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ABSTRACT

Life Cycle Analysis (LCA) allows to quantify the environmental sustainability
of a product throughout its complete life cycle, from raw material extraction to
the disposal process. In the framework of this doctoral thesis, the analysis has
been applied to aquaculture (the farming of fish, molluscs or algae), a sector
with a prominent role in the agri-food industry and characterised by a global

growing trend.

Previous studies proved aquaculture to be more environmentally sustainable
than other branches of animal husbandry, including for example the beef
industry. However, aquaculture is a vast and heterogeneous sector and LCAs
carried out so far show several gaps, both from a methodological point of view
and as regards the number of production processes analysed. In this thesis,
after a thorough analysis of the existing literature, LCA methodology has been
applied to different production processes, focusing on fish species relevant in a
national and European context. In one case, the environmental impacts were
re-analysed adopting a complementary resource accounting tool, the emergy

analysis.
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Chapter 1. INTRODUCTION

1. Aquacultureand LCA

From 1995 to 2016 aquaculture grew at an average annual rate of 6.6%
(FAO, 2017) and in 2016 the world production reached 80.0 million tonnes
(FAO, 2018), a quantity equal to the amount produced by fishery. Fishing
activities are often far from being sustainable: while, since the late 1990s,
fishery management in the developed countries significantly improved, the
situation in the least developed countries is worsening and the fraction of world
marine fish stocks that are within biologically sustainable levels declined from
90% in 1974 to 67% in 2015 (FAO, 2018). Aquaculture, besides reducing
fishing pressure (and thus allowing the recovery of overfished stocks), makes
fish available at low prices, affordable by the poorer segments of the community
(NACA/FAO, 2001). Moreover, fish have a high capacity to satisfy the metabolic
needs for proteins (FAO, 2018). As such, aquaculture products represent a
viable solution to cope with protein deficiency which is, together with
micronutrients deficiency, the most common form of malnutrition in low-income
food-deficit countries (e.g. most of the countries in sub-Saharan African regions
and in Central and South Asia, like Kazakhstan, Afghanistan and India) (FAO,
2001). The ongoing improvements in aquaculture techniques can further
increase the production and thus help reaching the world’s Sustainable
Development Goals (SDGs), especially SDG 2 (End Hunger), SDG 3 (Good
Health and Well-Being) and SDG 14 (Life Below Water). Still, this growing
production trend has raised several concerns about aquaculture sustainability,
in terms of both the availability of natural resources consumed and the amount
of pollutants released into the environment. Consequently, the scientific
community is focusing more and more on the quantification of aquaculture

environmental impacts.



In this regard, Life Cycle Assessment (LCA) certainly represents a structured,
comprehensive and internationally standardised method which allows both to
identify critical aspects along a supply chain and to quantitatively compare the
environmental performances of a product/process with alternative solutions
(Wolf et al.,, 2012). LCA methodology was born in the 1960s as a tool to
investigate packaging and waste management issues. For about 30 years its
use has remained limited to these two sectors and LCA was finally brought to
international attention during the late 80s (Baumman and Tillman, 2004). The
growing debate about the applicability to other production sectors led to the
organisation of international workshops and to the subsequent publication of the
first Code of Practice for LCA studies (Consoli, 1993). From that moment on,
the interest towards this method has grown more and more: the first ISO
standard was developed only 4 years later (ISO, 1997) and the method started
to be applied to other production sectors. Although the updated principles and
framework of the procedure are described by ISO 14040: 2006 and ISO
14044:2006 standards, several publications have been released over the years
by international organisations (e.g. SETAC and the European Commission) to
guide the community of practitioners and to standardize the research approach.
Among them, it is worth mentioning the set of guidance documents of the
European Commission's Joint Research Centre (ILCD handbook?), the series of
five volumes published by Springer (LCA Compendium — The Complete World
of Life Cycle Assessment?) and the handbook of Guinée et al. (2002).

LCA started to be applied to the aquaculture sector quite recently, with the
first publication dating back to 2004 (Papatryphon et al., 2004). Although it was
proved to be more sustainable than most of the livestock and poultry

productions (Nijdam et al., 2012), aquaculture is a vast and heterogeneous

1 Source: https://eplca.jrc.ec.europa.eu/ilcdHandbook.html
2 Source: https://www.springer.com/series/11776
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sector and many aspects of its sustainability are still little studied or unexplored.

2. Life Cycle Assessment methodology

The main concept behind LCA approach is that any product undergoes many
changes (i.e. processes) all along its life cycle, thus it is connected to a very
large number of flows. More specifically, LCA investigates and analyses these
changes in terms of matter/energy resources (inputs) and products and wastes

(outputs) involved in each process (Figure 1.1).
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Figure 1.1 Fish grow-out process: the main raw material entering the farm (i.e. fish eggs)
undergoes many changes (due to the farm activities) and eventually tums into the final product
(i.e. fish of marketable size). Fish grow-out process is connected to a very large number of

matter/energy resources (inputs) and waste products (outputs). T: transportation.



Once the model of the process is built, all the related flows are translated into
a range of environmental impacts by means of mathematical models.
Conventionally, the main phases of a product's life cycle are: raw material
extraction, manufacturing/packing, use/maintenance, disposal (or recycling).
Moreover, the transportation process should be considered each time the

product is physically moved.

According to the ISO 14040: 2006 and ISO 14044:2006 standards, LCA
includes four main steps:

Step 1. Goal and Scope
Both the purpose and all the methodological aspects of the analysis should
be carefully chosen and clearly stated including, among the others, the setting

of the system boundaries (i.e. which processes are considered in the analysis)

and the reference unit (hamed functional unit) on which all the results will be

scaled. The other crucial aspect is the selection of the impact categories (ICs),

which should be appropriate to account for all the main consequences of the
process on the environment: for instance, if a process releases greenhouse
gases, the IC climate change must be taken into consideration. Every IC is
described by a model, named ‘impact pathway’, which is subdivided into several
consecutive steps and goes from the source of impacts (i.e. the environmental
stressor) via quality changes to the environment (in the air, soil and water) up to
the final impacts. The magnitude of each IC can be quantified by selecting,
along the impact pathway, one among several alternative indicators, which are
conventionally classified into mid-point and end-point indicators according to the
position they occupy. With reference to the examples given above, a widely
used indicator for the climate change IC is the mid-point indicator ‘infra-red
radiative forcing increase’, expressed in terms of kg of CO2 equivalent emitted

into the atmosphere (Huijbregts et al., 2016).



Step 2. Life cycle Inventory
All the main input and output flows of matter and energy occurring along the

studied process are identified, quantified and included in the list.

Step 3. Life cycle impact assessment

The inventory is processed according to the IC and the relative indicator
chosen in step 1. In the mid-point approach, all the flows are classified and
clustered according to the potential impact they may have on the environment.
Then, all the flows contributing to the same impact are converted into quantities®
having the same unit of measurement (e.g. kg of CO2 equivalent emitted into
the atmosphere) and then summed together. The resulting score is the mid-
point environmental effect caused by the product with regards to the IC
considered. A wide range of indicators is available at mid-point level*. An
indicator is generally chosen by a practitioner at the point on the impact
pathway where it is believed that further modelling would imply a too high
degree of uncertainty or where it is possible to make a relative comparison
without the need for further modelling (Finnveden et al., 2009). In the end-point
approach, the entire impact pathway is taken into consideration. In this case, all
these end-point indicators (such as particulate-induced effects on human beings
or chemical-induced effects on nature) are usually aggregated into three ‘areas
of protection’, which are physical elements considered worthy of protection by
the society (Bare and Gloria, 2008). The areas of protection accepted by the

international LCA community are: natural resources, natural environment,

3 The flows are converted into a quantified impact on the natural environment, according to the
indicator chosen to express this impact. More specifically, all the flows are multiplied by specific
characterization factors, which are dimensionless numbers that expresses the impact caused by
a given substance by relating it to the effect of the reference substance (which is, in the present
exemplum, 1 kg of CO2).

4 For instance, the IC ‘Aquatic Eutrophication’ can be expressed in terms of Content of
Degradable Organic Matter (as described in the CML-IA methodology), of Increased Nutrient
Concentration (ReCiPe midpoint method), of Damage to Freshwater Ecosystems (ReCiPe

endpoint method), and so on.



human health and, to some extent, man-made environment (Dewulf et al.,
2015). If compared to the mid-point approach, the results of end-point approach
are more uncertain, due to the further data processing®) but provide a
comprehensive overview of the environmental consequences of the production
process analysed. Therefore this approach is preferable for communicating
LCA results to a generic public or to decision makers (Bare and Gloria, 2008).

Step 4. Interpretation of the results
The LCI and LCIA results are used to identify criticalities within the supply

chain analysed (or to detect differences in the environmental performances of
two alternative products). These findings are then interpreted by making
reflections about, for instance, data consistency and results uncertainty. Finally,
conclusions are drawn by highlighting limitations in the production process and

by suggesting areas of improvement.

2. Research objectives and thesisoutline

The first study conducted in the framework of this doctoral thesis is a critical
review on aquaculture-related applications of LCA (Chapter 2). The purpose
was both to become familiar with LCA methodology and to acquire information
about the key issues of aquaculture-related LCAs. The literature search was
carried out from 2017 up to the beginning of 2018 and focused on scientific
papers published over the previous 5 years. The documents analysed were
identified by using the same search string on Scopus and ISI-Web of Science
databases and on Google Scholar web search engine. The thesis research line
was developed according to the critical points highlighted by the literature
review: the cascading effect of aquafeed on the environmental impacts of the

entire supply chain; the different environmental impacts due to different farming

5 See for instance: https://composite-indicators.jrc.ec.europa.eu/?q=10-step-quide
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techniques; LCA methodological gaps in accounting for resource depletion.

More precisely: Chapter 3 presents the results of an LCA on different protein

sources, which could be used as partially substitutes for fishmeal within

aguafeed formulations. Chapters 4 and 5 provide new insights about the

environmental performances of different fish-farming techniques: water flow-

through systems and water recirculating system. More specifically, the focus
was brought on a land-based freshwater system (trout production in raceways)
and on an aquaponic system producing tilapia and lettuce. Chapter 6 presents

the results of an alternative accounting methodology, i.e. the emergy analysis,

which was applied to the same production processes investigated in Chapter 3.
Finally, in Chapter 7, conclusions are drawn in respect of the main results

found.
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Chapter 2. LITERATURE REVIEW

1. Introduction

This chapter presents a comprehensive review of aquaculture LCAs which
was carried out from 2015 up to the beginning of 2018. The purpose was both
to become familiar with LCA methodology and to acquire information about the

key issues of aquaculture-related LCAs.

