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Abstract

Food waste is recognized as a global issue affecting the sustainability of the food supply
chain. The unnecessary exploitation of natural resources (land, water and fossil energy)
and production of greenhouse gas emissions (GHG) make the reduction of food waste
a key point. In this context, the use of fruit and vegetable waste (FVW) as growth
substrate for fresh earthworms to produce dried meal for feed and food purpose can
be recognized as a viable solution.

Therefore, the aim of this study is to evaluate the environmental impact of the
bioconversion of FVW info earthworm meal to be used as new food/feed source. This is

carried out by adopting the Life Cycle Assessment (LCA) method with an attributional



approach and solving the multifunctionality of the system with an economic allocation
between earthworms and vermicompost.

The results show that the main process hotspots are the emissions of methane,
dinitrogen monoxide and ammonia taking place during vermicomposting, as well as
FVW fransport and electricity consumed during fresh earthworm processing. Respect to
the one used as feed, the dried meal with food purpose shows a higher impact due to
the higher economic value and to the higher electricity consumed during freeze drying
compared to the oven-drying process for feed meal production. Enhancing
productivity and reducing energy consumptfion are necessary to improve the

sustainability of earthworm meal as food/feed source.

Keywords: Life Cycle Assessment, Circular economy, Fruit Vegetable Waste,

Earthworm, Novel food/feed protein, Sustainability



1. Introduction

Food waste is already recognized as an important global issue affecting the
sustainability of the food supply chain (Tonini et al., 2018). The losses that occur during
the whole lifecycle in terms of food scraps and wasted food in both the
agricultural/industrial and domestic phases, can account for up to 60% of the initial
weight of the food products (Notarnicola et al., 2017). According fo the Food and
Agriculture Organization of the United Nations (FAO) about 1.3 bilion tons of food
produced worldwide every year are wasted along the supply chain (FAO, 2011).

The problem of food waste involves significant environmental, economic and
social impacts. Food waste leads to an unnecessary exploitation of natural resources
(land, water and fossil energy) and to notable greenhouse gas (GHG) emissions (Pham
et al., 2015). Food produced but lost along the chain and wasted accounts for around
one quarter of total freshwater resources and of total global cropland area used and
lost, and has embedded production-phase emissions that should be counted (Kummu
et al., 2012; Porter et al., 2016). The median GWP (Global Warming Potential) value for
different food categories were estimated to account 0.37 kg CO2-eq/kg for field-grown
vegetables and 0.42 kg CO2-eqg/kg for field-grown fruit with meat from ruminants having
the highest impact 26.61 kg CO2-eq/kg bone free meat (BFM) (Clune et al., 2016).

Fruit and vegetable waste (FYW) is one of the major categories in the food
waste generated, especially in industrialized regions (FAO, 2011; Porter et al. 2016). In EU
contribute to almost 50% of the food waste generated by households (De Laurentiis et
al., 2018). Moreover, FYW management poses disposal and environmental problems,
due to ifs high biodegradability but also a great potential for reuse, recycling and
energy recovery (Plazzotta et al., 2017). On the other hand, the patterns of growth in
demand for animal-source foods (Alexandratos and Bruinsma, 2012; United Nations,
2017), poses terrestrial invertebrates as a suitable candidate to supplement other
animal-based food proteins (FAO, 2013). A possible strategy is the utilization of FVW as

feeding substrate for the rearing of terrestrial invertebrates to be used as potential



protein source for feed and/or food supply chains. Terrestrial invertebrates represent a
potential valuable solution to two problems: 1) the increasing amount of food waste,
which can cause environmental pollution if not properly managed, 2) the rising global
demand for food and feed, necessary to supply human and animal nutrition (Salomone
et al., 2017).

