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Abstract

Purpose Fed aquaculture has long been based on fishmeal (FM) as the main protein source for carnivorous species, but when its
demand and price began increasing, both researchers and the industry started to search for alternative protein sources to meet the
challenge of securing aquafeed. Consequently, this study has recourse to life cycle assessment (LCA) methodology to identify
any critical points and improvement strategies in the current production of four partial substitutes for FM namely dried
microalgae biomass from Tetraselmis suecica (DMB_TETRA) and Tisochrysis lutea (DMB_TISO); insect meal (IM) from
Hermetia illucens larvae; and poultry by-product meal (PBM).

Methods System boundaries are from the cradle to the mill gate, thus including the production phase (and the related upstream
activities) and the subsequent biomass processing into unpackaged dried meal. One tonne of protein content was chosen as
functional unit. The inventory was based on foreground data provided by the industry and complemented by background data
sourced from the Ecoinvent v 3.4 and Agribalyse® v 1.3 LCI databases. The environmental effects were assessed considering
five impacts namely global warming (kg CO, eq.), acidification (kg SO, eq.) and eutrophication (kg PO,>” eq.) estimated via the
CML-IA method, plus cumulative energy use (MJ) and water use (m* m 2 month™'). Two alternative scenarios per production
chain were considered in order to increase the robustness of the results.

Results and discussion The performance-based ranking indicated the PBM and IM scenarios as the most sustainable options.
Both microalgal systems scored the worst performances in four impacts out of five, with eutrophication impact as the only
exception. The nutrients provided to poultry and insects (i.e. the feed) as well as to microalgae (the carbon source and the
fertilizers) were the main contributors to impacts, together with energy consumption. Despite being cultivated with identical
technologies, the two microalgae showed different performances due to their different annual yields and to different consumable
goods, water and energy consumptions.

Conclusions The results provided a ranking of these four partial FM substitutes and allowed to make useful considerations on
how to improve their environmental sustainability. To this regard, the impacts of IM and DMB production could be reduced by
improving nutrient efficiency and reducing energy needs. On the other hand, PBM production is already optimized and is not
expected to change substantially in the future years.
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1 Introduction

In large developed markets, including the European Union,
high-value species such as salmonids, European seabass,
gilthead seabream, shrimp and prawns are highly traded.
Shrimp production grew at an average annual rate of 9.7%
per year since 2000, reaching 5.5 million tonnes in 2017.
Atlantic salmon and rainbow trout show a similar rise, with
an average annual growth of 5.6% and 3.0%, respectively, and
a production of 2.6 million tonnes and 0.81 million tonnes in
2017 (Tacon 2020). This trend may seem related exclusively
to the more prosperous markets since, at a global scale, the top
fed fish in 2017 were still represented by the Chinese fed carps
(20% of world aquaculture production in terms of tonnes, live
weight), while the four abovementioned carnivorous species
accounted together for only 3.2% (FAO 2019). Still, the rising
income levels and urbanization are changing the consumption
habits in emerging markets, particularly in East and Southeast
Asia, and the demand for more expensive seafood is growing
(FAO 2018).

Over the years, the growing demand for these high-value
species naturally led to a growing demand for fishmeal (FM),
which is the optimal source of protein and, together with fish
oil (FO), the most digestible and nutritious aquafeed ingredi-
ent (FAO 2018). In the 1990s, the production of many marine
shrimp and carnivorous finfish required up to five times the
fish biomass as inputs than the farmed fish produced (Naylor
et al. 2000). Indeed, commercial feeds for the black tiger
shrimp (Penaeus monodon) and the Indian white prawn
(Penaeus indicus) included approximately 25% fishmeal
(Kumaraguru vasagam et al. 2005; Venero et al. 2008), while
the typical inclusion level for the giant river prawn
(Macrobrachium rosenbergii) was even higher (30-50%)
(Jain 2007). The percentage of FM inclusion in industrial
feeds for carnivorous species was large as well (e.g. 35% in
salmon and 30% in trout according to Mente et al. 2006).

The growing pressure on small pelagic fish species used for
reduction to FM contributed to a progressive decrease in these
fish stocks (Rana et al. 2009; FAO 2018), thus increasing FM
market price. In order to reduce the reliance on this traditional
marine resource, both the scientific community and the
aquafeed industry began to move towards FM partial substi-
tution with plant and terrestrial animal proteins (Tacon and
Metian 2008; Naylor et al. 2009). Besides fulfilling fish nutri-
tional requirements (which differ from species to species),
these substitutes should also be economically affordable and
environmentally sustainable. Thus, research focused on re-
sources believed to meet these requirements: ingredients ob-
tained from by-product valorisation (such as fish protein
hydrolysates, fish oil from trimmings, processed animal
proteins, meal and fat from insects fed on by-products) and
from plant sources (e.g. macro- and micro- algae, vegetable
oils). Despite much progress has been made in reducing the
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FM level in the feeds since the 1990s (FAO 2018), further
research is still needed.

This paper forms part of the SUSHIN project (SUstainable
fiSH feeds INnovative ingredients) born to design new feed
formulations having high nutritional performance and low en-
vironmental impacts. The project focused on a set of protein
sources suitable as FM substitutes: dried microalgae biomass
from Tetraselmis suecica (DMB_TETRA) and Tisochrysis
lutea (DMB_TISO), insect meal (IM) and poultry by-
product meal (PBM). Tetraselmis suecica and Tisochrysis
lutea are two marine microalgal species farmed in outdoor
photobioreactors, which are closed cultivation systems that
allow reducing the use of chemicals while optimizing the
use of fertilizers. According to European Union legislation,
both microalgal species are considered as safe ingredients
for food and feed purposes (Enzing et al. 2014) and are in-
cluded in the European catalogue of feed materials
(Commission Regulation (EU) No 68/2013). IM, which is
obtained from the processing of black soldier fly (Hermetia
illucens) larvae, and PBM, a processed animal protein obtain-
ed from category 3 poultry by-products, can be fed to fish
according to Commission Regulation (EU) No 893/2017
and Commission Regulation (EU) No 56/2013. 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).