At the time when this research was carried out, the two most comprehensive
reviews dated back to 2013, with one paper comparing LCAs applied to farmed
and wild-caught fish (Aubin, 2013) and the other one reviewing a dozen
aguaculture-related LCAs until 2012 so to compare their approaches to different
production systems and to examine the potential of LCA in setting criteria for
certification and eco-labelling (Cao et al., 2013). Two older reviews (Henriksson
et al., 2012; Vazquez-Rowe et al., 2012) focused on the methodological choices
made in the aquaculture-based and fishery-based seafood production,
respectively. None of the other studies published from 2013 to 2017 focused on

more than one issue at a time.

Indeed, one publication tried to fill the gap related to water use in seafood
supply chain (Gephart et al., 2017), while a year earlier one survey on seafood
LCAs focused exclusively on the PPR impact (Primary Production Required) or
its derivatives (Cashion et al., 2016) and another paper provided an insight of
seafood LCA research focusing on evaluating fisheries management (Ziegler et
al., 2016). Keeping going back over the years, Denham et al. (2015) analysed
cleaner production strategies within the seafood industry, Pahri et al. (2015)
went through many aquaculture systems so to find a way to overcome the
influence of natural and anthropogenic factors and Avadi & Fréon (2013)
summarized and discussed a series of studies that applied LCA approach to

fisheries. Given the gap, an in-depth research on all the peer-reviewed studies



published in the previous 5 years was performed.

2. Materials and methods

The research went through the recent LCA studies in aquaculture, including
all the main types of aquatic products: fish, shellfish, seaweeds and microalgae
from inland, marine and coastal farming. All the main related activities along

their life cycle were taken into consideration.

The search was conducted by adopting the search string (‘LCA’ OR ‘life cycle
assessment’) AND (‘marine culture’ OR ‘pisciculture’ OR ‘aquaculture’ OR ‘fish
farm’ OR ‘fishfarm’) on Scopus and ISI-Web of Science databases and on
Google Scholar web search engine. The timespan chosen ranges from 2013 to
the end of 2017. The documents found — 166 publications — underwent a critical
examination and the most relevant ones were included in this review. The

subset of sources was selected according to the following criteria.

Fishing activities were not included in this review due to the fact that the last
LCAs on fisheries were already reviewed and discussed in Ziegler et al., 2016.
However, the boundary line between fisheries and aquaculture can be fuzzy
and the two supply chains sometimes overlap. In these cases, only the
production phases which are representative of the aquaculture field were
included, as better explained below. The chosen researches had to be written in
English, published on scientific journals and present original findings in terms
either of methodologies or of case studies. Moreover, they had to provide
thorough information concerning the methodological approach used: thus, most
of the conference proceedings, reports and short communication papers were
dropped, since they were not providing complete information about some details
of LCA procedure.

A structured excel format was arranged to compare the following set of

metrics for all the stages of LCA analysis: (i) the software used to assess the
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impacts; (i) the farmed species, further subdivided into finfish, molluscs,
crustaceans, microalgae & seaweeds; (iii) the geographical area where the
production processes analysed are located; (iv) the production phase
considered, namely aquafeed manufacturing, on-farm activities, manufacturing
of both edible aquatic species and of other products (such as biogas production
from microalgae); (v) the Functional Unit; (vi) the LCA databases from which
background data were sourced; (vii) the System Boundaries; (viii) the allocation
method used, if any; (iX) the impact assessment methods; (x) the impact
categories, clustered irrespective of the indicator used to quantify them. Since
the carrying out an LCA must be in compliance with the procedural guidelines
described in the ISO standards (ISO 2006), the results of the present review are

presented below accordingly.

3. Results

3.1 Overview of the selected subset of papers

Only 69 of the 166 documents found online (42% of the total) resulted to be
consistent with the search parameters. Most of discarded documents: (i)
assessed the potential environmental impacts by using methodologies other
than the life cycle approach and mentioned LCA just incidentally; (ii) discussed
aquaculture-related LCA as a marginal aspect of a wider life cycle research on
other agrozootechnical productions. Almost all the resources came from a
range of peer reviewed journals, although 3 scientific reports (Henriksson et al.,
2014b; Ingolfsdottir et al.,, 2013; Mungkung et al., 2014) were included too.
Despite being the products of fishery activities, 4 studies on herring species (i.e.
belonging to the Clupeiformes order) were included in the review: in one case
(Avadi and Fréon, 2015) the research compared the sustainability of Peruvian
anchoveta fisheries to that of freshwater aquaculture products; the other 3
papers were included since they centered the analysis around the

manufacturing phase (Avadi et al., 2014; Laso et al., 2017; Vazquez-Rowe et

11



al., 2014).

3.2 Goal

The goal of the found documents was to either compare different production
systems or to identify strengths and weaknesses or to propose and test new
methodological approaches. Within the studies which declared the species
analysed, 11 studies focused on crustaceans (mainly the river prawn
Macrobrachium spp. and the shrimp Penaeus spp.), 4 on molluscs (3 on Mytilus
spp. and 1 on cockles, Anadara granosa), 5 on seaweeds, 3 on microalgae and
39 on finfish. The finfish species considered are better detailed in Figure 2.1
and were usually farmed in monoculture systems, being 9 polycultures
(Astudillo et al., 2015; Aubin, Baruthio et al., 2015; Czyrnek-Delétre et al., 2017;
Henriksson, Zhang et al., 2014; Henriksson, Rico et al., 2015; Lazard et al.,
2014; Nhu, Dewulf et al., 2015; Warshay et al., 2017; Wilfart et al., 2013) and 2
aguaponic systems (Boxman et al., 2017; Forchino et al, 2017) the only

exceptions.

Fish and other aquatic organisms can be processed into either food or non-
food products. 48 studies on-farm activities performed an LCA on species
destined for human consumption. Among the remaining papers: 2 focused on
microalgal farms aiming at recycling waste streams (Taelman et al.,, 2015b;
Udom et al., 2013), 1 on the production of natural carotenoid astaxanthin by a
farmed microalga (Pérez-Lopez et al, 2014), 3 on biofuel production from
seaweed (Aitken et al., 2014; Alvarado-Morales et al., 2013; Czyrnek-Deletre et
al., 2017) and 1 on biofuel production within an Integrated Seawater Energy
Agriculture System (ISEAS) combining aquaculture (tilapia and shrimp),
agriculture and mangrove silviculture (Warshay et al.,, 2017). Finally, 4 studies
investigated the processing of edible species and 6 focused on fish-feed
production. Concerning the spatial distribution of researches (Figure 2.2), most

studies targeted European (39%) and Asian (35%) production processes.

12
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Figure 2.1 Finfish species analysed: number of occurrences. Details on species: TILAPIA (mainly Oreochromis niloticus); STRIPED
CATFISH (Pangasius hypophthalmus); AFRICAN CATFISH (Clarias spp. + unspecified species); SALMON (Salmo salar); RAINBOW
TROUT (Oncorhynchus mykiss); CARP (Cyprinus carpio or Ctenopharyngodon idella); SEA BASS (Dicentrarchus labrax); SEA BREAM
(Sparus aurata); BLACK PACU (Colossoma macropomum);, MILKFISH (Chanos chanos); SNAKESKIN GOURAMI (Trichopodus
pectoralis); GROUPER (Epinephelus spp.); ATLANTIC COD (Gadus morhua); MULLET (unspecified); FRESHWATER SPECIES (tench,
Tinca tinca — roach, Rutilus rutilus — perch, Perca fluviatis — sander, Stizostedion lucioperca — pike, Esox lucius, all belonging to a unique
paperfocused on polyculture ponds in France: Wilfart etal., 2013).
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research, all of them were counted separately.

14



3.3 Scope
3.3.1 System Boundary

An accurate analysis of the system boundaries was not possible since the
reviewed papers tackled production systems very different from one another
(Figure 2.3), such as Philippine extensive pond polyculture systems in brackish
water (Aubin et al., 2015) and Chilean macroalgae cultivation and processing

into bioenergy (Aitken et al., 2014).

Moreover, the activities that — within each supply chain — can be included in
the system boundaries are many and highly heterogeneous. Hence, a simple
clustering into the main phases of the supply chain (and their combinations)

was performed (see Appendix).

Generally speaking, 59 studies over 69 included on-farm activities within the
boundaries: 55 of them analysed actually-existing farming facilities, while 4 took
general data either from previous LCA studies (Farmery et al., 2015) or
national/international databases and reports (Mungkung et al., 2014; Oita et al.,
2016; Ziegler et al., 2013).

Pre- and post- farm phases are less represented (25 studies over 69), thus
confirming the findings of a previous review (Cao et al. 2013): 6 of these papers
examined in depth the aquafeed production up to the factory gate while 4 others
focused specifically on post-farm activities (i.e. food manufacturing and
transportation). Speaking of the formers, each of them investigated an important
aspect of feed supply chain: (i) several types of fishmeal plants in Peru (Fréon
et al., 2017); (ii) conventional and innovative feed ingredients (Basto-Silva et al.,
2018; Henriksson et al., 2017b; Samuel-Fitwi et al, 2013a; Strazza et al,
2015), in one case even by adopting an unusual impact assessment

methodology based on thermodynamic indicators (Draganovic et al., 2013).
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Figure 2.3 Main activities along the aquatic living resources supply chain. Arrows represent the
Transportation process. Within the fish-feed production’, ‘animal ingredients’ refers to either fish-

captures or by-products from terrestrial livestock productions.