Up to now, the attention on alternative protein sources has regarded mainly
terrestrial invertebrates from insects both as human food (Oonincx and De Boer, 2012;
Halloran et al., 2016) and as animal feed (Smetana et al., 2016; Salomone et al., 2017;
Tallentire et al., 2018; Thévenhot et al., 2018). Among others terrestrial invertebrates,
earthworms could be an interesting solution to be evaluated. In nature, earthworms
grow on a wide variety of organic materials (Edwards, 1988) and are even called
“ecosystem engineers” (Jones et al., 1994), as they are the main drivers of the
decomposition of organic waste in soil ecosystems (Lim ef al., 2016).

Earthworms provide an excellent ecosystem service modifying the physico-
chemical properties of soil (Singh ef al., 2016) maintaining aerobic conditions (Nigussie
et al., 2016). They are voracious eaters and biodegraders of waste (Sims and Gerard,
1985; Sinha et al., 2008). Therefore, they can be fed on different types of waste, such as
FVW (Chatterjee et al., 2014; Huang et al., 2016; Huang and Xia, 2018). Furthermore,
vermicomposting is more effective in FYW disposal techniques to reduce GHG
emissions and nitrogen losses than fraditional composting (Yang et al. 2017; Swati and
Hait, 2018; Colon et al. 2012). From an environmental point of view, vermicomposting
process emissions of NHs, CH4 and N20O are lower by three orders of magnitude than
those coming from composting process (Lled et al., 2013). Moreover, from the
vermicomposting process, the derivative vermicompost is an excellent high quality
bioactive amendment to improve sail fertility. It is pathogen-free thanks to earthworm
gut transit mechanism which classifies vermicomposting as a promising sanitatfion
technigue in comparison to composting processes (Soobhany et al., 2017; Yang et al.,
2017). Vermicomposting represents an option of FVW valorization, because it is a low-

cost biotechnology that turns waste into a high-quality residue, namely vermicompost,
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through the joint action of earthworms and microorganisms (Dominguez, 2004; Yang et
al., 2017). Currently, earthworms are employed to deal with food waste management
in a bioconversion process to mitigate the food waste problem as a sustainable, cost-
effective and ecological approach (Ferndndez-Gémez et al., 2010; Singh et al., 2011;
Yadav and Garg et al, 2011; Huang et al, 2016; Lim et al., 2016). Nonetheless,
earthworms grown on FVW can contribute to the waste disposal efficiency bio-
tfransforming FVW into two valuable products: (i) vermicompost, that can be sold as
organic fertilizer, and (ii) earthworms themselves that can be a new food/feed source,
thanks to their high protein content.

Like insects, earthworms are rich in proteins, particularly in essential amino acids
(Cayot et al., 2009; Zhenjun and lJiang, 2017) and they can contribute to human and
animal nutrition (Ncobela and Chimonyo, 2015; Bahadori et al., 2017; Zhenjun and
Jiang, 2017). By the way, the production of edible terrestrial invertebrates as food or
feed, have to be safe and wholesome. To ensure a high level of protection of human
and animal health, terrestrial invertebrates and therefore earthworms need to be
considered as “farmed animals” when they represent a food source and fed only with
safe feed used as growth substrate. EU framework established restrictions or prohibitions
on the feed for farm animals reared for producing food or feed (e.g. prohibited
feeding: catering waste or household waste Regulation (EU) No 1069/2009 Regarding
animal by-products -and  Regulatfion (EC) No 767/2009 on the placing on the market
and use of feed, Annex lll). Besides, safety rules for food or feed purpose were defined
in the Hygiene Package (e.g. Regulation No 852/2004 and Regulation No 853/2004 on
the hygiene of foodstuffs; Regulation No 183/2005 laying down requirements for feed
hygiene) and on the levels of contaminants (Directive 2002/32/EC on undesirable
substances in animal feed and Regulation (EC) No 1881/2006, setting maximum levels
for certain contaminants in foodstuffs), according to which earthworm rearing and
market as food or feed must respect the legislation in force for farmed animals and for

the derivative products.