With regard to the current systems technology readiness
levels, PBM is already one of the main animal protein sources
used in livestock and fish feed formulations (Meeker and
Hamilton 2006), while IM and the two DMB have only re-
cently emerged as valuable aquafeed ingredients and their
production processes surely have margin for technological
improvements. With regard to insect farming, there is still
little knowledge about how to improve production efficiency
in terms of management and mechanization (Dossey et al.
2016). A major problem specifically related to fly farming is
that the larvae do not burrow deeper than 10 cm into the
substrate (Cickova et al. 2015). Thus, an increase in the pro-
duction scale would require an increase in the number of the
shallow rearing boxes, which in turn would increase the num-
ber of workers required to carry out on-farm activities. In
parallel to techno-economic aspects, the social consequences
of future large-scale production should also not be ignored
(Macombe et al. 2019). Microalgae, besides being important
protein sources, contain other valuable nutritional elements
(e.g. the eicosapentaenoic acid—EPA and the
docosahexaenoic acid—DHA). As such, they have been used
in aquaculture for a long time as feed supplements (since they
meet the specific nutritional needs of molluscs and shrimp
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larvae) and as growth performance enhancers (i.e. through
green water techniques). Still, their potential use as a bulk
feedstuff for aquafeeds has been stressed only in the recent
years (Yaakob et al. 2014). And, despite several species show-
ing potential for large-scale cultivation (Khan et al. 2018),
currently, the largest microalgae facilities are still based on
open systems, which are penalized by frequent grazers, pests
and pathogens contaminations (Hannon et al. 2010).
Nevertheless, microalgae technology is rapidly improving,
and it is foreseeable a larger number of industrial scale closed
system in the near future (Shah et al. 2018).

2 Methods

The life cycle assessment (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 as-
sessment; and (4) Results interpretation. Calculations were
made using SimaPro 8.5.2.0 (PR¢é 2012) software. A
problem-oriented approach (attributional LCA) was adopted
in order to focus on the extent of existing impacts (Tillman
2000).

2.1 Goal and scope definition

The goal of the study was to compare a set of protein sources
suitable as FM substitutes via LCA methodology, with the aim
of identifying the most environmentally sustainable one and

Table 1  Characteristics of the novel FM substitutes (and of the related
case studies analyzed): poultry by-product meal (PBM); insect meal (IM);
two types of dry microalgae biomass (DMB_TETRA and DMB_TISO).

of indicating the potential improvements to their present pro-
duction processes.

The main characteristics of the selected protein sources are
presented in Table 1. A “cradle to plant gate” LCA was per-
formed thus including the production of poultry by-products,
fly larvae, fresh microalgae and their processing into
unpackaged dried meal within the system boundaries
(Fig. 1). One tonne of protein (i.e. the percentage of crude
protein contained in the dried meal) was used as the functional
unit, since it is the nutritional property on which partial FM
substitution is based, in the formulation of new aquafeeds. The
set timespan considered is that needed to manage the plants
for a whole year, so as to include production seasonal fluctu-
ations in each model. This choice is particularly important for
microalgae production since their growth is highly affected by
outdoor environmental conditions (available sunlight and air
temperature).

Two alternative scenarios per meal were considered in or-
der to provide a range of impact magnitude and to increase the
robustness of the research. Furthermore, as shown in Fig. 1,
the production of IM and PBM includes multifunctional pro-
cesses. 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 source
(raw material) entering the process. 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 environmental burdens are taken into

Gross protein content was assessed by SUSHIN project partners: CREA
(Council for Agricultural Research) and the University of Udine

Novel FM substitutes PBM ™M DMB TETRA DMB_TISO

Full name Poultry Insect meal (from black ~ Dry microalgae biomass— Dry microalgae biomass—
by-product soldier fly) Tetraselmis suecica Tisochrysis lutea
meal

Raw material Poultry Fly larvae Whole organism Whole organism
by-products

Productive plant Real Real Virtual Virtual

Average annual production 48,253 109 36 25

(tonnes of dried meal yearfl)
Location Italy France Italy Italy
Minimum crude protein content 66 50 40 41

(% on a dry basis)

Data source SUSHIN project  SUSHIN project
partners partners

Gross energy content 21.14 18.28

(MJ kg of meal 1)

Data source SUSHIN project ~ SUSHIN project
partners partners

Batista et al. (2017),
Cardinaletti et al. (2018)

22.20

SUSHIN project partners,
Cardinaletti et al. (2018)

22.50

Tredici et al. (2015) Renaud et al. (2002)
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IM: two scenarios about insect feed
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PBM: two scenarios to deal with multifunctionality
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BY-PRODUCT PROCESSING

ingredients (1,394 €)

Fig. 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

account. This means a change in the functional unit which, in
this case, would include 1 t of meal plus 0.3 t of insect oil (in
IM production process) and 1 t of meal plus 2.8 t of other feed
ingredients (in PBM production process). As these functional
units can neither be compared with each other, nor to 1 t of
DMB, partitioning remained as the only solution. In fact, the
last option (the substitution method) is not perceived as cor-
rect: as having taken place over time, it is not in line with the
scope of the study which is, according to the attributional
retrospective, to portray current production scenarios

@ Springer

into meal. In each model, a star (%) highlights the point where most of
the uncertainty lies and for which 2 different scenarios were considered

(Schrijvers et al. 2016). Details of the partitioning approach
used, and the alternative scenarios considered are better
discussed in the Section 2.2.2.

2.2 Life cycle inventory
2.2.1 Data sources

Inventories are provided in Tables 2, 3 and 4. Data concerning
the production of PBM and IM were provided by two
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Table 2 Dry microalgae biomass (DMB) inventory—cultivation and processing of microalgae into dry microalgae biomass in an Italian virtual
company. Data are scaled to 1000 kg of meal produced

Input type

Main consumables

Other consumables

Capital goods

Water consumption
(sea water)

Energy consumption

Transportation

Output type
Product

Emissions in air

Emissions in water
(sea water)

Input

Fertilizer used as nutrient—sodium nitrate (NaNOs)

Fertilizer used as nutrient—monosodium phosphate
(N aHzP 04)

Carbon supply

= S1: as flue gas (burden-free)

= S2: carbon dioxide, liquid

= Disinfectant—sodium hypochlorite at 15% active chlorine

= Disinfectant—hydrochloric acid 36%.

Both disinfectants are consumed entirely during the system
washing, performed only at the beginning
and at the end of the yearly production.

Photobioreactors metal components—mainly composed of
chromium steel 18/8, hot rolled. Lifespan: 25 years:

= metal frames

= stainless-steel serpentine (thermoregulation)

= water tanks

= pumps and air blowers

= centrifugation and lyophilization machines

Photobioreactors wood structure—mainly composed of:
plywood, for outdoor uses

Lifespan: 15 years

Photobioreactors plastic bag—mainly composed of:
polyethylene, low density, granulate. Lifespan: 1 year

Photobioreactors piping—mainly composed of:

polyvinyldenchloride, granulate. Lifespan: 15 years

= Culture medium—complete filling-up of the culture cham-
bers (only the 1st day of production), plus the daily
topping-up.