With regards to post-farm phase, confusion reigns over the definition of
‘processing’ and ‘manufacturing’, where the former should refer to activities
such as the removal of fish head and gut and the cutting into steaks or fillets,
and the latter includes subsequent processes such as preservation, packaging
and labelling. The ‘cradle-to-consumption’ boundary was quite often used, but in
these last years some interesting analyses on the ‘End of Life’ phase were
performed too. For instance, (Spangberg et al., 2013) compared two alternative
disposal scenarios for mussel shells along the Swedish coasts, in order to find
out whether using cultivated mussels as fertilizer on agricultural land was more

sustainable than the use of other common fertilizers. Mussel farming,
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transportation to the farm and the consequent treatment (composting or inertly
storage under water, avoiding nitrogen losses and other emissions) were all
comprised within the boundaries. A second study, targeting the sustainability of
Spanish canned anchovies (Laso et al, 2017), focused not only on
manufacturing processes but on the consumption and disposal of the product
as well. More in the detail, it included in the analysis all the activities concerning
canned anchovy transportation (from the canning factory to a logistic hub and
finally to a supermarket), storage (both in small supermarket refrigerator and
into household fridges), the consumption phase (which resulted to have a null
environmental impact, being canned anchovies a ready-to-eat product) and

finally the EoL (end of life) of the can and the cardboard box.
3.3.2 Functional Unit(s)

The Functional Unit (FU) should relate to the functions of the product rather
than to the physical product. Anyway, in the aquaculture field these two aspects
often coincide and thus the most common FU found was the liveweight animal
biomass produced (Figure 2.4a), mainly expressed as kilograms or tons of live
fish at farm gate (31 studies). The mass approach was also applied in 12 LCAs
on the phases subsequent to the slaughtering (i.e. processing and

manufacturing), in 5 researches on feed and in 3 on algae.
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When energy-related FUs occurred (7% of the studies), they were related to
ICs based on energy use: the exergy (MJex) embodied in the biomass was
used as FU when assessing the environmental sustainability through the
CEENE impact (Taelman et al., 2015a, 2015b, 2013); the energy content (MJ)
either when calculating the EROI (Aitken et al., 2014) or when comparing
alternative fuel sources to each other (biomethane from seaweed, gasoline and

natural gas) (Czyrnek-Deletre et al., 2017).

Finally, 11% of the studies adopted less common solutions, such as the
biomass entering the system, the amount of plant-available nitrogen produced,
the amount of reactive nitrogen released into the environment due to the

consumption of a species, 1 year of routine production.

3.4 Life Cycle Inventory (LCI)
3.4.1 Data sources

The activity of compiling the inventory represents one of the most demanding
tasks in performing an LCA study, since it requires a gquantification of all the
flows of matter and energy moving into and out of the system boundary chosen.
Primary data are usually collected through surveys and interviews with
companies willing to collabourate. The collection of primary data, besides being
time consuming, can be challenging when it requires the acquisition of
information about: (i) upstream processes (such as the production of the main
inputs used or the construction of facilities) since companies might have no
information about them; (ii) certain management practices (such as the
treatment of pollutant emissions or the type and quantity of detergents,

disinfectants and medical products used) since they might be sensitive issues.

To fill gaps in the inventory, secondary data can be gleaned consulting
specific LCA data sources such as the ‘Ecoinvent’, which was used in 65% of
the studies (Figure 2.4b). Among the other documents, 12% resorted to other
databases — such as ‘Agri-footprint’, ‘ELCD’, ‘LCA Food DK’ — alone or
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combined. 14% of the studies did not mention any LCA database but stated to
have taken all the information needed from bibliography, reports, bio-socio-
economic models or national statistics. Finally, 9% or the studies did not state

the sources they took secondary data from.
3.4.2 System expansion and allocation

Sometimes, a production system can have more than one functional flow. In
these cases, ISO standards support the expansion of the systems boundaries
to include the alternative production of functions not used by the system itself.
However, this procedure is not always feasible and LCA experts usually choose
to proportionally share the overall impacts on two or more co-products by
adopting an allocation strategy. The ISO guidelines support the use of physical
allocation (either mass or gross chemical-energy content), which apportions the
impacts to the mass and is an approach easily understandable by non-
specialists. The economic approach is often used as well, and it consists in the
apportioning of the environmental impacts to the monetary value of outputs

(which is equal to the mass produced multiplied by its unit price).

Although the impact allocation can markedly affect LCA results, 41% of the
studies (28 over 69) did no clearly indicated which allocation criterion was used
(Figure 2.4c). On the other hand, 13% of the papers declared to have fulfilled a
perfect system expansion and, within them, 3 studies compared LCA results to
these obtained with different types of allocation (Astudillo et al., 2015; Laso et
al.,, 2017; Samuel-Fitwi et al., 2013a). 2 more studies, which analysed several
systems within the same research, stated to have performed the system
expansion whenever possible (Henriksson et al.,, 2017c; Newton and Little,
2018). In 12 case-studies, multiple allocation approaches were used on the
same process to compare the effects of this often-critical methodological choice
and thus test the robustness of conclusions. Finally, a few adopted only one

allocation method, in terms of mass (12%), energy (3%) or monetary value
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(12%).
3.4.3 Useful software to perform the calculation

Concerning the tools available to automatically convert the inventory items
into ICs, SimaPro software stands out as the most used one (41 of the reviewed
studies), followed by CLMCA (7) and GaBi (3). In 11 researches it was decided
to perform the calculations by hand using the original matrix approach, while in
5 others the choice made was not declared. The remaining 2 documents used
open LCA and the IPCC Inventory Software.

The most commonly used LCIA methodology (Figure 2.4d) is by far the CML-
IA (Guinée et al., 2002), applied in 38 studies, followed at a great distance by
ReCiPe (Huijbregts et al., 2017) which was used 6 times. The ‘single issue’
methodology used to quantify the Cumulative Energy Demand (Frischknecht et
al., 2007) was often used too (20 times), always paired with one of the two
abovementioned methods. Other methods, such as the ILCD (European
Commission, 2012), were less frequent. Finally, 10 papers performed LCA
without either using or providing information about the assessment

methodology, while 8 chose unusual ICs and assessed them by-hand.

3.5 Life Cycle Impact Assessment (LCIA)

3.5.1 Assessment methodologies: an overview

In LCIA phase, the emissions of hazardous substances and the extractions of
natural resources are converted into impacts on the natural environment and,
as already said in Chapter 1, the magnitude of each IC can be quantified by
adopting one among (often) several alternative indicators. The results of our

review on LCIA are shown in Figure 2.5.
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Figure 2.5 Main impact categories used. CED: Cumulative Energy Demand; CEENE: Cumulative
Exergy Extraction from the Natural Environment.

Some LCIA methods that are not universally accepted and thus not included

among the recommended ones by the European Platform on LCA (European
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Commission, 2011) were included too. All the ICs were clustered into two
groups according to the human activities that cause the impacts themselves, as
better discussed in paragraphs 3.5.2 and 3.5.3.

3.5.2 Impacts due to the emissions of substances

Climate Change accounts for possible contribution of the process analysed to
the global warming, which represents one of the major threat for the
environment at a global scale and thus was included among the 17 Sustainable
Development Goals (United Nations, 2015) as a priority concern to be tackled. It
is related to the emissions of greenhouse gases to air and its characterization
model, developed by the Intergovernmental Panel on Climate Change (IPCC),
obtained international acceptance (European Commission, 2011). As a result, it

was included in 62 case-studies over the 69 considered (Figure 2.5a).

Eutrophication assesses the impacts derived from an enrichment of
macronutrients in natural ecosystems, with the difference in the characterization
models between marine and freshwater eutrophication being the residence time
of either nitrogen- or phosphorus-containing nutrients, respectively. With
regards to aquatic species LCAs, these eutrophying agents can be released in
terrestrial and aquatic ecosystems along the whole supply chain and they are
mainly related to both feed ingredients production and to the metabolism of the
farmed species. As a consequence, Eutrophication was considered 60 times
over 69. Most of the time (36 studies) it was calculated with the characterization
model available in the CML-IA methodology, which is based on the Redfield
ratio between N and P (Redfield et al., 1963).

The characterization models for Acidification evaluate the presence of
acidifying chemicals in atmosphere and soil as a result of airborne acidifying
emissions. In other terms, these methods do not focus on aquatic effects since
the acidification of inland water is seen as a consequence of the depletion of the

acid neutralization capacity of its watershed. Being related to Climate Change,
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Acidification is the third most used IC in these studies (52 papers).

Ecotoxicity is a group of ICs assessing the potential impacts caused by
emissions of toxic substances to air, water and soil. It was calculated by
adopting either the USES-LCA model (according to Goedkoop et al., 2009) or
the USEtox model of Rosenbaum et al. (2008), with the latter being developed
under the UNEP-SETAC Life Cycle Initiative. It is worth saying that none of the
studies which used the ‘Ecotoxicity for marine ecosystems’ applied it on
offshore facilities (Avadi and Fréon, 2015; Ayer et al., 2016; Basto-Silva et al.,
2018; Fréon et al.,, 2017; Henriksson et al., 2014b; Pahri et al., 2016; Pérez-
Lopez et al., 2014; Smarason et al., 2017; Vazquez-Rowe et al., 2014). This is
in compliance with the advice given in the Declaration of Apeldoorn
(UNEP/SETAC Life Cycle Initiative 2004), which states that “The oceans are
deficient in essential metals. Therefore, additional inputs to the ocean will
probably not lead to toxic effects. The characterization factor for toxicity in
oceans of essential metals should be set at zero. For coastal seas, this may

well be different.”

The ICs lonizing radiation and Particulate matter formation were considered
4 times each (Avadi and Fréon, 2015; Fréon et al., 2017; Henriksson et al.,
2014b; Vézquez-Rowe et al, 2014) and always applied to the processing
operations, in terms of either fish or fishmeal manufacturing. Stratospheric
ozone depletion and Photochemical oxidant formation were used irrespective of
the production processes analysed (i.e. feed production, fish mono- and poly-
culture, algae farming, manufacturing, etc.). Most of times, no motivation for the

choices taken was provided.
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3.5.3 Impacts due to the removal of substances

Although a default assessment method to account for resource depletion
does not exist, some indicators are particularly recommended (European
Commission, 2011) and thus have been included among the available methods
within LCA software. All of them are represented in Figure 2.5b under the label

Abiotic Resource Depletion, which clustered together 13 studies using the

methodology CML-IA, 8 adopting ReCiPe and 2 recurring to ILCD. In all these
cases, the indicator used is related to extraction of non-renewable resources
(fossil fuels and minerals) and can be expressed in many ways, such as the kg
antimony equivalents per kg extraction, based on concentration reserves and

rate of de-accumulation.

In regard to the Biotic Resources IC, it can be accounted in terms of human
appropriation of the ‘primary production’. The reason behind it is that this
appropriation may prevent heterotroph species to be sustained by the carbon
fixed in organic compounds by plants, and this would affect in turn the
ecosystem health. The ‘Primary Production Required’ (PPR) was applied for the
first time to marine products by Pauly & Christensen (1995). In that publication,
PPR was used to estimate — through the calculation of target-species carbon
content and the amount of energy lost through each trophic transfer — the net
primary production required to yield an amount of marine biomass at a trophic
level above primary production. Later, PPR also became a common IC linked to
those terrestrial products which are used as inputs in aquaculture, such as

crops and livestock products (Papatryphon et al. 2004).