The aim is to evaluate the environmental impact of the earthworms’ meal
production for feed and food purpose obtained from earthworms reared on fruit and
vegetable waste (FVW) discarded directly from juice and ready-to-eat processing
industries. The propensity and willingness towards earthworms as a future food source
has already been investigated in a previous study (Conti et al. 2018). In this study the
environmental performances of earthworm meal production adopting Life Cycle
Assessment (LCA) was analysed, in order to:

- evaluate the real effectiveness and sustainability to produce earthworms as
food/feed protein source,
- test the environmental impact of the production system.

Two different scenarios (FEED and FOOD) were evaluated and a sensitivity

analysis concerning key parameters, assumptions and methodological choices was

performed.

2. Materials and methods

To evaluate the environmental impact of the earthworms’ production system, the
Life Cycle Assessment (LCA) method was used. LCA is a holistic approach, structured
and recognized worldwide that consists of a systematic set of procedures to convert
inputs and outputs of the studied system info its related environmental impact. To
perform LCA, the ISO standard 14040/44 methodology (ISO, 2006) must be adopted. In
this study, the methodological framework of the attributional approach is used. It
permits to model the production process of earthworms (Eisenia fetida) without
considering potential effects on the market due to the use of vegetable waste and to
the intfroduction of protein from earthworm’s origin.

According to ISO 14040/44 (ISO, 2006), LCA involves four distinct and inferdependent
phases, all of which are discussed in detail in the next sections. These phases consist of

defining and analysing:



i) goal and scope, which include the selection of a functional unit and
definition of system boundary;

ii) life cycle inventory, which involves the definition of energy and material
flows between the system and the environment and through the different
subsystems and operations in the evaluated system;

iii) impact assessment, during which the inventory data are converted in
environmental indicators (i.e. environmental impact categories); and

iv) discussion and interpretation of the results, where the results from the
inventory analysis and impact assessment are summarized, sensitivity and

uncertainty analysis are carried out and recommendations are drawn.

2.1 Goal and scope definition

Eisenia fetida is a widespread epigeic species of earthworms (Bouché, 1977; Sims
and Gerard, 1985) that it is characterized by a high tolerance to a wide range of
environmental factors, higher rates of consumption, digestion and assimilation of
organic substances and high reproductive rate (Bhat et al., 2018; Dominguez and
Edwards, 2010a). Adult earthworms of Eisenia fetida weigh up to 0.55 g (Dominguez
and Edwards, 2010a) and reach up to 60-120 mm in length and 3-6 mm in diameter
(Sims and Gerard, 1985). They are hermaphrodites (Edwards and Bohlen, 1996), but
usually reproduction occurs through copulation and cross-fertfilization, after which each
of the mated individuals can produce cocoons (Dominguez and Edwards, 2010a).
Approximately, the fime from newly-laid cocoon through clitellate adult earthworm
ranges from 45 to 51 days (Dominguez Edwards, 2010a). Optimum growth conditions
include a range of temperatfure between 25-30 °C, moisture 75-90% (Edwards, 1988)
and pH >5 and <9, optimum centered around 7.0 (Kaplan et al., 1980). Given the
optimum conditions of temperature and moisture, about 5 kg of worms can
vermiprocess 1 ton of waste into vermi-compost in just 30 days (Sinha et al., 2010).

The scope is to investigate the environmental profile of the bioconversion process of

FVW intfo earthworm dried meal as a novel food and feed protein source. The
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environmental impact analysis was carried out studying a small-scale production plant
of earthworms housed in Northern Italy with LCA approach.
Currently, very few plants are present in Italy, and all of them are small-scaled or
lab-scaled. Moreover, also the production processes are quite standardized.
The research questions for this study are as follows:
What is the magnitude of the environmental impact of the production of
earthworms’ meal?
What are the environmental hotspots for the evaluated process?
The outcomes of this study will be useful specially to decision makers, being the first
results of a full environmental impact assessment about earthworms’ protein production

using FYW feed.