= Cooling system.

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

Transportation of the consumable goods—fertilizers,
disinfectants, photobioreactors plastic bag (since their
lifespan is of 1 year only) from the nearest retailer to the
plant (lorry with a Gross Vehicle Weight Rating below
7.51),

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 7.5 t)

OUTPUT

Dry microalgae biomass

Water losses during biomass drying

Carbon dioxide not consumed by the microalgae (that is the
80% of the CO, provided)

= Culture medium—complete emptying of the culture cham-
bers (once a year, on the last day of production), plus the
water losses during biomass centrifugation
= Cooling system

Unit Amount Amount
(DMB_TETRA) (DMB_TISO)

kg 4277 420.1

kg 274 26.7

kg Not considered Not considered

kg 9020.0 9020.0

kg 25.1 35.8

kg 4.1 5.8

kg 94.1 134.4

kg 66.8 95.5

kg 83.5 119.3

kg 8.9 12.7

m’ 60.9 86.7

m’ 2,105,263.2 3,007,159.9

kWh 12,098.8 22,716.3

tx km 28.4 30.4

tx km 4795 4815

UNIT AMOUNT AMOUNT
(DMB_TETRA) (DMB_TISO)

kg 1000.0 1000.0

m’ 40 93

kg 7220.0 7220.0

m’ 56.9 79.3

m’ 2,105,263.2 3,007,159.9

industrial scale companies: AIA—Agricola Italiana
Alimentare S.p.A.—Unipersonale (San Martino Buon
Albergo, Veneto region, Italy) and Innovafeed
(Gouzeaucourt, Hauts-de-France region, France), respective-
ly. Data concerning the production of both microalgal meals
(DMB_TETRA and DMB_ TISO) were based on the model of
a 1 ha plant using 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, Florence, Italy) and the industrial scale plant at
Archimede Ricerche S.r.l. (Camporosso, Imperia, Italy) and
was previously used for a techno-economic analysis of
microalgae biomass production (Tredici et al. 2016). Despite
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Table 3 Insect Meal (IM)

inventory—farming and process- Input type Input Unit Amount
ing of black soldier fly larvae into Main Farming-substrate (feed composed of cereal by-products) kg 6000.0
insect meal and fat in a French consumables
company. Data are scaled to Other Chemical—sodium chloride powder. kg 1.7
1000 kg of meal produced consumables  Chemical—sodium hypochlorite (without water) in 15% solution state. kg 1.7
Capital goods Rearing boxes of 2 kg/each, stacked on steel frame of 20 kg/each—
mainly composed of:
= polyethylene terephthalate, granulate, bottle grade. Lifespan: kg 0.3
15 years
= chromium steel 18/8, hot rolled. Lifespan: 15 years kg 04
Machineries for insect processing into meal and oil—mainly composed kg 44.4
of chromium steel 18/8, hot rolled. Lifespan: 25 years
Water Tap water: m’ 6.3
consumption . 34ded to the feed;
= used combined with chemicals for the essential cleaning of the
facilities.
Energy Energy country mix (France) consumed by: kWh 3366.7
consumption . machinery for heating & ventilation
= machinery for insect processing into meal and oil
= other machinery (e.g. lighting, insect feeders)
Transportation Transportation of the consumable goods—insect feed (cereal txkm  480.0
by-products) and chemicals from the nearest retailer to the plant
(light commercial vehicle)
Output type Output Unit Amount
Product Insect meal kg 1000.0
Co-product Oil kg 3333
By-product Field application as compost: kg 8016.7
= insect growing substrate (uneaten feed, with high moisture content)
= dead adult flies
Emission in Wastewater discharge in the drainage system. It accounts for the water ~ m?> 3.0

water (river)

used for cleaning and for cooking/cooling the processed biomass.

having a different production scale (Table 1), the four systems
can be compared with each other since they represent the
state-of-the-art practices and technologies in their respective
production field.

Foreground data were gathered by interviewing PBM
and IM company staff and DMB experts. Background
data, such as consumable goods, production, transporta-
tion modes and energy generation (electricity, diesel fu-
el, etc.), were mainly derived from Ecoinvent v 3.4
database (Ecoinvent 2017). However, data on crop pro-
duction is poor within Ecoinvent, thus it was sourced
from the Agribalyse® v 1.3 database (Koch and Salou
2016). Poultry by-product production was also sourced
from the Agribalyse since previous LCA publications on
the Italian poultry production chain do not provide an
exhaustive inventory. The electricity mix and water con-
sumption in background inventory data were adapted to
the Italian context for PBM and the two microalgal
meals and French context for the IM.
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2.2.2 Brief description of the production systems and of their
related scenarios

DMB production Meal is obtained through the cultivation,
harvesting and processing of two unicellular marine
microalgae (Tisochrysis lutea and Tetraselmis suecica) pro-
duced in a 1 ha Green Wall Panel plant close to the sea (Fig.
1). The production of the two meals (DMB_TETRA and
DMB_TISO) requires the same infrastructures and machinery
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. Part of the microalgae culture is harvested
and substituted daily with fresh culture medium. The saltwater
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
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Table 4 Poultry by-product meal ]
(PBM) inventory—processing of Input type Input Unit Amount
poultry leftovers into poultry by- Main input Broiler farming and slaughter (Agribalyse LCI record—modified) kg 5556.0
product meal and fat in an Italian Other Disinfectant—a chemical product composed of Sodium phosphate kg 0.2
company. Data are scaled to consumables (2.5%) + Ethylene oxide (1.25%) + 1-butanol
1000 kg of meal (1.25%) + Isopropanol (2.5%) + Water, ultrapure (9.25%)
Detergent—a common tenside kg 0.4
Capital goods Rendering machineries (pre-cooker, cooker, press, collection tanks, kg 0.5
vibrating screens, etc.)—mainly composed of chromium steel 18/8,
hot rolled. Lifespan: 25 years.
Water Soft water used: m’ 5.7
consumption . a5 Jive steam injected into the rendering machines;
= as cold water to cool down the leftovers during their processing;
= for hygiene reasons (i.e. for the essential cleaning of machinery and
floors), although it represents a limited amount if compared with the
volumes used daily as steam in the rendering process.
Energy Energy country mix (Italy) kWh 282.9
consumption  Natural gas Nm® 429.3
Transportation = Transportation of the consumable goods—poultry from the slaugh- txkm 1858
terhouses to the rendering plants (lorry with a gross vehicle weight
rating of 25 t), plus the chemicals from the nearest retailer to the
rendering plants (light commercial vehicle)
Output type Output Unit Amount
Main product Meat meal (for human consumption) kg 1000.0
By-products Fat kg 833.6
Blood meal kg 611.2
Feathers meal kg 1388.8
Emission in Wastewater discharge in the drainage system. It accounts for: m’ 74

water (river)

Water
as outputs)

= water used for cleaning and for cooking/cooling the processed bio-
mass (the virtuous recycling processes are ignored both as inputs and

= the water drained from the leftovers.

photobioreactors either as 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 5). In
the former case, the flue gas was assumed to be a burden-free
input as we entirely assigned the credits related to its produc-
tion to the producer. Both scenarios were modelled in accor-
dance with Collotta et al. (2018).