This IC was given different names through the years, with the generic term
‘Biotic Resource Use’ (BRU) usually applied irrespective of the aquatic product
origin (either aquaculture or fishery) and ‘Net Primary Production use’ (NPP-
use) used only in relation to aquaculture studies (Cashion et al. 2016). With

regards to the here reviewed 13 studies, the 9 publications which opted for
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NPP-use were always related to on-farm aquaculture productions (Abdou et al.,
2018, 2017; Aubin et al., 2015; Chen et al., 2015; Lazard et al., 2014; Medeiros
et al., 2017; Mungkung et al., 2013; Santos et al., 2015; Wilfart et al., 2013).
The remaining 4 studies used the term BRU to account for the environmental
impacts related to pre- or post- farm activities (i.e. fish-feed production and fish-
food manufacturing) (Avadi et al., 2015, 2014; Avadi and Fréon, 2015) with the
only exception being the study of (McGrath et al., 2015), which performed a
comparison between two different salmon rearing facilities. Finally, one study
(Mungkung et al., 2014) accounted for the depletion of wild fish stocks simply in
terms of metric tons of wild fish converted into feed and required to support the

aguaculture system.

Water Use is another controversial IC, used in 22 papers. Although being a
sub-category of Abiotic Resource Depletion, which was discussed above, it is

usually treated as a separate IC (European Commission, 2011).

The most prominent approach to account for Water Use was the ‘Water
Dependence’ indicator, applied for the first time in Aubin et al. (2009). This
indicator simply considers a hydric use in terms of a temporary ‘loan’ of water
resources: no actual consumption occurs (or is taken into consideration in the
studies), neither in terms of evaporation nor because of product integration or
discharge into different watersheds. For instance, in land-based fish-farming
systems, this indicator accounts for the volume of water removed (by diverting
or pumping) from a natural body, which eventually returns to the watershed
after having flown through the production system. Of the 9 papers assessing it:
6 applied this method to inland aquaculture farms (Chen et al., 2015; Dekamin
et al., 2015; Medeiros et al., 2017; Mungkung et al., 2013; Santos et al., 2015;
Wilfart et al., 2013); 2 papers applied it on both inland and sea farming
production (Lazard et al., 2014; Mungkung et al., 2014); 1 research (Aubin et al.
2017) used it for the analysis on a mussel processing system, where seawater

was pumped from and then returned to the sea without receiving treatments.
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Most of the remaining studies opted for a consumption-to-availability ratio

approach and accounted for Water Use in terms of Freshwater Consumption;

also termed Consumptive Water Use or simply Water Use (see Boxman et al.
2017). This indicator is used as a proxy of the water consumed by the system
and thus made unavailable for other uses and it is expressed as the share of
gross consumption in the available renewable water resource, usually including
in the assessment Country-specific characterization factors. Applied in 12
studies, it accounted once for the evaporated water from a recirculating
aquaponic system (Boxman et al., 2017). In the other cases, it highlighted water
consumption magnitude occurring either in inland fish farms (mainly ponds)
(Henriksson et al., 2017a, 2017c) or in the phases of feed ingredients
production and food manufacturing (Avadi et al., 2015, 2014; Avadi and Fréon,
2015; Fréon et al., 2017; Henriksson et al., 2017b; Ingoifsdéttir et al.,, 2013,
Newton and Little, 2018; Strazza et al., 2015; Vazquez-Rowe et al.,, 2014).
Finally, one study (Mendoza Beltran et al., 2017) applied the ‘Water Footprint’
concept of Mekonnen and Hoekstra (2011) in order to investigate impacts due
to fish-feed production and wastewater treatments (e.g. wastewater from ice
making) in a sea cage farming system. However, it only considered the blue
water footprint, thus making its approach comparable to the ‘Freshwater

Consumption’ above described.

Land Use (expressed as m? yrl) was mainly performed with the ReCiPe
LCIA methodology — in terms of either land occupation or natural land
transformation — and it was generally applied to case-studies that have feed
production included in their system boundaries, due to the expected impacts
derived from crop ingredient farming and harvesting. In some instances (like
Abdou et al., 2017a, 2017b), this IC was assessed through the CML method in
terms of Land Use Competition (LUC). In some others (for instance in Mendoza
Beltran et al. 2017), Land Use was accounted just in terms of physical

occupation (m?), without using a specific characterization model. A case-study
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about sea-cages aquaculture in Tunisia (Abdou et al., 2017) adopted the ‘Sea
use’ IC, whose characterization model was designed for an application in the
fishery-related context (Langlois et al., 2014, 2015). ‘Sea use’ directly derives
from the IC Land Occupation and accounts for seabed destruction and
transformation caused by aquaculture activities (m? yrl). More specifically, it
includes not only the surface occupied by the farm, but also the seabed area
which is: (i) affected by farming activities through a particle-tracking model
which predicts the deposition of farm solid matter on seabed; (ii) impacted by
fishing activities (necessary for production of fish meal and fish oil) in terms of

the area swept by fishing equipment.

The Cumulative Energy Demand (CED) is a measure of the energy

consumption and it accounts for the use of energy at each step in the supply
chain, thus including both direct and indirect consumption. This IC was

considered within 29 studies, all focusing on different parts of the supply chain.

The Cumulative Exergy Extraction from the Natural Environment (CEENE),

proposed for the first time in Dewulf et al. (2008), was applied here in 7 papers,
all related to the EnVOC group (Ghent University, Belgium) and to Dewulf
himself. CEENE remediates the shortcomings of the other resource-oriented
method Cumulative Energy Demand: while the latter simply accounts for
resources which may be used as energy carriers, CEENE is a most
comprehensive resource indicator and it evaluates in addition non-energetic
resources — like water, minerals, and metals — and land occupation. As a
consequence, the ‘energetic’ approach highlights inefficient processes, while
the ‘exergetic’ one quantifies the ability to cause change (being the exergy
intended as a measure of the maximum amount of useful work that a resource
can provide). The CEENE method distinguishes 8 different resources withdrawn
from the natural environment and it expressed them in one common unit (Joules
of exergy, Jex) that is physically interpretable and obviously stable with time. In

regard to the reviewed documents, 3 studies investigated microalgae and
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seaweed cultivation systems in Europe, while 4 focused on Vietnamese
productions of either pangasius (including both monoculture farming activities
and the processing phases) or snakeskin gourami (within a multi-trophic

aquaculture system).
3.5.4 Other sustainability indicators

Although it is not in the objective of this review to go deeply into biophysical
accounting techniques other than LCA, such as energy efficiency, nutritional
profiling and socio-economic performance, it is our belief that a quick mention to

a couple of them might give food for thought.

In the first place, 2 studies performed an LCA on their systems just to assess
the IC Cumulative Energy Demand, which in turn was used as denominator in
the formula for computing the Energy Return on Investment (EROI). EROI was
finally used to: (i) assess the sustainability of several fisheries and freshwater
aguaculture industries in Peru (Avadi and Fréon, 2015); (ii) better investigate
bioenergy production from macro-algae, considering both the cultivation phase
and the processing into biofuel (Aitken et al., 2014).

The study of Draganovic et al. (2013) on salmonid fish-feed ingredients can
be considered as an LCA borderline case. The research was based on the idea
that the environmental sustainability of vegetable ingredients is not always
superior to that of animal sources. Therefore, all the production phases involved
in fish-feed production were included — namely ingredients production (i.e.
fishing activities; crop cultivation and harvest), ingredients processing, feed
manufacturing — and the impacts of different feed formulations were
investigated using three thermodynamic indicators: (i) total energy consumption
of the whole supply chain; (ii) total exergy degradation; (iii) total work energy

including eco-exergy (work energy®€) degradation.

A new method was proposed by Oita et al. (2016) to assess Nitrogen

Footprint (NF) caused by seafood consumption. The starting assumption was
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that the excess of nitrogen in the natural environment is mainly due to the
fertilizers used in crop farming and to animal and human waste produced as a
consequence of food consumption. Consequently, consumers’ food choices
have major effects on nitrogen impact. The consumer-based NF model made a
distinction between fed and non-fed aquaculture systems and it was then
compared with the ordinary model of (Leach et al, 2012), that provides
information on how individual and collective action can result in the loss of Nr to
the environment using Country-specific average per capita data on food and

energy consumption.

Human labour was accounted in two case-studies. The first one analysed a
Chinese dyke-pond system (Astudillo et al., 2015) by applying an idea dating
back to (Giampietro and Pimentel, 1990), which consists in the expansion of the
system boundaries so to account for inputs (such as food, clothes, housing)
necessary to support human labour. Since this approach requires a huge effort
in collecting background data, researchers opted for a simplified method and
limited the impacts from labour to the energy consumed by workers to perform
their specific tasks (with the energy required to meet base metabolic needs
included in the calculation). Workers’ energetic needs were then converted into
the requisite amount of food they had to ingest — formulated according to
Chinese diet — and included as input in the life cycle inventory. A different
approach was adopted to analyse a Philippine extensive pond polyculture
system in brackish water (Aubin et al., 2015), where human labour was
accounted as the number of working days (made of 8 hours each) required to
produce one ton of products. The calculation included all the main activities
along the supply chain, from the production of fry at a hatchery or their catching
from nature to the farm operations up to the harvesting and transportation to

auction markets.

It is finally worth mentioning an attempt to geo-localize the impacts (Newton

and Little, 2018). LCA study analysed Scottish salmon supply chain, structured
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in feed production, farm operation and salmon processing. Efforts were made
both to detail — at each point in the value chain — the characteristics of the local
environment where the emissions occurred and to represent geographically the

impacts found by combining LCA with GIS methodology.

4. Discussion

4.1 Goal

Only 42% of the papers found on the scientific databases resulted to be
consistent with the aim of the review. This finding reveals a frequent use of an
ambiguous terminology in scientific literature on environmental sustainability,
where words as ‘LCA’ are often mentioned in paper abstracts although being

not performed below within the study.

