mix for Portugal
available in IEA (2014). We have included in the inventory
tables the amount of the wastes produced in each phase but we
did not model the type of end of life options each waste goes
through. The reason for the exclusion of the end of life options
for the solid wastes from the ingredients processing units is
due to the lack of certainty associated with the type of treat-
ments that these wastes may go through after being produced.
Figure 2 describes the mass conversion relations for all the
ingredients analysed.

The inventory tables were built based on mass conversion
relations identified in Fig. 2. The same process (processing/
production units) will give origin to both ingredients (meal
and oil). We have used a conversion ratio to express mass
relation within the life cycle stages. This ratio was taken from
the literature for Peruvian anchovy and soybean-derived in-
gredients and from the personal contact with the Portuguese
company (Savinor, SA) for fish and poultry by-products in-
gredients. When using this conversion factor, both inputs (ma-
terials, water and energy) and outputs (emissions and wastes)
were allocated to the mass (1 metric ton) of ingredients (either
protein or lipid).

2.2.1 Production of FM and FO using by-products
from fisheries

Table 1 represents the inventory chart used for the fishing
system (S.1.), the processing unit (S.2) and the transportation
from S.1. to S.2. (to Savinor). Data for the fishing system were
adapted from Cavadas (2013) and for the processing unit ob-
tained from Savinor. The processing unit includes the follow-
ing processes: reception and storage of the raw material, mill-
ing, cooking and pressing. At the end of the pressing stage,
two types of products are obtained: solid and liquid. FM is
obtained from the solid products, after drying and milling the
processed by-products. FO is obtained from the liquid prod-
ucts after they are centrifuged to separate water from oil.
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The by-products are transported using Savinor’s own vehi-
cle fleet of trucks, with a load capacity between 3.5 and 20 t.
Information on the diesel consumption per vehicle and dis-
tance was made available by Savinor. The diesel consumption
was estimated and reported to 1 t of each ingredient produced.
Transport emissions were estimated by using background data
from SimaPro (version 8.3.0.). The inventory also considered
the use of cleaning agents used to clean the transportation
containers (agent Divosan Detcide).

At Savinor, several energy sources were used, such as elec-
tric energy and fuel and biomass energy. For biomass energy,
wood pellets were used. The water used in the production unit
mostly came from a groundwater hole. Savinor has a waste-
water treatment station. The treated residual and industrial
waters were unloaded in a nearby brook. In this study, all solid
residues not related to maintenance operations were consid-
ered, including the production of scrap and ordinary industrial
waste. This study also included the production of big-bags,
used for storage and transport of meal ingredients from
Savinor to the final client.

For the inventory, it was considered that the consumption
of energy, water and other materials was proportional to the
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mass of the by-product used to produce each ingredient. This
mass allocation considered that to produce 1 t of fishmeal
around 5 t of fish by-products are required, while for the pro-
duction of 1 t of FO around 23 t of fish by-products are nec-
essary. The amount of fresh fish required was calculated con-
sidering that around 50% of the fish used in the canning in-
dustry is discarded as by-products. Therefore, 10 and 45 t of
fresh fish are required to produce, respectively, 1 t of FM and
FO.

The impacts of fisheries are allocated by mass between the
edible portion for canning and the by-products formed during
the processing unit that are used to produce FM/FO. The out-
comes of the fishing activity we have looked at include edible
fish used in canning and by-products.

2.2.2 Production of FM and FO from Peruvian anchovy

The fishing/capture system (S.1.), the production system
(S.2.), the inventory for the maritime transport from Lima to
Rotterdam and finally, the road transport between Rotterdam
and Ovar (Portugal) are presented in Table 2. The fishing/
capture system (S.1.) was adapted from Fréon et al. (2014)
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Table 1 Inventory data for the
ingredients from by-products
from fisheries. Phases analysed
included S.1. fishing, S.2.
processing unit and the
transportation from S.1. to S.2.
Functional unit 1 t of ingredient

FM FO Unit
S.1. Fishing
Inputs
Caught fish 1.02E+01 4.54E+01 t
Diesel 1.23E+03 5.49E+03 kg
Lubricant 7.37E+00 3.29E+01 kg
Ice 1.37E+03 6.11E+03 kg
Antifouling agents 1.17E+00 5.21E+00 kg
Paint 2.12E-03 4.78E-03 kg
Nylon of fishing net 1.12E+01 5.00E+01 kg
Lead of fishing net 2.33E+00 1.04E+01 kg
Fishing net cork 2.27E+00 1.01E+01 kg
Low density polyethylene fishing net 1.90E+00 8.45E+00 kg
Outputs
Air emissions
CO, 3.89E+03 1.73E+04 kgCO,
N,O 9.85E-02 439E-01 kgN,O
CH, 2.83E-01 1.26E-01 kgCH,
CO 9.73E+00 4.34E+01 kgCO
NMVOC 6.03E+00 2.69E+01 kgNMVOC
SOx 7.39E-02 3.29E-01 kgSOx
NOx 8.31E+01 3.71E402 kgNOx
TSP 1.85E+00 8.23E+00 kg
PM,o 1.85E+00 8.23E+00 kg
PM, s 1.72E+00 7.69E+00 kg
Pb 1.60E-04 7.14E-04 kgPb
Cd 1.23E-05 5.49E-05 keCd
Hg 3.69E-05 1.65E-04 kgHg
As 4.93E-05 2.20E-04 kgAs
Cr 6.16E-05 2.74E-04 kgCr
Cu 1.08E—03 4.83E-03 kgCu
Ni 1.23E-03 5.49E-03 kgNi
Se 1.23E-04 5.49E-04 kgSe
Zn 1.48E-03 6.59E-03 kgZn
PCDD/F 1.60E-07 7.14E-01 TEQug
HCB 9.85E-08 4.39E-07 kgHCB
PCB 4.68E-08 2.09E-07 kgPCB
Emissions to water (ocean)
Copper oxide (I) 4.37E-01 1.95E+00 kg
Xylene 2.19E-01 9.75E-01 kg
Zinc oxide 3.12E-01 1.39E+00 kg
Ethylbenzene 6.25E-02 2.78E-01 kg
Lead (fishing net) 1.22E+00 5.45E+00 kg
Naylon (fishing net) 3.23E+00 1.44E+01 kg
Wastes and treatment options
Lubricating oil for incineration 1.28E—-02 5.73E-02 kg
Fishing net (sent to landfill) 2.15E+00 9.59E+00 kg
Fishing net (sent to incineration) 1.61E+01 7.19E+01 kg
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Table 1 (continued)