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 develop into
the adult colony that will provide the supply of new eggs. Due
to IPR protection, the exact composition of the growing sub-
strate (i.e. the insect feed) was not provided by the company
which, however, communicated that the diet formulation is
based on cereal by-products. Based on this information, two
production scenarios were investigated assuming two alterna-
tive diets (Barry 2004; Smetana et al. 2016) (Table 5). With
regard to mass balance (Fig. 1), the use of 9.3 t of growing
substrate leads to the production of 1.3 t of larvae (live weight)
and 8 t of uneaten substrate. The larvae are then converted into

Table 5 Alternative scenarios
tested on each model

1st scenario (S1)

2nd scenario (S2)

PBM

DMB_TETRA
DMB_TISO

Flue gas
Flue gas

Mass allocation

™M A commercial housefly diet (Barry 2004),
composed of wheat bran, alfalfa meal,
corn meal and tap water

Economic allocation

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

Pure CO,

Pure CO,

@ Springer
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1 t of IM and 0.3 t of insect oil. According to information
provided by the producer, 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. Accordingly, 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 sales price (as
communicated by the company), thus the partitioning of im-
pacts was based on biomass ratio only. In summary,
multifunctionality was handled here by cutting off the uneaten
substrate and by applying mass partitioning 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
bone leftovers (heads, feet, skin and inedible offal), blood
and feathers. Poultry by-product production was modelled
starting from an Agribalyse life cycle inventory (LCI) record
describing broiler farming and slaughter in France. This re-
cord was then modified by substituting the nested records on
poultry feed with a formulation provided by the company
contact person. Blood and feathers are directly processed into
blood and feather meals, while the mix of meat and bone
leftovers undergoes a special treatment (rendering) which sep-
arates the three animal tissue components: PBM, fat and wa-
ter. For the sake of simplicity, all the products other than PBM
are grouped together and named “other feed ingredients” (Fig.
1). The LCA model for poultry by-product processing in-
cludes fine chopping, heating with added steam, press separa-
tion and is modelled using primary data. The main assumption
in the LCA model is represented by the partitioning approach,
based on both mass and economic value (Table 5), as PBM
and the other feed ingredients (feather meal, blood meal and
fat) differ significantly in terms of both production yield and
economic value. In the system chosen as the case study, 18.6 t
of broiler (live weight) give 13.0 t of broiler meat and 5.6 t of
poultry by-products. The latter yields 1.0 t of PBM, 2.8 t of
other feed ingredients and 1.7 t of wastewater (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 background process impacts respectively
(mass partitioning, 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 partitioning, in the PBM S2 scenario, accord-
ing to the commodity price in November 2019). A partitioning
approach based on nutritional characteristics (e.g. energy con-
tent) was not considered meaningful as the outputs of both the
multifunctional steps (broiler slaughter and by-product
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processing) are meant for very different uses and have differ-
ent 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 feed for
insect and poultry farming, or fertilizer for microalgae.
Detergents and disinfectants were included in the “Other con-
sumables” sub-category. All systems include the
“Transportation” of consumable goods on road where distance
is calculated in terms of kilometres between the retailer of
each consumable good and the facility where it is used. The
lifespan of machinery and equipment, i.e. “Capital goods”,
was estimated by only assuming ordinary maintenance on
them. Storage infrastructures and logistics, administration of-
fices, laboratories, etc. were not included in the system bound-
aries since they are not representative of the production pro-
cesses. The sub-categories “Energy consumption” and “Water
consumption and emission” track the consumption of these
resources within the foreground system. Wastewater emis-
sions from the plants producing PBM and IM are treated in
accordance with current legislation. Direct nutrient discharge
from the cultivation of the two microalgal species was not
taken into account under the assumption that nutrient inputs
are entirely taken up by microalgae. As a consequence, no
water treatments are needed here. Green-house gas emissions
produced directly by poultry and insect metabolism and from
insect substrate were not considered. Besides being lower than
those of other livestock (Gerber et al. 2013; Van Huis et al.
2013; Smetana et al. 2015), their metabolic carbon dioxide
releases were considered as part of a rapid biological system
in which the amount of CO, emitted by the animals can be
considered roughly equivalent to that sequestered via photo-
synthesis by the plant material they are fed (Herrero et al.
2011). With regard to the organic matter provided to black
soldier fly larvae as feed, it is consumed so quickly that it does
not have the time to decompose, as already observed in house-
fly larvae (van Zanten et al. 2015). Similar considerations
were made in an in-depth study on mealworm farming
(Thévenot et al. 2018).

2.3 Life cycle impact assessment (LCIA)

Three impacts i.e. global warming (GWP, kg CO, eq.), acid-
ification (AP, kg SO, eq.) and eutrophication (EP, kg PO,>"
eq.) were assessed using the CML-IA baseline V3.05 method
(Guinée et al. 2002). The cumulative energy demand (CED,
MJ) (Frischknecht et al. 2007) and water use (AWARE,
m’> m 2 month ") (Boulay et al. 2018) impacts were selected
in order to quantify cumulative impact along the production
chain. The first four impacts are indicated as the best proxies

of aquaculture impacts in several studies, (such as Aubin
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Fig.2 Life cycle impact assessment of the four meals considered (poultry
by-product meal, PBM; insect meal, IM; dry microalgae biomass from
Tetraselmis suecica, DMB_TETRA, and from Tisochrysis lutea, DMB_
TISO), with 2 scenarios each (S1 and S2). The 6 sub-categories

2013; Cao et al. 2013; Henriksson et al. 2012). AWARE, a
water scarcity midpoint method, was selected among the other
water footprint indicators as it is recommended by WULCA
(working group under the umbrella of UNEP-SETAC Life
Cycle Initiative) and represents the most up-to-date under-
standing of water use impact assessment in LCA, where both
potential human and ecosystem deprivation are assessed.