Speaking of the 69 papers selected, the research effort seems to be rather
well distributed among the main aquatic groups of species and quite consistent
with a recent FAO report (FAO, 2017), which stated — for the year 2015 — a
world aquaculture production clearly dominated by finfish farming (49%),
followed by aquatic plants (27.7%), crustacea and molluscs (22.5%), and finally
other aquatic animals such as sea urchins and frogs (0.8%). However, the
comparison highlights a lower contribution to knowledge in aquatic plants LCAs.
Always according to the reviewed literature, the main groups of finfish species
produced from inland, marine and coastal aquaculture differ among continents
but — looking at them at a global scale — tilapia (mainly Oreochromis niloticus),
catfish (mainly Pangasianodon hypophthalmus), salmon and trout stand out as
the most studied group. These findings reflect the economic interest for these
groups of animals, known to be among the main drivers of global demand and
consumption thanks to the shift from being primarily wild-caught to aquaculture-
produced (FAO, 2016), a condition which in turn cause their prices to decrease

and foster their commercialization. While salmonids are already a commodity in
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developed Countries, tilapia and catfish are becoming more and more important
on the global market only in recent times, with a global production in 2014
reaching 3670, 237 and 386 thousand tonnes for the Nile tilapia (Oreochromis
niloticus), the North African catfish (Clarias gariepinus) and the striped catfish
(Pangasius hypophthalmus) respectively (FAO, 2018a). Tilapia is definitely a
popular product in the United States retail sector, the largest market for this
species, with the Asian and the Central America countries being the main
suppliers (FAO, 2016).

Results on the spatial distribution of researches prove the increasing

attention toward Asian production, neglected by the scientific community for a
long time (Huysveld et al., 2013) although accounting for 89% of the global
production (FAO, 2016). The importance of Asian aquaculture is even higher in
a life cycle perspective, since in these regions farming practices are often less
efficient than in Europe, thus leading to higher negative impact on the natural
environment per production unit. Always with regard to Asian production, it is
here important to mention the EU FP7 SEAT (Sustaining Ethical Aquatic Trade)
project (Henriksson et al., 2014b, 2015), aiming at establishing an evidence-
based framework to support stakeholder dialogues organized by third party
certifiers. The project activities included detailed LCA studies on 4 farmed
aguatic products (namely Oreochromis spp., Pangasius spp., Penaeid spp.
shrimp species, Macrobrachium spp. freshwater prawn species) in China,
Thailand, Vietham and Bangladesh, being all major producing countries. At a
continent level is also interesting to notice how low was Canadian and United
States contribution to the body of knowledge in these last years: in fact, North
America rates fifth in a global perspective, accounting for only 5% of the

scientific production here reviewed.
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4.2 Scope

With regards to the Functional Unit chosen, the live-weight biomass is surely

the easiest unit to be measured but it hardly allows meaningful comparisons
among organisms of different species. This is particularly the case of aquatic
species having a high ‘left over / live weight' ratio due to a substantial amount of
trimmings and offal (such as Atlantic cod, pollack and saithe, all belonging to
the Gadidae family). Molluscs present a similar problem, since the FU is often
expressed as the total wet weight including the shell (Lourguioui et al., 2017,
Pahri et al.,, 2016). A solution could be the one adopted by (Aubin et al., 2017)
in which, after running a first LCA on 1 ton of packed ‘ready-to-cook’ mussels
(chosen as FU), the whole analysis was rescaled on 1 ton of edible protein in
order to compare the assessed impacts with those of different types of animal
production. However, the conversion of the live-weight biomass into its relative
edible yield without including in analysis detailed information about the
manufacturing phase (e.g. the removal of fish offal, bones, skin, shell, etc.)
might lead to an underestimation of the owverall impacts. Thus, a sensitivity
analysis on the functional unit would be recommended, as done in the study of
Ing6lfsdottir et al. (2013) on salmon supply chain. Concerning the adoption of
an energy-related FU, it was justified by the need to compare alternative fuel
sources to each other (biomethane from seaweed, gasoline and natural gas). In
the other cases it was necessary in order to calculate sustainability indicators
related to either energy content (EROI indicator) or exergy content (CEENE

indicator).

Although the processes which are included within the system boundaries
were very heterogeneous, it was observed a focus on the farming phase. This is
not surprising at all since, from an LCA perspective, the impacts derived from
on-farm activities are generally much more important than those due to the

processing and packing (Pelletier and Tyedmers, 2010). Besides, the final
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phases of the production are often similar to these of other agrozootechnical
products and thus less representative of the specific seafood production system
analysed. Since the effects of aquaculture activities on the natural environment
are largely due, as for most livestock production, to both the aquafeed
production (pre-farm phase) and use (on-farm phase) (Aubin, 2013; Smarason
et al., 2017), aquafeed is widely regarded as becoming a major constraint to the
growth of fed-species production in many developing countries. Actually, half of
the world aquaculture production (by volume) is realized by farming species
which do not require to be fed (FAO, 2016), with the most important non-fed
animal species being bivalve molluscs, two freshwater finfish species (hamely
silver carp and bighead carp) and other filter-feeding animals (such as sea
squirts) in marine and coastal areas. However, the farming of all the other
aguatic species bears the weight of aquafeed production and use, thus it was
positive to find a noticeable research effort towards the inclusion of these

phases within the boundaries (see Appendix).

A frequent omission of information about the data sources used still persists,
although having being already highlighted in the review of Henriksson et al.
(2012) as an often neglected crucial point. Concerning data quality, the most
abundant the primary data are (especially those about upstream processes),
the less assumptions have to be made, the most robust the analysis is.
However, the use of databases in order to get secondary data was not always
stated clearly. Always speaking of the methodological choices, information

about the approach adopted to handle the problem of multi-products systems

was often disregarded too. 41% of the studies did no clearly indicate which
allocation criterion was used, thus a higher transparency in the methodological
choices made should be advisable. Since most of these papers analysed
single-product systems (i.e. either monoculture farming systems or feed
manufacturing productions) they probably managed to avoid allocation in the

foreground system, but allocation might have been necessary in background
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processes. Although a sensitivity analysis (i.e. the comparison of the results
obtained by adopting different choices) should be always performed when
system expansion is not possible, several studies (26%) adopted only one
allocation approach. The sensitivity analysis is always advisable since, when
the by-product represents a consistent part of the total mass or energy
produced, physical allocation may cause an unbalanced distribution of the
environmental burdens. On the other hand, economic allocation is preferred by
those who argue that industrial production systems are driven by the social
preferences (i.e. the main product produced is the economical motivation of the
whole production system under study). However, this approach may cause a
magnification in the differences between valuable and low-price products in
terms of environmental impacts. Moreover, the results are inevitably linked to
prices fluctuation in time — due to changes in demand on the market — and in

space (i.e. region or Country-specific prices).

Since these two methodological choices can markedly affect LCA results, a
lack of information about them makes it difficult to interpret the studies and,

moreover, negate the chance of a prospective comparison among papers.

4.3 Life Cycle Impact Assessment (LCIA)

The Life Cycle Impact Assessment phase, besides carrying the weight of all
the above-mentioned methodological choices, requires further care in the
decisions to take. Aquaculture activities can affect biodiversity in both a positive
and negative way: while, concerning the former, the production of fish foodstuff
can for instance reduce pressure on wild stocks and — in some production
systems such as aquaculture in ponds — replace destructive land-use patterns,
the list of potential negative impacts is quite long as well (Diana, 2009). Thus,
the selection of the ICs must be comprehensive in the sense that it should
reflect the full range of aquaculture activities and that it must covers all the main

environmental issues related to the system.
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Within the impacts due to the emissions of substances, Climate Change,

Eutrophication and Acidification are clearly seen by the scientific community as
the best proxies of aquaculture impacts, confirming previous findings (Aubin,
2013; Cao et al., 2013; Henriksson et al., 2012). The frequency at which they

are used is followed at a distance by Ecotoxicity.

In regard to the evaluation of impacts due to the removal of substances from

nature, the assessment approaches based on resources extraction rates and
those based on exergy consumption are the most used in aquaculture-related
LCAs among the six ones identified in a recent review on Resource Depletion
(Klinglmair et al., 2014). However, the currently used LCIA methods are still not
sufficiently comprehensive, with one of the main issues being the accounting of
the consumption of some renewable resources. In fact, while the so-called
renewable energies (e.g. wind and solar power) regenerate instantaneously, the
time required for biotic resources to double their number of individual (i.e. their
renewal time) may range from days to years (Crenna et al, 2018). This
condition inevitably leads to difficulties in the identification of proxy for impact
that are related to biotic resource depletion. On the other hand, the
consumption of fossil fuels can be translated into an IC more easily since,
despite being biotic resources, their renewal time is so wide that they can be

theoretically considered as non-renewable resources, as metals and minerals.

As a result, the IC Abiotic Resource Depletion is the most consolidated one
and already includes a series of alternative indicators recommended by the
European Platform on LCA (European Commission, 2011). On the other hand,
the quantification of Biotic Resources Depletion is a more controversial topic
and it is primarily expressed with the Primary Production Required indicator.
Since the adoption of the term BRU rather than NPP-use seems to be simply
due to personal choices — with the research groups of Pelletier and Avadi
preferring the former and that of Aubin supporting the latter — the adoption of a

unique terminology would be advisable to avoid possible confusion, as already
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suggested by Cashion et al. (2016).

A limit of the Water Use IC is that the two most frequently used indicators are
expressed simply in terms of the quantity of liquid removed from a natural
waterbody. This quantitative approach can lead to biases when comparing the
results obtained from different production systems. For instance, the indicator
Freshwater Consumption is used as a proxy of the water consumed by the
system and thus made unavailable for other uses. However, most of the
reviewed studies (see Appendix) focused on farm activities, where the water is
not consumed (it is simply the medium the farmed species grow in) and is
returned to the river shortly after the derivation into the system. The other main
indicator, Water Dependence, it is not very suitable either. Although the amount
of water flowing through a freshwater system is far smaller than that flowing
through a sea cage system (Gephart et al., 2017) still freshwater ecosystems
require an adequate amount of water for their sustenance (i.e. the minimum
flow necessary to preserve the aquatic living beings). Thus, the diversion of a
quite small amount of water from a river might have big effects on the
downstream aquatic environment and thus it wouldn't be a representative
indicator of the actual impacts, especially in those geographical regions where
water availability can be a critical parameter in assuring the survival of aquatic
species. A third option is that of taking into account the degradative use of water
(and not just its consumption or use) by resorting to Water Footprint, since this
indicator accounts for the water required both to be consumed within the
production processes (green and blue water footprint) and to be used to
assimilate/dilute pollution (grey water footprint). However, one single study used
this indicator and only the blue water footprint was assessed. As already
highlighted by Gephart et al. (2017), this indicator is probably disregarded due
to its complexities since — in addition to the amount of water used — it requires
information on the location of the water withdrawal and the amount (and

dynamics) of water locally or regionally available.
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Although efforts were made to clarify some of the issues concerning Land
Use, the problem of its accounting remains a very complicated one and gave
rise to debate and controversy (van der Voet, 2001). In the last years, several
researches have been testing different proxies (Foley et al., 2005; Lindeijer et
al.,, 2002; Scholz, 2007) but there is still no clear consensus about which Land
Use indicator would suits best in accounting aquaculture-related impacts. As a
consequence, Land Use was mainly assessed with the characterization model
available within ReCiPe methodology. The case-study including the Sea use
(Abdou et al., 2017) represents an interesting attempt to transfer an IC created
in a fishery-LCA context — which in turn was directly derived from the IC Land
Occupation — to an aquaculture-relate context. The most interesting aspect is
that this IC did not simply considered the surface area occupied by the sea-
cages but included within the assessment method the characterization factors
for seabed destruction and transformation as a consequence of both on-farm

and fishing activities (the latter being necessary for fish-feed production).