M FO Unit
S.2. Processing unit
Inputs
Fish by-products 5.16E+00 2.30E+01 t
Energy
Electrical 7.30E-02 3.26E-01 tep
Fuel oil 9.24E-03 4.12E-02 tep
Biomass 1.65E-01 7.35E-01 tep
Briquettes pellets 5.26E-02 2.35E-01 t
Wood pellets 3.33E-01 1.48E+00 t
Water (underground) 8.10E-02 3.61E-01 m’
Big-bags 1.80E+00 - kg
Outputs
Ingredient (aquafeed) 1.00E+00 1.00E+00 t
Air emissions
PTS 1.20E+00 5.37E+00 kg
(6[0) 7.90E-01 3.52E+00 kg
NO4 4.20E+00 1.87E+01 kg
SO, 9.96E-01 4.44E+00 kg
cov 5.65E-02 2.52E-01 kg
Emissions to water
CQO 7.95E+00 3.54E+01 kg
CBOs 3.60E+00 1.60E+01 kg
N 4.63E+00 2.06E+01 kg
P 2.52E-01 1.12E+00 kg
SST 7.65E-02 3.41E-01 kg
Fats and oils 1.33E+00 5.93E+00 kg
Wastes and treatment options
Wood supports 4.06E-01 - kg
Ordinary industrial waste 1.45E+00 1.45E+00 kg
Plastic packaging 5.51E-01 5.51E-01 kg
Scrap 6.52E-01 6.52E-01 kg
Waste water sludge 9.48E+01 9.48E+01 kg
Road transport S.1. > S.2.
Inputs
Litres consumed (diesel) 38.243 170.466 tkm
Divosan Detcide 0.001 0.006 1

and data for the production system (S.2.) were taken from
Fréon et al. (2017). The industrial process to produce FM
and FO from Peruvian anchovy is similar to the already de-
scribed production of FM and FO from by-products from
fisheries. The road and maritime distances were determined
by using online tools (MapQuest 2017; SeaRates 2017).
Transport emissions were estimated by using background data
from SimaPro (version 8.3.0.), assuming the transport was
done by truck with a load capacity from 3.5 to 20 t. For
maritime transport, it was assumed that a transatlantic cargo
ship was used.

@ Springer

The relation between the amount of anchovy needed to
produce the functional unit of this study was suggested by
Fréon et al. (2017). According to this study, 4.21 t of
Peruvian anchovy are needed to produce 1t of FM, and 22 t
are needed to produce 1t of FO.

2.2.3 Production of poultry meal and fat using by-products
from poultry slaughter

Table 3 represents the inventory table. The poultry production
system (S.1.) was taken from Lopes (2011). Data from the
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Table 2 Inventory data for the - .
ingredients from Peruvian 8.1. Fishing M FO Unit
anchovy. Phases analysed Inputs
included S.1. flShing, S2. FlShlng fish 4.21E+00 2.22E+01 t
processing unit, the maritime Fuel f)ﬂ . 6.57E+01 3.46E+02 kg
transport from Lima until Lub.rlcan.t oil 3.39E+02 1.79E+03 g
Antifouling agent 6.80E+01 3.58E+02 g
Rotterdam, and road transport Pai
aint 1.13E+02 5.97E+02 g
between Rotterdam and Ovar Fishing net 321E+03 1.69E+04 g
.(Ponu.gal). Functional unit 1 t of Nylon 2.06E403 1.0SE+04 g
ingredient LDPE 6.74E+02 3.55E+03 g
Lead 4.50E+02 2.37E+03 g
Bronze 1.61E+01 8.45E+01 g
Iron 1.61E+01 8.45E+01 g
Outputs
Emissions to water (ocean)
Antifouling emissions 4.38E+01 2.30E+02 g
Arsenic 5.59E-03 2.94E-02 mg/kg
Copper 5.44E-01 2.87E+00 g/kg
Nickel 9.51E-02 5.00E-01 mg/kg
Lead 5.58E-01 2.94E+00 mg/kg
Tin 6.23E-01 3.28E+00 mg/kg
Zinc 1.54E-01 8.09E-01 g/kg
TBT 1.76E-03 9.25E-03 mg/kg
Diphenyltin 9.11E-02 4.79E-01 mg/kg
Dibutyltin 1.44E-03 7.57E-03 mg/kg
Triphenyltin 2.72E-02 1.43E-01 mg/kg
Wastes and treatment options
Solid waste 8.51E+02 4.48E+03 g
Lead (fishing net) 5.14E+02 2.70E+03 g
Nylon (fishing net) 2.28E+03 1.20E+04 g
VOC (paint) 3.31E+00 1.74E+01 g
S.2. Production unit
Inputs
Peruvian anchovy 4.21E+00 2.22E+01 t
Energy
Electric 2.06E+01 1.08E+02 kWh
Fuel oil 1.50E+03 7.88E+03 MJ
Sodium hydroxide 5.90E-01 3.11E+00 kg
Sodium chloride 4.00E-01 2.11E+00 kg
Outputs
Ingredient (aquafeed) 1.00E+00 1.00E+00 t
Emissions to water
CBOs 9.17E+00 4.83E+01 kg
Oils and fats 3.14E+00 1.65E+01 kg
Suspended solids 3.70E+00 1.95E+01 kg
Maritime transport from Peru to the Netherlands FM and FO Unit
Inputs
Ingredient (aquafeed) 1.00E+03 kg
Travelled distance 1.15E+04 km
Road transport from the Netherlands to Portugal
Inputs
Ingredient (aquafeed) 1.00E+03 kg
Travelled distance 2.03E+03 km

slaughterhouse activities were collected from Savinor (system
S.2.). After stunning, slaughter, automatic plucking and evis-
ceration, the by-products are removed and directed to the in-
gredient production unit (S.3.). The specific poultry by-
products used consisted of all parts not intended for human
consumption, including necks, bruised meat, livers and other
visceral parts, with the exception of feathers.