2.2 Functional unit

The selection of the functional unit (FU) is crucial to allow fair comparison with
other studies and adequate assessments. According to ISO 14040 (ISO 14040, 2006), the
FU is defined as the quantified performance of a product system and is used as a
reference unit in an LCA.

In the studied context, very few studies were found in literature. Given the
function of the earthworm process for novel food/feed protein production, the selected

FU in this study was 1 kg of dried meal of earthworm.

2.3 Description of the production process of earthworms meal

The environmental impact analysis was carried out studying a small-scale
production system of earthworms located in the province of Lecco (North Italy)
(45°55'23" N and 9°19'34" E). The production process of earthworm meal was divided in
two subsystems (SS):

SS1, characterized by the production of fresh earthworms and vermicompost,

$S2, in which fresh earthworms are used for the meal production.



2.3.1 Subsystem 1: Fresh earthworms and vermicompost production

The present study was approved by the Animal Ethics Committee of Milan University
of Study (30.01.17; ethical code number 02/17).

Fresh earthworms and vermicompost were produced on a rearing area of 34 m?
made up of a non-woven texfile sheet used to avoid water stagnation and
earthworms’ escape. The area was covered with a net to avoid predators’ damage. A
mix of young-non-clitellum and adult-clitellate earthworms was provided by the
earthworms’ producer, added at an initial density of 1 kg/m2.and reared on a feeding
substrate consisting of FYW.

FVW was provided by a fruit and vegetable producer of ready-to-eat products and
had a variable composition dependent on seasonality in vegetable growth and work
process. The waste consisted mainly of tropical fruits, such as pineapple, papaya,
mango, kiwi as well as of melon, tomatoes and grapes. The fiber components of FVYW
(e.g.. pineapple fufts) were grinded with a gardening shredder to make them
biodegradable by earthworms’ activity. To reach a C:N ratio optimal for earthworm

growth the FVYW was mixed with straw (10:1). Fruit and vegetable wastes were left to rot

for a few days before being fed to earthworms, which allowed having a narrow range
of favorable chemical and environmental conditions more favorable for microbial
activity and further decomposition of the growth substrate (Dominguez and Edwards,
2010b). FVW were added to feed earthworms three times a month, by infroducing
them on the fop of the production area. In order to guarantee optimum growth
conditions, moisture, temperature and pH of the growth substrate were monitored and
kept under control and supplied with water if needed (Moisture 84-88%; Temperature
20-25°C; pH 6.07-8.02; C/N 25.34). These values are in the range of the recommended
values of process factors for vermicomposting (Dominguez and Edwards, 2010b).
Earthworms were reared for three months in the most favorable environmental
conditions in order to obtain the best conversion efficiency. After 3 months, they were

separated mechanically from the vermicompost with the use of a tfrommel.



Besides earthworms, during the decomposition of FVYW also an odor-free and
humus-like substance is produced (Suthar, 2009). Vermicomposting is the stabilization of
organic material through the joint action of earthworms and microorganisms
(Dominguez, 2004) and ifs final product is the vermicompost. In our study vermicompost
represents the co-product of the production system, with possible beneficiations as a
valuable replacer of conventional soil fertilizers. Specifically, it is a residue produced by
earthworms, characterized by low C/N ratio, high porosity, water-holding capacity and

available nutrients (Lim et al., 2015).

2.3.2 Subsystem 2 — From fresh earthworms to food/feed meal

Once collected, earthworms were repeatedly washed with running tap water to
clean the body surface and kept in water until their digestive system were clean. Finally,
washing water was removed and earthworms were packaged in plastic bags and
stored at - 28° C fo let them enter quiescence and kill them.

For the production of dry meal, two technological fransformation processes
were considered depending on the final destination of the meal: food scenario and
feed scenario.

For food scenario the vacuum freeze drying technology method was choose for
producing high quality dehydrated earthworm meal because this is a typical
technology for food purposes in order to avoid affecting the nutritional characteristics.
Earthworms were freeze-dried at a pilot scale level. Finally, freeze-dried earthworms
were ground to obtain the meal.