3 Results

Impacts were assessed in terms of GWP, AC, EP, CED and
AWARE. Figure 2 and Table 6 summarize the results and
show the impacts of PBM, IM, DMB_TETRA and
DMB_TISO (with two scenarios each) in terms of absolute
values and contribution analysis. These results are presented
below highlighting first the performance ranking among the
four protein sources and then the contribution to impacts of
the main sub-categories.

The production of Tisochrysis lutea dried meal using pure
CO, (DMB_TISO S2) performed the worst and received the
highest scores in four impacts of the five analyzed: GWP, AP,
CED, AWARE. The same meal also appears to be the second
worst option in terms of EP. A comparison between the S1 and
S2 scenarios reveals that the former always performs better in
both microalgae species: in DMB_TETRA, the use of S1

SUB-CATEGORIES

Main consumables

[ Other consumables

[ capital goods

Il Water consumption and emission
Energy consumption

E= Transportation

contributing to the overall impact are highlighted. The functional unit is
1 t of protein contained in the meal. The impacts considered are the
following: global warming (GWP), acidification (AP), eutrophication
(EP), cumulative energy demand (CED), water use (AWARE)

rather than S2 leads to an impact reduction ranging from —
21% (in AWARE) to —42% (in EP); and, in DMB_TISO, im-
pact reduction ranges from — 14% (in AWARE) to —33% (in
EP). The best microalgae scenario is DMB_TETRA S1,
which is comparable with the animal meals in only three
cases: to IM S2 in AP and CED, and to PBM S1 in EP.
Indeed, the performances of animal meals in all the other
impacts are at least 50% less than those of the microalgae
(with the only other exception being IM S2 in EP).

The performance of IM S2 fluctuates. Good results are
obtained in GWP and AWARE; worse results in AP and
CED, where the performances are comparable with those of
the best microalgae meal (DMB_TETRA S1) and obtain the
worst result among all the systems in EP. The cross-
comparison of IM S1 with IM S2 reveals the former to be
much more sustainable than the latter and to have an impact
reduction of the following: — 58% in GWP; —79% in AP; —
86% in EP; —51% in CED. The only exception is AWARE,
where S2 is smaller than S1 (—63%).

The other three animal meals appear to be the best-
performing options. Among them, the production of the
PBM modelled on an economic partitioning of impacts
(PBM S2) ranks first, as it has the lowest impacts in all the
impacts considered. PBM S1 ranks second in terms of CED
and AWARE, while IM S1 ranks second in GWP, AP and EP.
The cross-comparison of PBM S1 with PBM S2 proves the
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Table 6 Life cycle impact assessment of the four meals considered
(poultry by-product meal, PBM; insect meal, IM; dry microalgae biomass
from Tetraselmis suecica, DMB_TETRA, and from Tisochrysis lutea,

DMB_TISO), with 2 scenarios each (S1 and S2), with 2 scenarios each
(S1 and S2). The 6 sub-categories contributing to the overall impact are
highlighted. The functional unit is 1 t of protein contained in the meal

Sub-categories

Overall impact
(absolute values)

IC Scenario Main Other Capital ~ Water cons. and Energy  Transportation of
consumables consumables goods emission (%)  cons. consumables (%)
(%) (%) (%) (%)
GWP (kg CO, PBM S1 91.5 0.0 0.0 0.0 8.2 0.2 5381.81
eq.) PBM S2 26.5 0.1 0.2 0.1 71.2 1.9 738.34
IM S1 62.0 0.3 17.2 0.5 14.3 5.8 2046.14
IM S2 84.1 0.1 72 0.2 6.0 24 4899.67
DMB_TETRA S1  61.1 0.5 5.1 0.0 33.2 0.1 38,428.04
DMB TETRA S2 72.7 0.3 3.5 0.0 22.4 1.1 56,872.34
DMB_TISO S1 46.4 0.5 5.6 0.0 474 0.1 48,364.60
DMB_TISO S2 59.9 0.4 4.1 0.0 34.7 0.9 66,071.12
AP (kg SO, eq) PBMSI 99.1 0.0 0.0 0.0 0.8 0.1 72.83
PBM S2 78.7 0.0 0.2 0.2 18.9 2.0 3.65
IM S1 79.4 0.2 9.0 0.3 8.2 2.9 20.17
IM S2 95.6 0.0 1.9 0.1 1.7 0.6 94.87
DMB TETRA S1 224 1.0 10.0 0.0 66.4 0.2 97.06
DMB TETRA S2 45.7 0.7 6.7 0.0 44.8 2.0 143.79
DMB_TISO S1 13.6 0.9 8.8 0.0 76.6 0.1 151.09
DMB_TISO S2 32.0 0.7 6.8 0.0 59.1 1.4 195.96
EP (kg POseq.) PBM SI1 99.5 0.0 0.0 0.1 0.3 0.0 30.83
PBM S2 87.7 0.1 0.1 1.6 9.2 1.2 1.39
IM S1 89.2 0.1 3.9 0.5 52 1.0 14.18
IM S2 98.5 0.0 0.5 0.1 0.7 0.1 101.64
DMB_TETRA S1  40.6 1.1 72 0.0 50.9 0.1 34.98
DMB _TETRA S2 64.5 0.7 42 0.0 29.5 1.2 60.44
DMB_TISO S1 27.1 1.1 7.0 0.0 64.7 0.1 49.44
DMB_TISO S2 50.3 0.7 4.7 0.0 433 0.9 73.88
CED (MJ) PBM S1 94.1 0.0 0.0 0.0 5.7 0.1 138,539.21
PBM S2 34.7 0.0 0.1 0.1 63.5 1.6 14,930.62
IM S1 58.7 0.1 2.5 0.1 37.6 1.1 186,348.61
IM S2 79.8 0.0 1.2 0.0 18.4 0.5 381,348.95
DMB TETRA S1 129 0.8 134 0.0 72.7 0.2 365,402.66
DMB TETRA S2 45.1 0.5 8.2 0.0 44.6 1.7 596,271.15
DMB_TISO S1 7.5 0.7 11.3 0.0 80.4 0.1 593,616.66
DMB TISO S2 31.6 0.5 8.2 0.0 58.6 1.2 815,250.42
AWARE (m?) PBM S1 98.5 0.0 0.0 0.0 1.4 0.0 2483.55
PBM S2 68.8 0.4 0.2 0.5 29.6 0.6 141.38
IM S1 86.0 0.1 1.0 4.1 8.7 0.1 7164.23
IM S2 62.3 0.3 2.6 10.8 23.7 0.3 2627.81
DMB_TETRA S1 19.4 1.5 4.7 0.0 74.3 0.0 13,052.63
DMB _TETRA S2 36.0 1.2 3.8 0.0 58.8 0.3 16,496.90
DMB_TISO S1 114 1.3 4.1 0.0 83.2 0.0 20,935.61
DMB_TISO S2 23.3 1.1 35 0.0 71.9 0.2 24,242.11

@ Springer



Int J Life Cycle Assess (2020) 25:1455-1471

1465

latter to have the best performances in all the impacts consid-
ered: —86% in GWP; —95% in AP; —95% in EP; —89% in
CED; —94% in AWARE.