Within the processing unit, the considered activities in-
clude crushing and cooking of the by-products. The process
is similar to the one used in the FM and FO plant, and two

types of products (solid and liquid) are obtained. The solid
products result in poultry meal and the liquids are converted
into poultry fat. The solids go through several operational
processes such as cooling, grinding and sieving, until they
are transformed into poultry meal. The fats go through dehy-
dration and centrifugation, to separate the small solid particles.
These return to the poultry meal production system.

Table 3 describes the inventory of the transport phase be-
tween S.1. and S.2. and between S.2. and S.3. The transport of
poultry by-products from other slaughterhouses, using
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Savinor’s fleet, was also considered. The distance covered and
diesel consumption for each vehicle was estimated and report-
ed to 1 t of each ingredient produced. Transport emissions
were estimated by using background data from SimaPro (ver-
sion 8.3.0.). The inventory also considered the use of cleaning
agents used to clean the transportation containers, namely P3-
INCIDIM 03, P3-MIP CF and Divosan Detcide.

Mass allocation was carried out and it was estimated that to
produce 1 t of poultry meal, 6 t of poultry by-products are
necessary, while to produce 1 t of poultry fat, 9 t of by-
products are required. To obtain the by-products, it is neces-
sary to have 22 t (for meal) and 33 t (for fat) of dead poultry, in
the slaughterhouse, corresponding to 33 t (for production of
poultry meal) and 50 t (for poultry fat) of live poultry. In
Savinor, only 18% of the live poultry are discarded as catego-
ry 3 by-products and directed to the processing unit. In this
study, it was assumed, in line with data from the national
poultry production, that 1 t of dead poultry corresponds to
1.5 t of live poultry (Lopes 2011).

2.2.4 Production of soybean meal and oil

Table 4 shows the inventory for soya production (S.1.), and
for the processing unit (S.2.), expressed in 1 t of ingredient.
The production of soybean meal and soybean oil includes
common steps. The first process includes the cleaning and
drying of wet soy. After that, soy grains are peeled and lami-
nated. Finally, the extraction process needs hexane to separate
meal and oil (Cavalett 2008). Table 4 also includes the road
transport between S.1. and S.2., the train transport between
S.2. and Santos (Brazil) and the transport to Rotterdam. The
inventory data for soybean meal and oil is mostly taken from
Cavalett (2008). The only exception is for the estimation of
the impact associated with the road transport between
Rotterdam and Ovar. For this case, the road distances were
determined by using online tools (MapQuest 2017). Transport
emissions were estimated by using background data from
SimaPro (version 8.3.0.) assuming the transport was done by
truck that has a load capacity from 3.5 to 20 t. Information
retrieved from the study by Cavalett (2008) in respect to the
distances associated with transport reveal the following. For
road transport, the distance between S.1 and S.2 is 150 km.
The train transport from the processing unit (S.2) until Santos
(Brazil) is equal to 1000 km. The maritime transport from
Brazil to Rotterdam is equal to 21,031 km. The transport be-
tween Rotterdam and Ovar (Portugal) by road is identical to
the one estimated before for FM and FO.

According to Cavalett (2008), 1.23 t of wet soya are nec-
essary to produce 1 t of soybean meal, and 5.55 t of wet soya
are necessary to have 1 t of soybean oil.

SimaPro (version 8.3.0.) was used to model the life cycle of
the ingredients, using midpoint indicators of environmental
impact (method CML-IA baseline V3.04/EU25 (from
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September 2016)). Results are obtained for the characterisa-
tion step. The environmental impact categories available were
abiotic depletion (ADP), abiotic depletion (fossil fuels) (ADP
fossil fuels), acidification (AP), eutrophication (EP), fresh wa-
ter aquatic ecotoxicity (FAETP), global warming (GWP100a),
human toxicity (HTP), marine aquatic ecotoxicity (MAETP),
ozone layer depletion (ODP), photochemical oxidation (POP)
and terrestrial ecotoxicity (TETP). This is a widely accepted
method and makes use of the most updated characterisation
factors (as in CML 2017). Included in the impact category
climate change are the emissions associated with direct and
indirect land use change. Only soybean meal and soybean oil
incur in direct and indirect land use change, which make this
option less attractive in terms of global warming. The methods
used for estimating CO, emissions from dLUC and iLUC are
Novaes et al. (2017) and Schmidt (2015), respectively.

3 Results and discussion

Table 5 represents the contribution of each ingredient to the
distinct environmental impact categories per life cycle stage.

The present results show that poultry meal and fat are the
largest contributors to all the environmental impact categories
studied, while FM and FO ingredients from Peruvian anchovy
and soybeans have comparatively lower contributions to the
categories analysed.