For feed scenario, the dry meal was produced in laboratory by drying

earthworms in an oven at 65°C to a constant weight and grinding.

2.3 System boundary definition

A “from cradle to gate” system boundary was considered. More in details, the
life cycle of each sub process for both subsystems (SS1 and SS2) was considered.

Consequently, the following activities were included: raw materials extraction (e.g.,
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fossil fuels, metals and minerals), inputs manufacture (e.g., diesel fuel, electricity, tap
water and frucks for FVW fransport), inputs use (diesel fuel emissions), maintenance and
final disposal of capital goods (e.g.. the frucks used for the FVW fransport). The
emissions info atmosphere (e.g., dinifrogen monoxides, methane, efc.) related to
vermicomposting of FVYW were also included.

Packaging, distribution, use and end-of-life of the produced meal were
excluded from the system boundary.

Figure 1 summarizes the system boundary considered.

Figure 1 - Around Here

2.4 Life Cycle Inventory (LCl)

Inventory data relevant to the production of earthworms’ biomass were
collected over a three-month experimental test performed in year 2017.

Primary data were collected with questionnaires during inferviews with the
farmer. These regarded mainly the amount of FYW used as feed, transport, diesel, fossil
energy for preparing the feed substrate, water volumes and land occupation for
earthworms breeding and water for washing earthworms. Secondary data about
electricity for processing earthworms into dried meal and fossil fuel for transport
activities were obtained from Ecoinvent database (Weidema et al., 2013).

The main inventory data collected during the experimental trials are reported in

Table 1 for SS1 and in Table 2 and Table 3 for the two scenarios in SS2.

Table 1, 2 & 3 — Around here

Vermicomposting is a process that inevitably involves emissions of greenhouse
gases (Lled et al., 2013; Wang et al., 2014; Nigussie et al., 2016; Swati and Hait, 2018),
although vermicomposting process emissions are clearly lower than those coming from

composting (Coldn et al., 2012; Lied et al., 2013; Nigussie et al., 2016; Yang et al., 2017).
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Various factors such initial waste characteristics, process parameters like aeration,
moisture content, temperature regime, contribute to fully understand the influence of
process parameters in gas emissions during vermicomposting (Swati and Hait, 2018).
However, the effects of earthworms on gas emissions are complicated and no
consensus has been reached yet (Wang et al, 2014). Notwithstanding all this, an
estimation of the gaseous emissions of CH4, N2O and NHs during SS1 was based on the
relationship of growth substrate quality parameters with the gaseous emission as
reported by Yang et al. (2017): consequently, the gaseous emissions per kg of fresh

earthworm, were assumed equal to 5,056 g CH4, 1,53 g N2O and 15,84 g NHs.

2.5 Allocation

Considering that the production system entails the production of different
products, allocation should be dealt with. In some cases, among which this study, the
choice of the allocation procedure may be difficult and questionable. However, the
present rearing system produces as main product an earthworm biomass growing on a
mix of FVW, which is further processed info earthworm meal that leaves the holding.
Vermicompost is produced alongside as co-product. Since these two outputs are
produced in very different amounts, the sharing of the environmental impact was
performed with an economic allocation in order to avoid afttributing an unbalanced
impact, although commonly the mass allocation is suggested. Thus, economic
adllocation was selected and based on the estimation of earthworm meal and
vermicompost prices as reported in Table 4. In detail, at the time being, no reference
prices for food and feed do exist. Therefore, the earthworm meal price for both food
and feed was estimated considering the economic sustainability to be achieved by this
new food/feed sources in comparison with other animal protein sources currently used.
For the feed dried meal, it was estimated 1.1 €/kg dry matter. As reference, the prices
of fishmeal (1.46 €/kg of dry matter) (Milan Grain Association, 2018) and of insect dried
meal (1.09 €/kg of dry matter) (as proposed by Salomone et al., 2017) were considered.