The results in Fig. 2 and Table 6 also provide the share of
the 6 sub-categories to the overall impacts thus allowing an
analysis of their contributions. The performances of the two
animal protein sources, PBM and IM, were similar. Indeed,
the “Main consumables” sub-category, which includes either
the feed for farmed animals or fertilizer for microalgae,
accounted for more than 50% of the total impact, the only
exceptions being GWP and CED in PBM S2 (26.5% and
34.7% respectively). With regard to microalgae production,
the “Main consumables” sub-category contributed greatly on
climate change and eutrophication, ranging from 27.1 to
72.7%. The other three impacts considered here, namely AP,
CED and AWARE, were mainly influenced by “Energy con-
sumption” which accounted from 44.6 to 83.2% of the overall
impact. Overall, the cumulative impact of the sub-categories
“Main consumables” and “Energy consumption” accounts for
at least 76.3% of the overall environmental burdens, regard-
less of the type of meal and the scenario considered.

Looking at the other sub-categories, the “Transportation”
of consumable goods had a negligible effect, while the sub-
category “Capital goods™ affected the impact of DMB, with an
impact contribution range of 3.5-13.4%, and of IM produc-
tion, with an impact contribution range of 0.5-17.2%. The
“Water consumption and emission” sub-category had no im-
pact on DMB and minor ones for both the PBM and IM
systems.

4 Discussion

The interpretation of these LCA results is divided into five
sections. First, considerations about the environmental perfor-
mances of each meal are provided (Sections 4.1, 4.2 and 4.3).
Then, a comparison with previous literature is carried out to
check if our findings are in line with previous LCA researches
on these systems (Section 4.4). Finally, several actions for
improvement are discussed (Section 4.5).

4.1 Performance analysis of DMB

DMB_TISO performed worse than DMB_TETRA mainly
because of the lower yield of Tisochrysis lutea (which is more
fragile and has an average annual production of 31% lower
than that of Tetraselmis suecica). As expected, the environ-
mental impact decreases when flue gas is used as a carbon
source, thus avoiding the impact of the production of pure
CO; (9 t of CO, per each tonne of DMB) in both cases.
However, microalgal protein sources are less sustainable than
IM and PBM irrespective of the CO, source used.

The LCA results highlighted that DMB production also has
other drawbacks. First, even when resorting to flue gas as a
carbon source (S1), the “Main consumables” contribution on
climate change and eutrophication remains high (27-61%)
due to the use of fertilizers. The amount of fertilizer needed
(approximately 90 kg and 40 kg per tonne of fresh harvested
biomass for Tetraselmis suecica and Tisochrysis lutea, respec-
tively) leads to impacts exclusively due to industrial fertilizer
production (a background process). In fact, microalgae culti-
vation (a foreground process) does not involve nutrient dis-
charge in the surrounding environment unlike what happens
with soil-based agriculture (where fertilizers are partly lost
through deep percolation in soil). Rather, nitrogen and phos-
phorus compounds are injected into the photobioreactors in
controlled quantities and used with full efficiency
(Section 2.2.3), leading to a negligible nutrient concentration
in the wastewater discharged in the sea. The second, and more
important, reason why DMB systems are not yet competitive
is represented by their high energy needs. Indeed, the four
systems rely on a high amount of electricity, as shown by
the inventory data: 12,000 and 22,700 kWh consumed per
1 t of MDB produced (for Tetraselmis suecica and
Tisochrysis lutea, respectively), against 3400 kWh consumed
per 1 tof IM and 282 kWh plus 429 Nm? of natural gas needed
per 1 t of PBM. Due to this high amount of energy, the
“Energy consumption” sub-category shows impacts of one
or even two orders of magnitude greater than in the animal
meal systems (Fig. 2).

The findings presented in Fig. 2 and Table 6 show that
infrastructure contribution to impacts is higher than 3.5%
(and up to 13.4% for CED in DMB_TETRA S1). This finding
may be said to complement those presented in Grierson et al.
(2013) and Medeiros et al. (2015) who did not take infrastruc-
ture contribution into account. The contribution of the “Water
consumption and emission” sub-category is null in all four of
the microalgae scenarios analyzed. This is because no water
treatments are required (since it was assumed that the whole
amount of nutrients is used with full efficiency) and all the
water used in the production of DMB, sourced directly from
nature (as salt water from the sea), is fully returned to the
environment.

4.2 Performance analysis of IM

In IM production systems, differences between the two sce-
narios (S1 and S2) are due to the growing substrate used as
feed. The two substrates tested here represent the “best fit”
compromise between the information given by the insect com-
pany and literature findings. According to the data provided
by the company’s staff, the diet formulation is entirely based
on cereal by-products (plus some additives), the amount of
water added to the ingredients is equal to their weight and
the whole fly production cycle is swift. Moreover, although
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black soldier fly larvae can process almost any type of organic
material, insect feed formulation and quality can strongly af-
fect the nutritional composition of the IM (Van Huis et al.
2013). Thus, a formulation with fairly high nutritional charac-
teristics was assumed. Despite looking quite similar, the two
substrates chosen led to different environmental impacts, with
IM S1 showing halved impacts compared with those of S2 in
four out of five impacts. The comparison of IM performances
with those of the other protein sources confirms the impor-
tance of the role played by the growing substrate. Indeed, the
second scenario (IM S2) appears the worst option among the
animal meals, reaching microalgal levels in AP and CED and
showing out-of-scale impact in EP (due to the high impact of
rye meal production). For the same reason, IM S1 appears
more sustainable than the poultry alternative modelled with
the mass partitioning approach (PBM S1) in three out of five
impacts (GWP, AP, EP). Finally, although it does not make a
decisive contribution to the overall performances, the “Energy
consumption” sub-category is a second important aspect and
is a sign of the company’s high energy requirements (as
already mentioned in Section 4.1).