3.1 Ingredients from fisheries by-products

For both ingredients obtained from fisheries by-prod-
ucts, S.1. (fishing) was the phase with the largest con-
tribution for the overall impact. S.1. contribution was
larger than 50% for the majority of the evaluated cate-
gories. In this study, the exception is for MAETP.
According to Almeida et al. (2014), the fuel use is
responsible for at least 80% of the environmental im-
pacts in all categories analysed. However, fuel con-
sumption can be improved if the best efficiency prac-
tices are implemented by the crew (Gonzalez-Garcia
et al. 2015). For the latter category, the system S.2.
(processing unit) had the largest contribution for the
environment impact. Transport between S.1. and S.2.
was shown to have negligible impacts compared to the
other systems. Further investigation shows that the
amount of NOx released during the S.1. Fishing stage
is much larger when compared to the NOx released
during the Processing unit (S.2). This is due to the
amount of fuels (diesel and fuel oil) are much larger
for the fishing stage. This is the reason behind the fact
eutrophication to be higher for the fishing stage when
compared to the processing unit.
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Table 3 Inventory data for the
ingredients from by-products S.1. Poultry production Poultry meal Poultry fat Unit
from poultry production. Phases
analysed included S.1. poultry Inputs
production, S.2. slaughterhouse, Food/ration 5.50E+04 8.33E+04 kg
$.3. processing unit, the Electric energy 2.20E+03 3.33E+03 KW/
transportation from S.1. to S.2. .
and the transportation from S.2. to Fuel diesel 6.38E-01 9.67E-01 kg
S.3.. Functional unit 1 t of Biomass 1.39E+04 2.10E+04 kg
ingredient Disinfectants 6.82E-01 1.03E+00 n°
Water consumption
Birth’s water 7.04E+01 1.07E+02 m’
Units cleaning 6.82E+00 1.03E+01 m’
Nesting/beddings
Sawdust 5.50E+04 8.33E+04 kg
Wood bark 3.96E+03 6.00E+03 kg
Wood tapes 5.50E+04 8.33E+04 kg
‘Wood shard 1.19E+04 1.80E+04 kg
Outputs
Live poultry 3.30E+01 5.00E+01 t
Residual water 6.82E+00 1.04E+01 m’
Solid waste
Manure 2.20E+04 3.33E+04 kg
Cadavers 7.70E+01 1.17E+02 kg
Mixture of urbane waste and similar waste 9.90E+01 1.50E+02 kg
Steel 2.42E+02 3.67E+02 kg
Air emissions
NH; 3.30E+03 5.00E+03 kg
NH4 7.92E-04 1.20E-03 kg
CO, fossil 1.32E+03 2.00E+03 kg
CH, 5.06E+02 7.67E+02 kg
N,O 1.89E+02 2.87E+02 kg
SO, 1.52E+01 2.30E+01 kg
(0[0) 3.52E+02 5.33E+02 kg
NO, 5.06E+01 7.67E+01 kg
P 0.00E+00 6.67E-04 kg
NO;~ 0.00E+00 0.00E+00 kg
Emissions to water
P 0.00E+00 0.00E+00 kg
NO,~ 0.00E+00 0.00E+00 kg
NO5;~ 3.52E-01 5.33E-01 Kg
S.2. Slaughterhouse
Inputs
Live poultry 3.30E+01 5.00E+01 t
Energy
Electric 4.59E+04 6.95E+04 MJ
Fuel oil 2.33E+02 3.53E+02 MJ
Biomass 4.16E+03 6.30E+03 MJ
Briquettes pellets 3.17E-02 4.82E-02 t
Wood pallets 2.00E-01 3.04E-01 t
Water (underground) 1.14E+00 1.73E+00 m’
P3-CLEPOL FOAM 500 9.28E+00 1.41E+01 kg
P3-TOPACTIVE DES 3.72E+00 5.64E+00 kg
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Table 3 (continued)

S.1. Poultry production Poultry meal Poultry fat Unit
Outputs
Poultry (death) 2.20E+01 3.33E+01 t
Air emissions
TSP 6.99E-01 1.06E+00 kg
CcO 4.59E-01 6.95E-01 kg
NOx 2.44E+00 3.70E+00 kg
SO, 5.79E-01 8.77E-01 kg
VOC 3.28E-02 4.97E-02 kg
Emissions to water
COD 1.10E+02 1.67E+02 kg
BOD;s 4.98E+01 7.55E+01 kg
N 6.41E+01 9.72E+01 kg
P 3.49E+00 5.29E+00 kg
TSS 1.06E+00 1.60E+00 kg
Oils and fats 1.84E+01 2.79E+01 kg
Wastes and treatment options
Wood supports 8.94E+00 - kg
Ordinary industrial waste 3.19E+01 4.83E+01 kg
Plastic packaging 1.21E+01 1.84E+01 kg
Scrap 1.44E+01 2.17E+01 kg
Waste water sludge 2.09E+03 3.16E+03 kg
S.3. Production unit
Inputs
Poultry by-products 6.08E+00 8.87E+00 t
Energy
Electric 1.04E-01 1.51E-01 tep
Fuel oil 2.09E-02 3.05E-02 tep
Biomass 3.73E-01 5.45E-01 tep
Briquettes pellets 1.19E-01 1.74E-01 t
Wood pallets 7.53E-01 1.10E+00 t
Water (underground) 9.57E-02 1.39E-01 m’
Big-bags 1.80E+00 - kg
Outputs
Ingredient (aquafeed) 1.00E+00 1.00E+00 t
Air emissions
TSP 2.71E+00 3.95E+00 kg
CcO 1.78E+00 2.60E+00 kg
NOx 9.47E+00 1.38E+01 kg
SO, 2.24E+00 3.27E+00 kg
VOC 1.27E-01 1.86E—01 kg
Emissions to water
COD 9.37E+00 1.37E+01 kg
BOD;s 4.24E+00 6.18E+00 kg
N 5.46E+00 7.96E+00 kg
P 2.97E-01 4.33E-01 kg
TSS 9.01E-02 1.31E-01 kg
Oils and fats 1.57E+00 2.29E+00 kg
Wastes and treatment options
Wood supports 4.06E-01 - kg
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Table 3 (continued)
S.1. Poultry production Poultry meal Poultry fat Unit
Ordinary industrial waste 1.45E+00 1.45E+00 kg
Plastic packaging 5.51E-01 5.51E-01 kg
Scrap 6.52E-01 6.52E-01 kg
Waste water sludge 9.48E+01 9.48E+01 kg
Road transport S.1. > S.2.
Inputs
Travelled distance 1.41E+02 2.06E+02 tkm
P3-INCIDIM 03 2.82E-02 4.12E-02 kg
P3-MIP CF 4.45E+00 6.49E+00 kg
Road transport S.2. > S.3.
Inputs
Travelled distance 8.21E+01 1.20E+02 tkm
Divosan Detcide 3.48E-03 5.07E-03 1
P3-MIP CF 2.33E+00 3.40E+00 kg

3.2 Ingredients from Peruvian anchovy

For FM, the road transport from the Netherlands to Portugal
showed the largest contribution for all the environmental im-
pact categories. This phase has a contribution that is larger
than 62% for all environmental impact categories.
Processing unit (S.2.) is the step with a lower contribution
for a majority of impact categories; the exceptions are ADP
fossil fuels, GWP100a, ODP and TETP. The maritime trans-
port from Peru to the Netherlands has a contribution range
being between 0.2 and 25%, for, respectively, ADP and AP.
Additionally, the anchovy fishing (S.1.) has a contribution
between 4 and 33% for, respectively, GWP100a/TETP and
ADP.