Concerning earthworm food meal, to enable comparison with other animal food
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products, meat prices were recalculated to dry matter content. The estimated 15 €/kg
of dry matter (22.4 €/kg protein) for food earthworm meal is related to the comparison
with animal food products prices such as pork (14-16 €/kg of dry matter, 19 -19.5 €/kg
protein), pouliry (17-18,3 €/kg of dry matter, 20,4 — 22.0 €/kg protein) and beef (26,6-28,6
€/kg of dry matter, 33,6-37.6 €/kg protein) (Borsa Merci Modena, 2018; ISMEA,2018). The

economic value for vermicompost was considered 0.30 €/kg (CONITALO, 2018).

Table 4 around here

Because allocation is a key methodological choice and is here based on the
estimate of prices subject to variability, sensitivity analysis was performed on this issue (

30%).

2.6 Life Cycle Impact Assessment (LCIA)

The LCIA consists in transforming inventory data into environmental indicators.
This step is achieved by using defined characterization factors that are gathered from
characterization methods. Among the available ones, ILCD (International Reference
Life Cycle Data System) midpoint characterization method (ILCD, 2012) is endorsed by
the European Commission and adopted in this study. According to ILCD, the following
impact categories were evaluated: Climate change midpoint (IPPC,2007), Ozone
depletion, midpoint (WMO,1999), Human toxicity midpoint, cancer effects and non
cancer effects USEtox (Rosenbaum et al 2008), Ecotoxicity freshwater, midpoint USEfox
(Rosenbaum et al 2008), Particulate matters, midpoint RiskPoll model (Rabl and
Spadaro, 2004 and Greco et al 2007), Photochemical ozone formation, midpoint (Van
Zelm et al 2008 as applied in ReCiPe2008), Acidification, midpoint (Seppala et al 2006,
Posch et al. 2008), Eutrophication terrestrial, midpoint (Seppala et al 2006, Posch et al
2008), Eutrophication aquatic freshwater/marine, midpoint (ReCiPe2008, EUTREND
model - Struijs et al 2009), Resource depletion — mineral and fossil fuels, midpoint (CML

2002, Guinée et al 2002).
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The choice of considering these indicators was related to the need of providing a
comprehensive evaluation of the environmental impact of Eisenia fetida meal

production as food and feed supplements.

3 Results

3.1 Fresh earthworm production

Figure 2 shows the environmental hotfspots for SS1 (earthworm production).
Except for CC, PM, TA and TE, for the other 7 evaluated impact categories, fransport of
fruit and vegetable waste (FVYW) from the food industry fo the vermicomposting plant
represents the largest contributor to the environmental impact. More in details, the
contribution of transport ranges from 1.9% in TA and TE to 95% in MFRD and it is larger
than 75% for 6 of the 12 evaluated environmental effects. The emissions during the FVYW
vermicomposting are the main conftributors for CC (78%) due fto the emissions of
dinitrogen monoxide and methane, PM (94%), TA (97%), TE (98%) and ME (78%) due to
the emissions of ammonia. Methane emissions are responsible also of about 4% of POF.
Diesel consumption during the partial chopping of FVYW is responsible for a share of the
environmental impact lower than 5% for all the assessed impact categories, except for
POF (17%., mainly due to refinery activities). The impact related to water consumption is
little (< 10%) except for FE (37%, due to the emission of phosphate in water) and FEx
(12%).

Table 5 reports the absolute impact for producing 1 kg of fresh earthworms in
the two scenarios (i.e. FEED and FOOD). The differences between the two scenarios are

related to the different allocation factors (see Table 4).