4.3 Performance analysis of PBM

Differences between the two scenarios (S1 and S2) are due to
a methodological approach i.e. the partitioning adopted to
solve multifunctionality. As explained in paragraph 2.2.2,
there are two nodes where the production chain splits into
multiple outputs (Fig. 1). Poultry by-products, which are an
output of the first multifunctional process, represent the main
input of the second. In the first node, the mass partitioning
scenario (S1) allocates 30.1% of the background impacts (i.e.
the impacts due to poultry farming and slaughter) to the poul-
try by-products, whereas the economic partitioning scenario
(S2) allocates a far lower share of impacts (1.4%) to poultry
by-products. In the second node, both scenarios allocate ap-
proximately the same percentage of impacts (26.3% in S1 and
31.5% in S2) to the PBM. Thus, poultry by-products are the
key issue in the whole production chain and, when modelled
by resorting to economic partitioning (PBM S2), turn out to
have a lower share of impacts thus making the whole PBM S2
scenario markedly more sustainable. Therefore, allocation
methodology can make a difference but, in both cases, this
protein source looks very promising (with performances on a
par only with those of IM S1). These high performances are
due to the ecological and economic efficiency of the produc-
tion process. For instance, during the rendering process, the
technical potential of both liquid and gaseous outputs is fully
exploited: nutrient-rich fluids are treated before flowing into
wastewater and nutrients are recovered while the gaseous
phase is exploited to recover heat by means of a heat
exchanger.
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4.4 Literature comparison

Most papers concerning aquafeed sustainability deal with
high-value fish species and compare the LCA results of alter-
native aquafeed formulations: aquafeeds for trout and salmon
(Pelletier and Tyedmers 2007; Pelletier et al. 2009; Boissy
et al. 2011; Samuel-Fitwi et al. 2013); salmon aquafeed per-
formances assessed by means of thermodynamic indicators
(Draganovic et al. 2013); an aquafeed formulation based on
food waste, generated and processed on board a ship (Strazza
et al. 2015); feed formulations for gilthead seabream (Basto-
Silva et al. 2019); and salmon feed based on methanotrophic
bacteria, yeast ingredients or protein from soy (Couture et al.
2019). A small number of studies deal with an evaluation of
feed components on an individual basis namely those studies
looking into the following: alternative ingredients meant for
salmon aquafeed formulations (Pelletier and Tyedmers 2007);
FM and FO production in Peru (Fréon et al. 2017); several
aquafeed ingredients commonly used in Indonesia
(Henriksson et al. 2017); and alternative meal and fat (or oil)
sources (Basto-Silva et al. 2018). Given the little research on
individual aquafeed ingredients, our results may also be com-
pared with LCAs on systems producing microalgae, insects
and poultry for other purposes (Table 7).

DMB Our findings may be compared with those of Sevigné-
Itoiz et al. (2012), who applied LCA to three species of marine
microalgae cultivated in Spain from mid-November to the end
of May in a bubble column photobioreactor under outdoor
environmental conditions: 22,900-23,800 kg CO, eq. in
GWP; 194201 kg SO, eq. in AP; 10.9-11.4 kg PO, eq.
in EP; 139,000-148,000 MJ in CED per tonne of DMB.
Another paper (Medeiros et al. 2015) investigated the envi-
ronmental impacts of Nannochloropsis sp. dried biomass pro-
duction, including its cultivation in flat plate photobioreactors,
harvest (through flocculation, decantation and centrifugation)
and drying. Besides being a marine microalga, this species is
supplied with flue gas and commercial fertilizers. The GWP
impact was found to be of one order of magnitude smaller than
ours (1810-3140 kg CO, eq. per tonne of dried alga). This
could be due to reduced energy consumption based on esti-
mates taken from literature (1900 kWh per tonne of dried
biomass, against the 12,000-22,700 kWh per tonne used in
our model). A third LCA analysis, focusing on a real pilot-
scale multi-tubular photobioreactor (Mata et al. 2018), gives
GWP results much closer to ours: 68,338 kg CO, eq. per
tonne of dried biomass. Construction materials are included
in the inventory and the electricity used for both pump oper-
ation and thermoregulation is considered. Data is mainly
sourced from real production conditions in a Portuguese com-
pany and, as in our systems, impacts are mainly due to the
production of electricity with nutrient production as the sec-
ond main hotspot.
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Table7  Data comparison with previous LCA studies on poultry, insect and soybean production. The functional unit is 1 t of product, thus the impacts

of the systems analyzed in this study are scaled accordingly

Data source GWP (kg CO; eq.) AP (kg SO; eq.) EP (kg PO, eq.) CED (M)

Poultry This study (PBM) 487-3,552 2-48 1-20 9,854-91,436
Literature 1,390%-11,000® 162008 11€-758 11,100¢-50,500"

(305,000) (5,780) 1,570)

Insects This study (IM) 1,023-2,450 1047 7-51 93,174-190,674
Literature 1,360%-15,100 ® / / 15,100-99,600*

Microalgae This study (DMB) 15,371-27,089 39-80 14-30 146,161-334,253
Literature 1,8109-68,338" 194 1-201" 1t 139,000 -148,000 '

Values in brackets: Basto-Silva et al. 2018

A Pelletier 2008

B Henriksson et al. 2017

€ Cesari et al. 2017 (mean of numbers in Table 4)
P Pelletier and Tyedmers 2007

E Smetana et al. 2016

¥ Salomone et al. 2017

%Medeiros et al. 2015

"' Mata et al. 2018

I'Sevigné-Ttoiz et al. 2012

IM Insects are known to cause impacts highly dependent on
the following: (i) their species, as the gas emissions produced
by their metabolism may vary considerably (Oonincx et al.
2010); (i) their diet (Smetana et al. 2016); and (iii) their life
cycle stage, temperature and level of activity (Halloran et al.
2016). As a consequence, our focus was directed to papers
which deal with LCA on the black soldier fly (BSF) fed on
similar substrates. The only two studies found to be suitable
for a viable comparison analyse the production of BSF fed
either on co-products that are generally provided to livestock
(Bosch et al. 2019) or on several food industry by-products
(Smetana et al. 2019). The impacts assessed by the former are
in line with ours (Table 7): 3.000 kg CO, eq. (GWP) and
84.000 MJ (CED). And, with regard to the latter, despite the
LCA being performed by choosing the single score assess-
ment methodology IMPACT 2002+ (thus preventing a com-
parison in terms of absolute values), the contribution analysis
provided corroborates our findings as feed production and
energy appear to be the greatest sources of impacts. Finally,
besides the studies specifically addressing BSF, a review on 8
papers (Smetana et al. 2016) reports the contribution of differ-
ent insect species to GWP impact, and the results of the LCAs
on both our IM scenarios fall within the range.