In respect to FO, the road transport from the Netherlands to
Portugal showed the largest contribution for some of environ-
mental impact categories. The contribution of this step ranged
between 28%, for ADP, and 61%, for MAETP and TETP.
Anchovy fishing (S.1.) was the largest contributor for three
of the environmental categories (namely, ADP (72%), ADP
(including also fossil fuels) (42%) and ODP (41%)). The pro-
cessing unit (S.2) has a contribution between 1 and 37%, for,
respectively, ADP and GWP100a. Lastly, the maritime trans-
port from Peru to the Netherlands has a relatively a minor
contribution to the overall environmental impact, ranging be-
tween 0.1% for ADP and 16% for AP category.

Further analysis for the FM/FO from the Peruvian anchovy
shows again fisheries to contribute most to the eutrophication
when compared to the processing unit. The pollutants in the
basis of eutrophication are the phosphate (from the fishing net
production and fuel combustion) and NOx (from fuel oil com-
bustion). The reason behind that is that both activities (fishing
net production and fuel oil combustion) are in the basis of the

larger contribution of the fishing stage when compared to the
processing unit. For the processing unit, the larger contribu-
tion is from NOx resulting from fuel oil combustion.

The FM and FO from Peruvian anchovy were shown to
have a lower impact than FM and FO from fisheries by-
products for all impact categories. This is in line with a previ-
ous study by Pelletier and Tyedmers (2007). This result is
expected since, according to Fréon et al. (2014), this low im-
pact is associated with the high efficiency of the fishing tech-
nique used to catch the Peruvian anchovies. This high effi-
ciency results in a lower environmental impact when
expressed per mass of fish caught (Tyedmers et al. 2005).
Fréon et al. (2014) have analysed the environmental impact
of fishing Peruvian anchovy and suggest that its higher effi-
ciency is connected to natural conditions, namely (i) an annual
higher abundance of fish due to the El Nifio phenomenon and
(it) an excellent accessibility to fish, as anchovy schools ap-
proach the coast. According to the above-mentioned author,
these natural conditions allow the Peruvian fishing fleet to
reduce the fuel consumption during the catch. Despite of the
advantages of the efficient fuel efficiency of the fishery of
Peruvian anchovy, it shows to present some problems when
we take in account some biological issues. According to
Parker and Tyedmers (2012), the Peruvian fisheries are not
the most efficient for biological aspects, when comparing with
other fisheries as Gulf menhaden and Antarctic krill.
However, more studies focusing on the biological aspects of
fisheries are needed in order to allow more robust conclusions
on the sustainability of current fisheries.

Due to the high efficiency of Peruvian anchovy fisheries, it
was the road transport between the Netherlands and Portugal
that contributed the most for all environmental categories im-
pacts. According to Schipper et al. (1997), transport by
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Table 4 Inventory data for the

ingredients from soya. Phases S.1. Soya production Soybean meal Soybean oil Unit
analysed included S.1. soya Inputs
production, S.2. processing unit, Land use 7. 39E+03 333E+04 kg
the road transport between S.1. .
and S.2., the train transport Limestone 1.63E+02 7.35E+02 kg
between S.2. and Santos (Brazil), Herbicides 2.09E+00 9.41E+00 kg
the maritime transport until Insecticides pesticides 1.39E+00 6.27E+00 kg
Eg:ﬁiﬁ;ﬁfﬁ;?gigxﬁ‘; Phosphorus (fertiliser) 1.47E401 6.63E+01 ke
to Ovar (Portugal). Functional Potassium (fertiliser) 2.84E+01 1.28E+02 kg
unit 1 t of ingredient Diesel 2.37E+01 1.07E+02 kg
Outputs
Soya (wet net) 1.23E+03 5.55E+03 kg
Solid waste in the field 1.85E+03 8.33E+03 kg
Net emissions
Liquid effluent 2.83E+06 1.28E+07 kg
Solid Waste 1.85E+03 8.33E+03 kg
Other emissions in plantation
NO; 1.57E+01 7.06E+01 kg
N,O 3.26E-01 1.47E+00 kg
Phosphorus 1.30E+00 5.88E+00 kg
S.2. Processing unit
Inputs
Soya (wet net) 1.23E+03 5.55E+03 kg
Diesel 2.20E+01 9.94E+01 kg
Water 8.87E+02 4.00E+03 kg
Hexane 1.48E+00 6.67E+00 kg
Outputs
Ingredient (aquafeed) 1.00E+03 1.00E+03 kg
Air emissions
CO, 7.57E+01 3.41E+02 kg
H,O 1.24E+01 5.59E+01 kg
Nox 2.00E-02 8.80E—02 kg
SO, 6.00E-03 2.90E-02 kg
CO 1.70E-02 7.50E-02 kg
vocC 1.00E-03 3.00E-03 kg
CH, 0.00E+00 0.00E+00 kg
Particles 3.00E-03 1.50E-02 kg
Net emissions
Effluents 8.87E+02 4.00E+03 kg
Chemical products 5.74E-01 2.59E+00 kg
Road transport S.1. > S.2.
Inputs
Soya (wet net) 1.23E+03 5.55E+03 kg
Diesel 1.85E+00 8.33E+00 kg
Outputs
Alr emissions
CO, 5.87E+00 2.65E+01 kg
H,O 1.83E+00 8.25E+00 kg
NOx 8.74E-02 3.94E-01 kg
SO, 0.00E+00 0.00E+00 kg
CO 7.13E-02 3.22E-01 kg
vOoC 7.39E-03 3.33E-02 kg
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Table 4 (continued)
CHy 0.00E+00 0.00E+00 kg
Particles 7.96E-03 3.59E-02 kg
Train transport from S.2. to Santos dock Soybean meal Soybean oil Unit
Inputs
Ingredient (aquafeed) 1.00E+03 1.00E+03 kg
Diesel 1.03E+01 1.00E+01 kg
Outputs
Air emissions
CO, 3.34E+01 3.17E+01 kg
H,O 1.03E+01 9.91E+00 kg
NOx 1.00E+00 4.73E-01 kg
SO, 6.96E-03 0.00E+00 kg
CcO 8.17E-02 3.86E-01 kg
VOC 3.07E-02 4.00E-02 kg
CHy 1.50E-03 0.00E+00 kg
N,O 7.91E-04 0.00E+00 kg
Particles 2.06E-02 4.30E-02 kg
Maritime transport from Brazil to the Netherlands Soybean meal and Oil Unit
Inputs
Ingredient (aquafeed) 1.00E+03 kg
Diesel 9.13E+01 kg
Outputs
Air emissions
CO, 2.95E+02 kg
H,O 9.09E+01 kg
NOx 9.39E+00 kg
SO, 6.20E-02 kg
CO 7.65E-01 kg
VOC 2.88E-01 kg
CH, 1.40E-02 kg
N,O 0.00E+00 kg
Particles 1.93E-01 Kg
Road transport from the Netherlands to Portugal
Inputs
Ingredient (aquafeed) 1.00E+03 kg
Travelled distance 2.03E+03 km