The assessment approaches based on energy and exergy consumption are

sometimes used too. CED, although being pointed out as the fourth most
representative IC in aquaculture (Aubin, 2013; Cao et al.,, 2013; Henriksson et
al., 2012), appears to have been less used in the past 5 years, with no specific
motivation provided for its inclusion or exclusion from the analysis. The exergy
of resources — which expresses the maximum amount of useful work the
resource can provide — was sometimes accounted in terms of CEENE. As
already observed for the accounting of the Biotic Resources, CEENE seems to
be an IC whose use is intimately related to the research groups personal

approach.

Besides the set of ICs that are always or often included in aquaculture LCAs,
several issues — such as Genetically Modified Organisms, biodiversity loss and
erosion — have already been identified but their relative impacts are seldom or

never addressed, as better described in the ILCD Handbook (European
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Commission, 2011). For some of them, there is still no consensus on the
characterisation model proposed, while for others no characterisation models
are available at all. Concerning the papers here reviewed, several research
groups either paired some conventional LCIA methodologies with sustainability
indicators other than LCA approach or applied controversial indicators and

characterisation models.

With regards to unconventional energy-based approaches, EROI is an

interesting indicator of systems energetic performance, typically used within the
energy sector to determine the energy that is returned from an energy-collecting
process as compared to the energy spent to run the process itself (Gupta and
Hall, 2011). However, EROI can also provide very useful information when
applied to food systems, since in many cases they may rely on high inputs of
non-renewable resources (Pelletier et al., 2011). The ‘edible protein EROFI (ep-
EROI) is particularly useful as indicator of ecological sustainability, since it
describes the ratio of industrial energy input to protein energy output for food
production and allows for comparison of energy efficiency between different
food sectors. Another energy-based approach was applied by Draganovic et al.
(2013) on salmonid fish-feed ingredients, calling into question the higher
sustainability of vegetable ingredients over that of animal sources. Within this
study, the choice to account for eco-exergy to compare living organisms is
particularly peculiar and it was used to describe the differences between fish,

plants, crustaceans, and microalgae.

The suggestion made by Oita et al. (2016) for improvements of the Nitrogen
Footprint method was interesting as well, since it took into consideration not
only consumers’ food choices but also the differences in nitrogen emissions

between fed and non-fed aquaculture systems.

Human Labour is not directly related to any environmental impact (it is not an

IC). However, it was mentioned in connection with the IC Particulate
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matter/Respiratory inorganics, where work loss days are accounted together
with other parameters — such as new cases of chronic bronchitis and increased
mortality risk — as an endpoint effect within the EcoSense LCIA model. It is our
belief that the accounting of Human Labour may be useful for the interpretation
of LCA results: for instance, it may enlighten the researchers about murky
connections between workers’ health, work loss days and the use of fossil fuel
vehicles and machineries. However, farming techniques in modern, intensive
aguaculture systems usually entail a low labour intensity. This is probably the
reason why Human Labour was considered in only two papers, both concerning

Asian extensive polyculture systems.

Finally, it is worth mentioning the study of Newton and Little (2017), in which
an LCA on salmon supply chain was coupled with the geo-localization of the
impacts by means of the GIS methodology. This topic has always represented
an issue in LCA analyses, since the quantification of regional and local impacts
requires a deep knowledge of the possible interactions between the system
studied and its surrounding natural environment. Moreover, complex supply
chains may include several activities taking place in different time and space,
thus the allocation of the overall environmental impacts and their declination in
their relative local context may lead to a totally different interpretation of the

results.

5. Conclusion
The results of our review give the opportunity to take stock of the current
general trend in aquaculture-related LCAs and provided essential information

about two macro-areas.

Application of the method — The number of farmed species (fish species,

molluscs, algae), the production techniques adopted (e.g. the type and method

of feeding, the infrastructures used) and the intended use of the finished
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product (human consumption but also biodiesel production and more) makes
aguaculture production an extremely heterogeneous sector. Most LCAs still
focus on intensive farming and on high economic value fish, but a progressive
shift of the research efforts from Western to Asian culture systems was
observed, thus better reflecting world aquaculture production ration. Since one
of the most critical aspects of the supply chain is the aquafeed production and
use, it was positive to see that its sustainability is being studied with a growing
interest. Overall, an increased number of case studies is necessary to increase
the level of knowledge and to direct the sector towards more sustainable

production solutions.

With regards to the Functional Unit chosen, biomass is the most
representative metric. However, the main purpose of fish production is human
consumption, thus the coupling of mass with the edible protein as FU would be
preferable (and in this case a careful evaluation should be made with regard to
the opportunity of including fish manufacturing activities in the model). System
boundaries are often not very wide, with most of the researches focusing on
farm activities disregarding both upstream and downstream processes. A
worrying observation was related to data sources and allocation method, which

were often not stated although being two very delicate aspects of LCA.

With regards to the impact assessment phase, it must be borne in mind that
not only the ICs but also each single indicator to assess them aims to answer to
a different research questions, with the only exception being Climate Change.
Thus, it is necessary to make a well-informed choice about which ones to use
and to state it clearly, since the results obtained by the application of two
alternative indicators to the same supply chain will be different as well.

Resource accounting models — Most of the methodological criticalities still

arise from the assessment of impacts due to resources depletion and the
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existing lack of consensus leads to a high heterogeneity in the approaches
used. Within several studies, some new or uncommon characterisation models
and some sustainability indicators other than those included in LCA have been
tested. Methodologies concerning several local ecological impacts are still
underdeveloped and no specific improvements were suggested in the last 5

years about them.

Given the critical issues highlighted by the review, it was decided to focus the
subsequent studies on three specific key issues, as already mentioned in the

previous chapter:

= the aquafeed, through a focus on four candidate ingredients as potential
substitutes for fishmeal (chapter 3).

= (different production systems, in order to increase the level of knowledge
about aquaculture sustainability. The focus was brought on land-based
freshwater systems, investigating a semi-intensive flow-through system
producing trout in laly first (chapter 4) and then an aquaponic system

producing tilapia in Belgium (chapter 5).

= alternative indicators for the resource accounting. The focus was brought
on emergy, an indicator not included in the LCA approach (chapter 6),

which was applied to the aquafeed case study of chapter 3.

Special attention was paid to fulfil, according to the ISO 14040:1997 and ISO
14044:2006 standards, several underestimated or disregarded aspects
described above in this chapter, such as the coupling of different FU, the use of
wider system boundaries, a clearer statement of the data-sources used and of

the methodological choices made.
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Chapter 3. ALTERNATIVE PROTEIN SOURCES®

1. Introduction

As already discussed in chapter 1, close attention should be paid to the
choice of aquafeed used, as it was already addressed as the major
environmental impact source (Bohnes et al., 2018). The consumption of
agquafeed is likely to increase, pushed by the increased demand for fish
products (FAO 2018).

The optimal protein source for high-value carnivorous and omnivorous
species, such as trout, channel catfish, common carp (freshwater) and salmon,
seabass and seabream (marine) is fishmeal (FM) (NACA/FAO 2001; STECF -
Scientific Technical and Economic Committee for Fisheries 2018). In the ’70s
and ‘80s, the growing demand for FM caused a growing pressure on the small
pelagic fish species, thus contributing to a progressive decrease in their stocks
(Rana et al. 2009; FAO 2018). Concern about FM availability and market price
(Tacon and Metian 2008; Naylor et al. 2009) fostered research activities aimed
at replacing it with cheaper and more sustainable protein sources. This effort

involved both the scientific community and the aquafeed industry.

The Iltalian aquafeed industry is importing about 40,000 tonnes of FM per
year (Globefish 2016), mainly from Chile (more than 30%), Germany, Spain and
Denmark (around 15% each). In order to reduce ltaly dependence on imported
FM, the project SUSHIN - SUstainable fiSH feeds INnovative ingredients, is
focusing on underexploited protein sources, with the aim of designing new
sustainable feed formulations. Four potential FM substitutes were identified:

Poultry By-product Meal (PBM), Insect Meal (IM) and Dried Microalgae Biomass

6 This paper has been accepted for publication in the International Journal of Life Cycle
Assessment. It was co-authored by Giuliana Parisi, Natascia Biondi, Fernando Lunelli, Emilio
Tibaldi, Roberto Pastres.
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(DMB) from Tetraselmis suecica (DMB_TETRA) and Tisochrysis lutea
(DMB_TISO). PBM is obtained from the processing of category 3 poultry by-
products and, consequently, it can be fed to terrestrial farmed animals (Annex X
to Regulation (EU) 142/2011). Insect Meal (IM) is obtained from the processing
of fly larvae and can be used as feed ingredient, based on the current
legislation (Annex Il to Commission Regulation (EU) 2017/893). The feeding of
fish with poultry and insect meals was authorized by the Commission
Regulation (EU) 2017/893 and by the Regulation (EU) 56/2013. Tetraselmis
suecica (DMB_TETRA) and Tisochrysis lutea (DMB_TISO) are two marine
microalgal species farmed in outdoor photobioreactors, which are closed
cultivation systems that allow to reduce the use of chemicals and optimize the
use of fertilizers. According to the European Union legislation, both microalgal
species are considered as safe ingredients for food and feed purposes (Enzing
et al. 2014) and are included in the European catalogue of feed materials
(Commission Regulation (EU) 68/2013).