PBM Although this part of the model is not entirely based on
primary data, this aspect does not compromise the reliability
of the results since the poultry production chain has been
operating on an industrial scale for a long time now and is
grounded on well-established technologies that have been

thoroughly described in literature and in the Agribalyse LCI
record. Our results are comparable with published LCA stud-
ies on the broiler poultry production chain in different coun-
tries: Italy (Cesari et al. 2017), Brazil and France (da Silva
et al. 2014), Serbia (Skunca et al. 2018), Portugal
(Gonzalez-Garcia et al. 2014), the UK (Leinonen et al.
2012) and the continental USA (Pelletier 2008). Results re-
main comparable even when the analysis is extended to in-
clude meat processing and packaging (da Silva et al. 2014) or
beyond, to comprise conservation in shops and even to house-
hold use (Skunca et al. 2018). This can be easily explained by
the fact that, in all cases, most of the environmental impact is
due to the farming stage and to the related feed provided to the
poultry with percentage contributions varying from study to
study but always ranging around 70-90% of the overall im-
pacts. To the author’s knowledge, a recent paper on the pro-
cessing of poultry by-products into meal to be used as a FM
substitute (Basto-Silva et al. 2018) represents the only excep-
tion. The system boundaries adopted in this publication are a
bit wider than those used here (as they also include the
transpotation of meal to the aquafeed plant) but, as it
was done in our study, the maintenance and end of life
of capital goods are not considered, and the impact as-
sessment is performed via the CML-IA method and
scaled on 1 t of PBM, thus allowing a meaningful com-
parison. Notwithstanding, the results are of two orders
of magnitude higher than ours. The reason for this dif-
ference probably lies in the inventory used and which is
not disclosed in the published paper.
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4.5 Actions for improvement

The results on IM and DMB revealed that the main nutrients
used (i.e. a growing substrate for insect and a fertilizer for both
the microalgae) are the main drivers of impact, together with
the amount of energy needed to power the foreground system.
Therefore, a way to reduce environmental burdens would be
to increase the growth efficiency and the overall annual pro-
duction by improving the nutrient characteristics. This goal
can be achieved through either a change in the nutrient formu-
lation or by adding supplements (prebiotics and probiotics)
which may act as immunostimulants and growth enhancers.
However, attention must be paid when switching to new nu-
tritional formulations. For instance, in the case of insect farm-
ing, the shift to a diet entirely composed of vegetal wastes (i.e.
biomasses not suitable for other livestock) may have draw-
backs. This option will undoubtedly affect some impacts pos-
itively (Bosch et al. 2019) but, in addition to being currently
unfeasible in Europe due to legislative constraints, it could
lead to an increased total impact due to an annual yield reduc-
tion (if the diet is not sufficiently nutritious).

The second environmental hotspot is represented by energy
consumption. The Green Wall Panel photobioreactors used
for microalgal cultivation guarantee a higher control of the
main variables affecting growth (e.g. temperature, pH) than
open cultivation systems. Moreover, they ensure higher volu-
metric productivities are attained (Leite et al. 2013) thus low-
ering harvesting operation costs. Still, they require a high
amount of energy due to mixing and cooling. With regard to
IM, black soldier flies are native to the warm temperate zone
of America (with a growth optimum temperature ranging from
24 to 29 °C) and their farming thus requires a high amount of
energy to heat the structures. To reduce the direct energy con-
sumed in IM and DMB systems, the production chain could
be improved by using better insulation materials so as to re-
duce energy consumption related to both heating (in insect
farming) and to pumping water into the coils used for
photobioreactor thermoregulation (in microalgae cultivation).
Another option is to change the energy source since the Italian
and French Country energy mix still rely on a high amount of
fossil and/or nuclear sources of energy (although renewable
sources are slowly taking hold). For instance, the possibility of
integrating solar panels in the microalgae plant to produce the
necessary energy would have a high impact in terms of the
energy balance of algae production as calculated for
Tetraselmis suecica (Tredici et al. 2015) and would positively
affect LCA results. A commercial facility growing the green
alga Haematococcus pluvialis for astaxanthin production
(Algatechnologies, Kibbutz Ketura, Israel) is already adopting
solar panels to obtain energy to operate the plant and further
ways of integration may be devised in the future. Last but not
least, the environmental cost of capital goods (infrastructures
and machinery) is usually not considered within LCA
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analyses, but present results prove them to contribute partially
to overall impacts in the case of both insect and microalgae
production. Despite the shift from the use of finite natural
resources to the recycling of waste materials also being a good
option for infrastructure sustainability (Bribidn et al. 2011),
the high impact share in this case is simply due to a low annual
yield of the IM and DMB systems.

5 Conclusion

The two microalgal species emerged as the less sustainable
protein sources with one insect and one poultry meal scenarios
being the most sustainable options. Results regarding the
microalgal systems prove that farmed species plays an impor-
tant role too, since the environmental performance of
Tisochrysis lutea dried biomass always appears worse than
that of Tetraselmis suecica, despite both being cultivated using
identical technologies. The inventory used represents at the
same time the main strength and the weakness of the study.
Since the present study is an attributional LCA, the inventory
drawn up for each production process is based on a large
number of primary data (collected directly from the compa-
nies) and reflects the real-life situation and current knowledge
in the field. However, nowadays, the systems analyzed have a
different technology level and a different production scale
where PBM production is already optimized and IM and
DMB productions are still in their infancy. It is therefore dif-
ficult to find ways to further improve the poultry production
chain, whereas several strategies can be adopted to increase
the sustainability of insect and microalgal production. For
instance, their impacts are likely to decrease with an increase
in plant size, improvement in nutrient efficiency (i.e. the type
of feed or CO, source and the way it is provided) and optimi-
zation of the farming process and equipment used, paying
particular attention to technologies capable of increasing en-
ergy efficiency. Further research to complete the picture
outlined here would be desirable by assessing, for instance,
impact change due to a production scale increase or due to a
shift to other energy sources. Still, the present results undoubt-
edly constitute a solid starting point and are a reasonably
faithful representation of the current situation.
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