aeroplane and road have higher environmental impacts when
compared with train or maritime transport. Maritime transport
is the transport route with the lowest environmental impacts
(Schipper et al. 1997 cited by Pelletier and Tyedmers 2007).
Besides the high efficiency of the Peruvian anchovy fishing,
there is interaction and integration between the fishing and the
processing unit, since there is a mechanical channel that takes
the caught fish from the dock directly to the processing plant,
without the need for transportation. In summary, the above-
mentioned factors are the reasoning underlining the fact that
FM and FO from Peruvian anchovy appear to be environmen-
tally more sustainable than FM and FO from fish by-products.
Moreover, the present study has some limitations as, for in-
stance, it does not account for the environmental benefits as-
sociated with the use of fish by-products that would otherwise
be considered wastes.

3.3 Ingredients from poultry slaughter by-products

Poultry meal and fat were the ingredients that contribute most
to the large majority of the environmental impact categories.

Result show that although the absolute value for environmen-
tal impact categories is lower for poultry meal, the relative
contribution (expressed in percentage) is identical for both
feed ingredients (meal and fat).

The poultry production phase (S.1) of poultry by-products
meal and fat had the largest contribution for all environmental
impact categories studied. The contribution of S.1. was always
higher than 80%. This value was calculated for the MAETP
impact category for both ingredients. The contribution of S.2.
(slaughterhouse) was found to be the second larger contributor
for the majority of the impact categories, also in both
ingredients.

The processing unit (S.3) had the lowest contributions
(< 2% for both ingredients) for the impact categories studied.
For transports (S.1. to S.2. and S.2. to S.3.) the contributions
were negligible. Results show contributions always lower
than 0.5% for the single impact categories.

When comparing the results obtained with previously pub-
lished studies, the calculated impacts of meal and fat from
poultry slaughter by-products are higher than the ones report-
ed by Pelletier and Tyedmers (2007). This is not surprising,
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ecotoxicity

Terrestrial
(TETP)

Photochemical
oxidation
(POP)

layer

Marine aquatic Ozone

ecotoxicity
(MAETP)

Human
toxicity

Global
warming

aquatic

Acidification Eutrophication Fresh water
(EP)

Abiotic depletion
depletion (fossil fuels) (ADP  (AP)

(ADP)

Impact category: Abiotic

Table 5 (continued)
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depletion
(ODP)

kg 1.4-DBeq kg CFC-

(GWP100a) (HTP)

ecotox.

fossil fuels)

(FAETP)

kg 1.4-DB

€q

kg C2H4 €q

kg 14-DBeq kgCO,eq kgl4-

kg PO, eq

kg SO, eq

kgSbeq MJ

Life cycle stage

11 eq

DB eq

2%

26%

45%

43%

47%

28% 13%

3%

24%

47%

58%

Transport from the

Netherlands to
Portugal

Overall

6.74E+01

6.88E-01

4.09E-04

9.45E+05

6.45E+02

4.11E+02 7.94E+03

3.09E+01

1.67E+01

3.43E+04

8.75E-03

environmental

impact (absolute

value)

since the present study includes the collection and transport of
by-products from the slaughterhouse to the production plant,
whereas this stage was not accounted for in the above-
mentioned study. Poultry production was identified as the
phase that contributes most for all environmental categories,
corroborating the results from Pelletier and Tyedmers (2007).
This larger impact of the poultry production is mainly associ-
ated with poultry feeds. Poultry feeds include several agricul-
ture ingredients; consequently, both the production of these
ingredients and the processing into feed pellets for the poultry
industry contribute to the increase in the associated environ-
mental impacts. This process contribution is corroborated by
Lopes (2011).

3.4 Ingredients from soybeans

For soybean meal, crop production (S.1.) and road transport
from the Netherlands to Portugal are shown to have significant
contributions for the impact categories. The road transport
between the Netherlands and Portugal was the first contributor
for eight of the 11 categories analysed. Crop production (S.1.)
was the larger contributor for three of the overall categories
studied. Transportation from the harbour in Brazil to the
Netherlands was the largest contributor for only one impact
category (46% for AP). The remaining phases (processing unit
(S.2.), transport from S.1. to S.2. and from S.2. to the harbour
in Brazil) showed a negligible contribution.