According to the literature, all candidate protein sources are suitable as
partial FM substitute within aquafeed formulations (Bruni et al. 2018;
Zarantoniello et al. 2018; Hekmatpour et al. 2018; Henry et al. 2018a, b;
Cardinaletti et al. 2018; Wu et al. 2018; Secci et al. 2019; Gong et al. 2019;
Messina et al. 2019; Davies et al. 2019; Karapanagiotidis et al. 2019; dos
Santos et al. 2019). PBM is already one of the main animal protein sources
used in livestock and fish feed formulations (Meeker and Hamilton 2006). IM
and the two DMB are emerging as valuable aquafeed ingredients only recently,
despite both microalgal species have been used in aquaculture for a long time
to meet specific nutritional needs of molluscs and shrimp larvae and to improve

growth performance through green water techniques.
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The four partial FM substitutes were investigated through the LCA
methodology with the objective to identify the most environmentally sustainable
one and to indicate potential improvement of their present production

processes.

2. Methods

LCA was performed according to the four main steps recommended by the
International Standard Organisation (ISO 2006a, b): (1) Goal and scope
definition; (2) Life cycle inventory; (3) Life cycle impact assessment and (4)
Results interpretation. Calculations were made using the software SimaPro
8.5.2.0 (PRé 2012). The problem-oriented approach (attributional LCA) was

adopted, in order to focus on the extent of existing impacts (Tillman 2000).

2.1. Scope definition
The main characteristics of the four protein sources are presented in Table

3.1. A “cradle to plant gate” LCA was performed, thus including in the system
boundaries the production of poultry by-products, fly larvae, fresh microalgae
and their processing into unpackaged dried meal (Figure 3.1). One tonne of
protein (i.e. the percentage of crude protein contained in the dried meal) was
used as functional unit, since it is the nutritional property on which the partial
FM substitution is based, in the formulation of new aquafeed. The set timespan
is the managing of the plants for a whole year, so to include in each model the
seasonal fluctuations in the production. This choice is particularly important for
the microalgae production, since their growth is highly affected by outdoor

environmental conditions (the available solar radiation and air temperature).

A sensitivity analysis (2 alternative scenarios per each meal) was performed
in order to provide a range of the impact magnitude and to increase the
robustness of the research. Furthermore, as shown in Figure 3.1, the production

of insect meal and poultry by-product meal includes multifunctional processes.
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Figure 3.1 System boundaries set for each novel FM substitute modelled. They include the
production of the raw material (i.e. chicken by-products, fly larvae, whole microalgal organisms)
and its processing into meal. In each model, a star* ) highlights the point where most of the

uncertainty lies and for which 2 different scenarios were considered.
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To enable a fair comparison among these meals, the mono-functional
process leading to their production should be isolated from the ones related to
additional system outputs (co-products). However, a subdivision into mono-
functional processes cannot be performed, since in both cases the meal and the
co-product(s) are obtained from a single input (raw material) entering the

process.

Table 3.1 Characteristics of the novel FM substitutes (and ofthe related case studies analysed):
Poultry By-product Meal (PBM); Insect Meal (IM); two types of Dry Microalgae Biomass
(DMB_TETRA and DMB_TISO). Gross protein content was assessed by SUSHIN-project
partners: CREA (Council for Agricultural Research) and the University of Udine

Novel FMsubstitutes PBM m DMB_TETRA DMB_TISO
Fullname | Poultry By-product InsectMeal Dry Microalgae Dry Microalgae
Meal (from black soldier Biomass— Biomass—
fly) Tetraselmis suecica Tisochrysis lutea
Raw material | Poultry by- Flylarvae Whole organism  Whole organism
products
Productive plant| Real Real Virtual Virtual
Average annual| 48,253 109 36 25
production (tonnes of’
dried meal year?)
Location| ltaly France ltaly ltaly
Crude protein content
(% on a dry basis) 66 50 40 ol
data source| SUSHIN project  SUSHIN project  Batista et al. (2017), SUSHIN project
partners partners Cardinalettietal. ~ partners,
(2018) Cardinalettietal.
(2018)
Gross energy content
(MJ kg of meal) 21.14 18.28 22.20 2250
data source| SUSHIN partners  SUSHIN partners  Tredicietal. (2015) Renaudetal.
(2002)

Thus, according to ISO standard 14044 (ISO 2006a), the first solution to
solve multifunctionality is the expansion of the system boundaries, in order to

ensure that all the environmental burdens are taken into account. This means a
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change in the functional unit which, in this case, would include 1 tonne of meal
plus 0.3 tonnes of insect oil (in IM production process) and 1 tonne of meal plus
2.8 tonnes of other feed ingredients (in PBM production process). As these
functional units cannot be compared to each other, nor with 1 tonne of dry
microalgae biomass (DMB), allocation remained as the only solution. In fact, the
fourth option (the substitution method) is not perceived as correct: taking place
overtime, it is not in line with the scope of the study which is, according to the
attributional retrospective, to portray current production scenarios (Schrijvers et
al. 2016). Details about the allocation approach used and the alternative

scenarios considered are better discussed in the paragraph 2.2.2.

2.2. Life Cycle Inventory (LCI)
2.2.1. Data source

The inventories are provided in Tables 3.2, 3.3, 3.4. Data concerning the
production of the two animal meals were provided by two industrial scale
companies. Data concerning the production of both microalgal meals
(DMB_TETRA and DMB_TISO) were based on the model of a 1 ha plant using
the Green Wall Panel technology. The model is grounded on the technologies
and operations of both the Green Wall Panel pilot installation at the
Fotosintetica & Microbiologica S.r.l. research area (a University of Florence
spin-off, Firenze, ltaly) and the industrial scale plant of Archimede Ricerche
S.rl. (Camporosso, Imperia, ltaly) and it was previously used for a techno-
economic analysis of microalgae biomass production (Tredici et al. 2016).
Despite having a different production scale (Table 3.1), the four systems can be
compared to each other since they represent the state of the art of practices

and technologies in their respective production field.

Foreground data were gathered by interviewing the PBM and IM companies’
staff and DMB experts. Background data, such as consumable goods,

production, transportation modes and energy generation (electricity, diesel fuel,
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etc.) were mainly derived from Ecoinvent v.3 database. However, data on crop
production is poor within Ecoinvent, thus they were sourced from Agribalyse
database. Poultry by-products production was sourced from Agribalyse too,
since previous LCA publications on Italian poultry supply chain do not provide
an exhaustive inventory. The electricity mix and water consumption in
background inventory data were adapted to the ltalian context for PBM and the

2 microalgal meals and French context for the IM.

Table 3.2 Dry Microalgae Biomass (DMB) inventory — Cultivation and processing of microalgae
into dry microalgae biomass in an ltalian virtual company. Data are scaled to 1,000 kg of meal
produced.

INPUT TYPE INPUT UNIT AMOUNT AMOUNT
(DMB_TETRA) (DMB_TISO)
MAIN CONSUMABLES  Fertilizerused as nutrient— kg 427.7 4201
Sodium nitrate (NaNOs)
Fertilizer used as nutrient— kg 274 26.7
Monosodium phosphate
(NaH2PO.)
Carbon supply notconsidered  notconsidered
= S1: as flue-gas (burden-free) 9,020.0 9.020.0
= S2: carbon dioxide, liquid kg
OTHER = Disinfectant—Sodium kg 25.1 35.8
CONSUMABLES hypochlorite at 15% active
chlorine
= Disinfectant—Hydrochloric kg 41 5.8
acid 36%.
Both disinfectants are consumed
entirely during the system
washing, performed onlyat the
beginningand atthe end of the
yearly production.
CAPITAL GOODS Photobioreactors metal kg 94.1 1344

components—Mainlycomposed

of chromium steel 18/8, hot

rolled. Lifespan: 25 years:

= metal frames

= stainless-steel serpentine
(thermoregulation)
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WATER
CONSUMPTION
(SEA WATER)

ENERGY
CONSUMPTION

TRANSPORTATION

= water tanks

= pumpsand air blowers

= centrifugationand
lyophilization machines

Photobioreactors wood structure
— Mainlycomposed of: Plywood,
for outdoor uses

Lifespan: 15 years

Photobioreactors plastic bag -
Mainlycomposed of:
polyethylene, low density,
granulate. Lifespan: 1 year

Photobioreactors piping —Mainly
composed of:
polywinyldenchloride, granulate.
Lifespan: 15 years

= Culture medium —Complete
filling-up of the culture
chambers (onlythe 1stday of
production), plus the daily

topping-up.
= Cooling system.

Energy consumed during the:
cultivation (5 pumps + 2 blowers),
harvesting (centrifugation and
ultrafiltration), drying
(Iyophilization).

Transportation ofthe consumable
goods— Fertilizers, disinfectants,
photobioreactors plastic bag
(since theirlifespanis of 1 year
only) from the nearestretailer to
the plant (lorry with a Gross
Vehicle Weight Rating below 7.5
t), plus:
= S1:no transportation
considered for the flue gas
supply
= S2: transportation of pure CO;
from the nearest retailer to the
plant(lorry with a Gross
Vehicle Weight Rating below
7.51)

kg

kg

m3
kWh

tkm

tkm

66.8

83.5

8.9

60.9

2,105,263.2
12,098.8

284

479.5

95.5

119.3

12.7

86.7

3,007,159.9
22,716.3

304

4815
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OUTPUT TYPE OUTPUT UNIT AMOUNT AMOUNT
(DMB_TETRA) (DMB_TISO)
PRODUCT Dry Microalgae Biomass kg 1,000.0 1,000.0
EMISSIONSIN AR Water losses during biomass m3 40 9.3
drying
Carbon dioxide notconsumed by kg 7,220.0 7,220.0
the microalgae (thatis the 80% of
the CO2 provided)
EMISSIONSIN WATER = Culture medium - Complete m3 56.9 79.3
(SEAWATER) emptying of the culture
chambers (once a year, on the
last day of production), plus the
water losses during biomass
centrifugation
= Cooling system m3 2,105,263.2 3,007,159.9

Table 3.3 Insect Meal (IM) inventory — Farming and processing of black-soldier fly larvae into
insectmeal and fat in a French company. Data are scaled to 1,000 kg of meal produced.