Table 5 - Around here
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3.2 Earthworms’ meal production

Figure 3 shows the comparison between the earthworm meal produced in the
two scenarios (FEED and FOOD) as well as the related environmental hotspots. The
absolute impact for producing 1 kg of earthworm meal in the two scenarios is reported
in Table 4. The earthworm meal produced in the FOOD scenario shows an impact
higher than the one produced in the FEED scenario. This difference ranges from 2.06
times more for FE to 3.58 times more for TE and is related to the different allocation
between meal and vermicompost and, secondarily, to the higher electricity
consumption in S§2 of FOOD scenario (where the fresh earthworms are freeze-dried

instead of being only dried as in FEED scenario).

Table 6 - Around here

The production of fresh earthworms (SS1) is responsible of more than 75% of the
environmental impact for the following impact categories PM, TA, TE and ME in both
the scenarios and in MFRD (in FOOD scenario) and of 46% and 62% of CC in FEED and
FOOD scenario, respectively. For CC, the impact related to the fresh earthworm
production is mainly due to the emissions of CO2, CHs and N2O that occur during
earthworms’ rearing. For all the other environmental impact categories (OD, HT-noc, HT-
¢, FE, FEx, and, even if only for the FEED scenario, also in CC and POF), the SS2 is the
main responsible of the environmental impact of the dried meal, with a share of the

impact ranging from 54% (CC) to 88% (FE).

Figure 3 — Around here
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3.3 Senisitivity analysis

A sensitivity analysis was carried out to investigate the effect of key parameters,
assumptions and methodological choices of the study as well as to test the robustness
of the achieved environmental results. Thus, the following aspects were considered:

the electricity consumption during SS2. A variation + 25% was taken into
account for the electricity consumed during drying in the FEED scenario and
during freeze-drying in the FOOD scenario.
The substitution of the Italian electric mix with to renewable electricity produced
from a photovoltaic plant.
the price of earthworm meal. The price of vermicompost kept constant, a
variation + 30% of the price of earthworm meal was considered for both
scenarios. Consequently, the allocafion factors for vermicompost and
earthworm meal in FEED scenario became equal to 83% and 17% and to 73%
and 27% at the decrease and increase in price, respectively; in the FOOD
scenario, instead, allocation factors were set to 27% and 72% and to 16% and
84% at the decrease and increase in price, respectively;
the procedure for solving the multifunctionality issue. Considering that the ISO
standards suggest to avoid the allocation, instead of the economic allocation,
the multifunctionality was solved taking into account a mixed functional unit
composed by earthworm meal and vermicompost. More in detail, considering
that 6.25 kg of fresh earthworm are needed to produce 1 kg of earthworm meal
and 12.8 kg of vermicompost are produced with 1 kg of fresh earthworm the
mixed FU is composed by 1 kg of earthworm meal and 80 kg of vermicompost.

The results of the sensitivity analysis are reported in Table 7. The change of
electricity consumption in SS2 involves an impact variation ranging from -17.5% to +
21.9% in the FEED scenario and from -15.6% to +19.5% in the FOOD scenario. FE is the
impact category most affected by electricity consumption, therefore it shows the

highest impact variation in both scenarios. On the opposite, PM, TA, TE and ME mainly
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affected by emissions occurring during fresh earthworm production, are the impact
categories less affected by variations in electricity consumption during drying/freeze-
drying.

When the electricity is produced from a photovoltaic plant, 9 of the 12
evaluated impacts are reduced (from 1.2 to 67%) but HT-noc, FEx and MFRD increase.
These two last impact categories show a remarkable impact increase mainly due to the
manufacturing and disposal of the photovoltaic plant. FEx is 3.67 and 2.98 times higher
for FEED and FOOD scenario, respectively while MFRD is 12.57 and 7.86 fimes higher for
FEED and FOOD scenario, respectively.

The variation in price of the earthworm meal (£30%) and the consequent
variation in the allocation factors involves an impact variation that ranges from +22.1%
for TE to £2.8% for FE. More in details, when the price varies, the impact grows more for
the FEED scenario respect to the FOOD one.