In respect to soybean oil, crop production (S.1.) is the phase
with the largest contribution for a majority of environmental
impact categories. Its contribution range between 32%, for
ADP fossil fuels, and 97% for TETP. Transport from the
Netherlands to Portugal was the largest contributor for three
of 11 environmental categories, as ADP (58%), ADP fossil
fuels (47%) and ODP (45%). Again, as in soybean meal,
transportation from the harbour in Brazil to the Netherlands
has a relatively relevant contribution for only one impact cat-
egory (32% for AP). The remaining phases (processing unit
(S.2.), transport from S.1. to S.2. and from S.2. to the harbour
in Brazil) showed a negligible contribution.

Novaes et al. (2017) estimated CO, emissions from dLUC
in each and every of the 27 Brazilian states, with reference to
national statistics on changes in crop land use over the past
20 years. In Mato Grosso, the area under soybeans increased
almost tripled over the last 20 years (from 2.0 Mha in 1995 to
7.8 Mha in 2014). According to the model, emissions range
between 11.8 and 12.9 t CO,/ha/year, depending on the as-
sumptions made regarding previous land use. In this study, we
adopted the worst scenario, which assumes that soybean ex-
pands onto natural ecosystems. Other scenarios include a
small share of soybean expanding onto other arable land
(< 10%). Emissions for dLUC are estimated to be 4615 kg
CO, per metric ton of either soybean meal or soybean oil,
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which account for 70 and 58%, respectively, of the total cli-
mate change impact.

Estimating iLUC emissions is fraught with difficulties due
to, among others, the uncertainties associated to estimating the
share between land use change and intensification, land re-
quirements and land reference systems, ascribing LUC to their
drivers, time for amortisation and treatment of by-products.
Several attempts have been made, resulting in values that are
notoriously in a wide range, for example from — 200 to 600 g
CO,-eq/MJ in the context of biofuels, as calculated with dif-
ferent economic-equilibrium models (De Cara et al. 2012). We
adopted the Schmidt (2015) approach, which provides robust
values for both attributional and consequential modelling and
avoids the uncertainties associated with general and partial
economic-equilibrium models. Indirect land use change
(iLUC) was estimated at a much lower value: 25 kg CO, per
metric ton of either soybean meal or soybean oil, which cor-
responds to less than 1% of the total climate change impact of
each system. This is because the attributional approach to
accounting for iLUC includes land already in use in the
land-supply mix.

Cavalett (2008) study included the transport between
Brazil and Rotterdam and, in that case, the agriculture produc-
tion represented 73% of all environmental related impacts.
Actually, the author explains that this step is the one that
consumes the most material and energy resources and it is
also responsible for a large amount of the carbon dioxide
released into the atmosphere. The same author, mentions
that, in Brazil, about 8.4 million of hectares per year are
necessary to supply the requirements of soya for the
European Union, this is possible to land conversion to
agricultural purposes, however the study by Cavalett (2008)
does not assess the impact associated with land use change.
Similarly, Pelletier and Tyedmers (2007) refer that, in their
study, the agriculture production is a major concern, because
it showed a significant contribution for the selected environ-
mental impact categories. In industrial agriculture, the use of
heavy agricultural machinery is necessary, as well as more
fertilisers and available area, resulting in increased impacts
(Pelletier and Tyedmers 2007). The production of soy pro-
motes deforestation and illegal burns to create new agricultur-
al areas, being therefore very important to consider a correct
compliance with the applicable legislation (Cavalett 2008).
These factors, in the long run, can compromise the environ-
mental benefits in evidence. In the present study, the agricul-
ture production had always a high contribution for all impact
categories. However, it is worth mentioning the high environ-
mental impact of the transport between Rotterdam and
Portugal. This long step, in general, increased the magnitude
of the environmental impacts. This impact results from the
long distance travelled by road, when compared with other
transports considered for the same ingredient in previous

studies that did not take into account the road transport until
the processing unit.

3.5 Comparison among ingredients

The present study compared all ingredients within each nutri-
tional category: protein and lipid sources. Since protein and
lipid ingredients have different functionalities when used in
fish diets, the comparison between protein and lipid sources
was not considered relevant. Within each nutritional category,
ingredients were compared in order to assess which have the
lowest environmental impact.

When comparing the different protein ingredients consid-
ered in the present study (Fig. 3), poultry meal was the larger
contributor for all the environmental impact categories. In
opposition, FM from Peruvian anchovy was the ingredient
that had the lowest contribution for all of the environmental
impact categories, except for ADP. The comparison of ingre-
dients originated from fish sources showed that the fishmeal
obtained from Peruvian anchovy had lower contributions for
all impacts than the fishmeal from by-products. Soybean meal
was a lower contributor too for the majority of environmental
impacts categories, being the ingredient with lowest contribu-
tion for ADP.

When comparing the different lipid ingredients, poultry fat
was the ingredient that showed the largest contribution for all
environmental impact categories (Fig. 4). Fish oil obtained
from Peruvian anchovy was the ingredient with the lowest
contribution for all environmental impacts, with the exception
of ADP, ADP fossil fuels and ODP. Moreover, the comparison
of ingredients originated from fish sources showed that the FO
obtained from Peruvian anchovy had lower contributions for
all impact categories than the FO from by-products. For soy-
bean oil, smaller overall contributions for impact were identi-
fied for only a few impact categories. This includes ADP,
ADP fossil fuels and ODP.