INPUT TYPE INPUT UNIT  AMOUNT
MAIN CONSUMABLES  Farming-substrate (feed composed of cereal by-products) kg 6,000.0
OTHER Chemical — Sodium chloride powder. kg 1.7
CONSUMABLES Chemical —Sodium hypochlorite (withoutwater) in 15% kg 1.7
solution state.
CAPITAL GOODS Rearing boxes of 2 kg/each, stacked on steel frame of 20
kg/each— Mainlycomposed of:
= polyethylene terephthalate, granulate, bottle grade. kg 0.3
Lifespan: 15 years
= chromium steel 18/8, hot rolled. Lifespan: 15 years kg 04
Rendering machineries —Mainlycomposed of chromium kg 444
steel 18/8, hotrolled. Lifespan: 25 years
WATER Tapwater: m3 6.3
CONSUMPTION = added to the feed:;

= used combined with chemicals for the essential cleaning
of the facilities.
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ENERGY Energy Country mix (France) consumed by: kWh 3,366.7
CONSUMPTION = machineryfor heating & ventilation

= machineryfor rendering

= other machinery(e.g. lighting, insectfeeders)
TRANSPORTATION  Transportation ofthe consumable goods — Insectfeed t km 480.0

(cereal by-products) and chemicals from the nearest retailer

to the plant (lightcommercial vehicle)
OUTPUT TYPE OUTPUT UNIT  AMOUNT
PRODUCT Insectmeal kg 1,000.0
CO-PRODUCT Oil kg 3333
BY-PRODUCT Field application as compost: kg 8,016.7

= insectgrowing substrate (uneaten feed, with high

moisture content)

= dead adult flies

EMISSIONIN WATER  Waste-water discharge in the drainage system. It accounts ~ m? 3.0

(RIVER)

for the water used for cleaning and for cooking/c odling the
processed biomass.

Table 3.4 Poultry By-product Meal (PBM) inventory — Processing of poultry leftovers into poultry
by-product meal and fat in an ltalian company. Data are scaled to 1,000 kg of meal.

INPUT TYPE INPUT UNIT AMOUNT
MAIN Chicken feed kg 5,556.0
CONSUMABLES
OTHER Disinfectant—A chemical productcomposed of Sodium kg 0.2
CONSUMABLES phosphate (2.5%) + Ethylene oxide (1.25%) + 1-butanol

(1.25%) + Isopropanol (2.5%) + Water, ultrapure (9.25%)

Detergent— A common tenside kg 04
CAPITAL GOODS  Rendering machineries (pre-cooker, cooker, press, collection kg 0.5

tanks, vibrating screens, etc.) — Mainlycomposed of chromium

steel 18/8, hot rolled. Lifespan: 25 years.
WATER Soft water used: m3 5.7
CONSUMPTION as live steam injected into the rendering machines;

as cold waterto cool down the leftovers during their
processing;

for hygiene reasons (i.e. for the essential cleaning of
machineryand floors), although it represents a limited amount
if compared to the volumes used daily as steam inthe
rendering process.
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ENERGY Energy Country mix (ltaly) kWh 2829
CONSUMPTION

Natural gas Nm3 429.3
TRANSPORTATION Transportation ofthe consumable goods — Poultry from the t km 185.8
slaughterhouses to the rendering plants (lorry with a Gross
Vehicle Weight Rating of 25 t), plusthe chemicals from the
nearestretailer to the rendering plants (light commercial
vehicle)
OUTPUT TYPE OUTPUT UNIT AMOUNT
MAIN PRODUCT  Meatmeal (for human consumption) kg 1,000.0
BY-PRODUCTS Fat kg 833.6
Blood meal kg 611.2
Feathersmeal kg 1,388.8
EMISSIONIN Waste-water discharge in the drainage system. It accounts for: m3 74
WATER (RIVER) water used for cleaning and for cooking/cooling the
WATER processed biomass (the virtuous recycling processes are

ignored both as inputs and as outputs)
the water drained from the leftovers.

2.2.2. Brief description of the production systems and of the related scenarios

DMB production. The meal is obtained through the cultivation, harvesting and
processing of two unicellular marine microalgae (Tisochrysis lutea and
Tetraselmis suecica) produced in a 1 ha Green Wall Panel plant close to the
sea (Figure 3.1). The production of the two meals (DMB_TETRA and
DMB_TISO) requires the same infrastructures and machineries, but differs in
terms of consumable goods, water and energy consumption. The production at
full plant size (i.e. in the Green Wall Panel photobioreactors) is carried out in a
semi-continuous mode: every day, part of the microalgae culture is harvested
and substituted with fresh culture medium. The salt water filling the system is
taken and discharged into the sea. At harvesting, microalgae cells are
separated from the exhausted culture medium by centrifugation. The paste thus
obtained, which still contains 75-85% water, is dried, in order to get the feed

ingredient. Carbon dioxide can be injected into the photobioreactors either as
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flue gas, which is a recycled waste-product obtained from the burning of used
vegetable oils, or as pure carbon dioxide from cylinders. These two alternatives
were investigated as two scenarios, S1 and S2 (Table 3.5). In the former case,
the flue gas was assumed as a burden-free input, as the credits related to its
production were entirely assigned to the producer. Both scenarios were

modelled in accordance with Collotta et al. (2018).

Table 3.5 Alternative scenarios tested on each model

1st scenario (S1) 2nd scenario (S2)

PBM Mass allocation Economic allocation

A black soldier fly baseline diet
(Smetana etal. 2016), made of
wheat bran, rye meal and tap

A commercial housefly diet (Barry
IM 2004),composed of wheat bran, alfalfa meal,
commeal and tap water

water
DMB_TETRA Flue gas Pure COz
DMB_TISO Flue gas Pure CO;

IM production. Insect farming, slaughtering and processing are carried out in
the same facility. At the end of the larval stage, most of the pre-pupae is
processed, while the rest develops into the adult colony that will provide the
supply of new eggs. Due to IPR protection, the exact composition of the
growing substrate (i.e. the insect feed) was not provided by the company, who,
however, communicated that the diet formulation is based on cereal by-
products. Based on this information, two production scenarios were
investigated, assuming two alternative diets (Barry 2004; Smetana et al. 2016)
(Table 3.5). With regards to the mass balance (Figure 3.1), the use of 9.3
tonnes of growing substrate leads to the production of 1.3 tonnes of larvae (live
weight) and 8 tonnes of uneaten substrate. The larvae are then converted into 1

tonne of IM and 0.3 tonnes of insect oil. According to producer's personal
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communication, the uneaten growing substrate is sold on the market as
fertilizer. However, if compared with the economic value of the other two
products (IM and insect oil), the uneaten substrate accounts for less than 3% of
the total net sales. Thus, the total environmental burdens were allocated to the
production of grown-out larvae, leaving the uneaten substrate completely
burden-free. The two co-products (insect meal and oil) have the same economic
value (personal communication from the company), thus the allocation of
impacts was based on the biomass ratio only. In summary, multifunctionality
was here handled by cutting-off the uneaten substrate and by applying a mass

allocation between IM and insect oil.

PBM production. The slaughter of broilers leads to the parallel production of
the main product (i.e. broiler meat for human consumption) and of three types of
by-products: meat and bones leftovers (heads, feet, skin and inedible offal);
blood; feathers. Poultry by-products production was modelled starting from an
Agribalyse LCI record describing broiler farming and slaughter in France. This
record was then modified by substituting the nested records on poultry feed with
a formulation provided by the poultry rendering company. Blood and feathers
are directly processed into blood and feather meals, while the mix of meat and
bones leftovers undergoes a special treatment (rendering) which separates the
three animal tissue components: PBM, fat, water. For the sake of simplicity, all
the products other than PBM are grouped together and named ‘other feed
ingredients’ (Figure 3.1). The LCA model for poultry by-products processing
included fine chopping, heating with added steam, press separation and it was
modelled using primary data. The main assumption in this LCA model is
represented by the allocation approach, based on both mass and economic
value (Table 3.5), as PBM and the other feed ingredients (feather meal, blood
meal and fat) significantly differ in terms of both production yield and economic
value. In the system chosen as case study, 18.6 tonnes of broiler (live weight)

give 13.0 tonnes of broiler meat and 5.6 tonnes of poultry by-products. The
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latter yields 1.0 tonne of PBM, 2.8 tonnes of other feed ingredients and 1.7
tonnes of waste water (removed from animal tissues). Thus, according to the
mass balance, the by-products (obtained from poultry slaughtering) and the
PBM (obtained from by-products rendering) are burdened by 30.1% and 26.3%
of the impacts of the background processes, respectively (mass allocation, in
the PBM S1 scenario). Alternatively, the poultry by-products and PBM are
burdened by 1.4% and 31.5% of the impacts respectively, in line with their
economic value (economic allocation, in the PBM S2 scenario, according to the
commodities price in November 2019). An allocation approach based on
nutritional characteristics (e.g. energy content) was not considered meaningful,
as the outputs of both the multifunctional steps (the broiler slaughter and the by-
product processing) are meant for very different uses and have different

nutritional functions.
2.2.3. Data aggregation and other assumptions

The inventory data were aggregated into 6 sub-categories. The sub-category
“Main consumables” includes either the feeds for the insect and poultry farming
or the fertilizer for the microalgae. Detergents and disinfectants were included in
the “Other consumables” sub-category. All systems include road
“Transportation” of consumable goods, with distances calculated in terms of
kilometres between the retailer of each consumable good and the facility where
it is used. The lifespan of machineries and equipment, i.e. ‘Capital goods’, was
estimated by assuming only an ordinary maintenance on them. Storage
infrastructures and logistic, administration offices, laboratories etc. were not
included in the system boundaries since they are not representative of the
production processes. The sub-categories “Energy consumption” and “Water
consumption and emission” track the consumption of these resources within the
foreground system. Wastewater emissions from the plants producing PBM and
IM are treated in accordance with the current legislation. Direct nutrient

discharges from the cultivation of the two microalgal species were not taken into
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account, assuming that the nutrient inputs are entirely taken up by microalgae.
As a consequence, no water treatments are needed here. Gas emissions
directly produced by poultry and insect metabolism were not considered as a
net source of CO2: besides being lower than those of other livestock (Gerber et
al. 2013; Van Huis et al. 2013; Smetana et al. 2015), they were considered as a
part of a rapid biological system, in which the amount of CO2 emitted by the
animals can be considered roughly equivalent to the amount sequestered
through photosynthesis by the plant material given to them as feed (Herrero et
al. 2011).

2.3. Life Cycle Impact Assessment (LCIA)

Three ICs, i.e. Global warming (GWP, kg CO2 eq.), Acidification (AP, kg SO2
eq.) and Eutrophication (EP, kg PO4* eq.) were assessed using the
methodology CML-IA baseline V3.05 method (Guinée et al. 2002). The impacts
Cumulative Energy Demand (CED, MJ) (Frischknecht et al. 2007) and Water
Use (AWARE, m3 m?2 monthl) (Boulay et al. 2018) w