General remarks may be done from the present results
looking at the distinct sources of these ingredients without
distinguishing between protein and lipids. For instance, FM
and FO from Peruvian anchovy are produced directly from
fish catches and the processing steps needed to produce the
final ingredients are minimal. However, direct fisheries of
small pelagic fish for FM and FO production, even if well
managed, explore the base of the food chain of the Peruvian
aquatic ecosystem, which could potentially affect negatively
the higher trophic levels. When comparing both sources of
fish ingredients, FM/FO from fisheries by-products have
higher impacts for all environmental categories than FM/FO
from Peruvian anchovy. Nonetheless, when calculating the
impacts of the production of FM and FO from fisheries by-
products, the fact that they constitute an economically viable
solution to lower a potential environmental problem was not
assessed and, consequently, the environmental benefit from

@ Springer
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Fig. 3 Results obtained for the

LCA impact categories for all the TETP m—L‘
protein ingredients. Results were ! ]
obtained for the Characterisation h‘—
step using the CML-IA baseline POP |
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Fig. 4 Results obtained for the

LCA impact categories for all the TETP t‘—‘_\
lipid ingredients. Results were
obtained for the Characterisation H—
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Conclusions from previous studies evaluating the environ-
mental benefits of the use of animal or vegetable ingredients in
aquafeeds are not consensual. Samuel-Fitwi et al. (2013)
showed that, in general, the ingredients derived from fish have
larger environmental impacts, being the categories of
GWP100a and AP the most significant. Vegetable
ingredients, on the other hand, perform better
environmentally, being the EP and land occupation the
categories of most concern. Regarding the formulation and
composition of the diets, the authors concluded that a low
rate of substitution of marine animal protein sources by
vegetable sources leads to an environmental improvement of
fish diets. Similarly, Papatryphon et al. (2004) also indicated
that the partial replacement of animal ingredients for vegetable
ingredients is a good environmental strategy, while contrary
views are presented by Boissy et al. (2011). These authors
have shown that a diet (for Atlantic salmon and rainbow trout)
with very low amounts of FM results in the largest environ-
mental impacts for most of the impact categories studied.
Further studies are hence required to help the industrial sector
take informed decisions on the choice of the most suitable
ingredients.

4 Conclusions, limitations and future research

The present study analyses the impacts associated with several
aquafeed ingredients, including the production of FM and FO
from by-products from fisheries, FM and FO from Peruvian
anchovy, meal and fat using poultry slaughter by-products and
meal and oil originated from soybean from Brazil. This anal-
ysis allowed the identification of the ingredient(s) with the
lowest environmental impact within each nutritional category
(i.e. meals and fat-based ingredients). The analysis performed
considered the life cycle stages from fish capture (for fish
based ingredients), animal production (for poultry based in-
gredients) or crop production (in the case of soybeans) until
the location where each ingredient was used to produce
aquafeeds (Ovar, Portugal). A general conclusion from the
present study is related to the mass of the source-
components needed to obtain the two types of ingredients
studied. In fact, lipid ingredients need more mass of the ingre-
dient source-component to be produced. Consequently, this
always results in a higher impact associated with the produc-
tion of fats when compared to the impact of producing meals.
The conversion rates for the ingredients studied are (i) fish by-
products, 0.1 t FM/t caught fish and 0.02 t FO/t caught fish;
(ii) fish caught from Peruvian fisheries, 0.23 t FM/t caught fish
and 0.05 t FO/t caught fish; (iii) poultry by-products, 0.03 t
poultry meal/t live poultry and 0.02 t poultry fat/t live poultry;
and (iv) wet soya, 0.81 t meal/t soya and 0.18 t oil/t soya.
Ingredients from poultry slaughter by-products were
shown to have the largest contribution to all the environmental

impact categories. This is valid for both protein and lipid
sources. The poultry production phase (S.1) of poultry by-
products meal and fat had the largest contribution for all en-
vironmental impact categories studied. The reason for the
larger contribution of poultry production is associated with
the agricultural production to produce the poultry feeds. As
such, improvements of the environmental profile of poultry
meal and fat should be sought through optimization of the
poultry production, with a focus on the composition and pro-
cessing of the poultry feeds.

For both classes (protein and lipid), the ingredient that con-
tributed less for the majority of impact categories was the FM/
FO from Peruvian anchovy, respectively. This is due to the
relative low contribution of these ingredients to the production
and processing phases when compared to the other ingredients
analysed.

The soybean meal and oil appear to be very interesting
options for aquafeeds when compared with the other analysed
ingredients, such as by-products ingredients. Although it is
not expected that these ingredients will totally replace the
use of traditional fish feed ingredients, the use of soybean-
derived ingredients in aquafeeds is likely to bring environ-
mental benefits. Nevertheless, being the agriculture produc-
tion the step that most contributes for the environmental im-
pacts analysed, this is the phase that requires the most atten-
tion for the purpose of impact reduction. Another aspect to be
taken into account is the fact that vegetable ingredients are, as
mentioned above, less interesting from a nutritional point of
view, due to the presence of anti-nutritional factors, high fibre
content, unbalanced amino acid profile and poor digestibility
(Rana and Hasan 2009), resulting in lower fish performance
and economic return.

A limitation of the present study is that it does not take into
account the reduction of impact associated with the use of by-
products, i.e. the relative environmental benefit from its use
(from fish and from poultry production) to produce aquafeed
ingredients (i.e. poultry fats and meals, FM and FO from fish-
ery by-products). When considering the use of these ingredi-
ents in aquaculture feeds, it should be taken into account that
the production of fats and meals from by-products is removing
otherwise unused agro-food industry residues, providing a
solution to an environmental problem. In fact, these agro-
food by-products are being transformed into economically
viable feed ingredients, avoiding the release of these waste
streams into the environment and promoting a circular
economy.

Another limitation of this study relates to the fact that LCA
does not assess the impact on biodiversity related to eventual
marine resources overexploitation. This is mainly relevant for
the ingredients originated from marine resources, such as the
ingredients from Peruvian anchovy and from by-products
from fisheries. The impact these fisheries might have on the
ecosystem, specifically on the trophic chain, may result in
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some uncertainty related to the environmental impact of the
fishing stage.

Several aspects concerning aquafeed ingredients would
benefit from future research. It would be important to carry
out an LCA analysis considering the positive environmental
impact brought by the use of by-products (from poultry pro-
duction and from the fish canning sector), when compared to
the scenario when these by-products are not incorporated in
aquafeeds. Additionally, the LCA analysis should be extended
to other ingredients used in the aquaculture industry, in order
to provide relevant support to the sustainable strategy in feed
formulation companies. Furthermore, the analysis of the eco-
nomic impact of the several ingredients and aquafeeds would
be warranted, in order to provide the knowledge the aquacul-
ture industries need to make informed decisions and promote
more environmental friendly actions and economic sustain-
able paths.
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