The choice of a mixed FU to avoid dllocation, as expected, deeply affect the
environmental results. Without allocation, the environmental impact is no more divided
between the two products (vermicompost and dried meal) but it is fully attributed to
the mixed FU. Respect to the impact of 1 kg of dried meal assessed considering
economic allocation, with the mixed FU, the higher impact increase occurs for the FEED
scenario where the earthworm price is lower and, consequently, also the allocation
factor assessed using the earthworm meal price is low. In the FOOD scenario, where
already with economic allocation, the 80% of the impact is aftributed to earthworm

meal, the use of a mixed FU is less impacting on the environmental indicators.

Table 7 - Around here
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4. Discussion

Turning waste info a resource is part of ‘closing the loop’ in circular economy
systems (EU COM, 2015). To this scope, earthworm play an interesting role as they are
considered effective in organic waste tfransformation (Edwards, 1988). The earthworms
process of FVW results in two excellent products: the vermicompost, a high-quality
bioactive soil amendment, and the earthworms that are grown on FVW that and can
be a new food/feed source, thanks to their high protein content. The ecological
impacts of this process were estimated with the LCA method.

The environmental impact of the production of 1 kg of fresh earthworm (SS1)
from FVW substrate and the subsequent dried process (SS2) to produce 1 kg of
earthworm meal for feed purpose shows interesting outcomes; on CC the impact is
0.162 and 2.238 kg CO2 eq, for 1 kg of fresh earthworm and 1 kg of dried meal,
respectively. This is mostly related to the emissions but also to the FVYW fransport to the
plant and to the electricity use for the drying process in SS2. To reduce the role of
fransport activities on the sustainability assessment, vermicomposting process could
optimally take place at the FVW production site. Regarding the reduction of the energy
use, a photovoltaic system or other renewable energy sources could be introduced for
reducing the impact of oven-dry meal production. In any case, more research on
earthworms’ meal production for feed purpose using FVYW could permit achieving
interesting further improvements for alternative protein sources in view of reducing the
environmental impact for their production and the food waste (Conti et al., 2018).

Making even more sustainable the earthworms’ meal and adopting it in
livestock ratfions would also bring to a second subsequent beneficial effect. In fact,
Europe's reliance on imported protein to feed livestock, especially soybean, is
inconsistent with sustainability goals. Soybean production is associated, among others,
with deforestation, use of pestficides and long-distance fransportation (Tallentire et al.,
2018b; Thévenhot et al., 2018) which bring to an environmental burden for 1 kg of

soybean meal equal to 3.05 kg CO2 eq (Tallentire et al., 2017a). Another issue to take
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into account is the total content of protein (or essential amino acids e.g. lysine) in the
comparative emissions evaluation for future feed application of novel ingredients. The
protein of earthworm meal ranged from 63.8-72.4% of the dry matter (Tava et al., 2018),
higher than the protein of soybean meal, 43-44% of the dry matter (Feedipedia, 2019).

Considering the earthworm meal produced for food purpose, the
environmental impact for 1 kg of fresh earthworm production (SS1) and the subsequent
freeze-drying process (SS2) to produce 1 kg of earthworm meal still had interesting
results, 0.593 and 5.944 kg CO2 eq for fresh earthworm and dried meal, respectively.
Comparing earthworm meal for food purpose with other different food categories is
only partially possible because of the different functional units adopted. Commonly,
LCA studies on animal food products such as pork, chicken and beef adopted as
functional units the kg edible meat from carcass or kg bone free meat (BFM). Non-
ruminant livestock had average GWP values equal to 3.49 kg CO2 eqg/kg BFM for fish,
3.65 kg CO2 eqg/kg BFM for chicken and 5.77 kg CO2 eqg/kg BFM for pork. Ruminant
livestock show the highest average GWP values in lamb (25.58 kg CO2 eqg/kg BFM) and
in beef (26.61 kg CO2 eq/kg BFM) had (Clune et al., 2017). Referring these data to 1 kg
of meat protein production, the highest impact is reported with beef (75-170 kg CO2
eq), followed by pork protein (21-53 kg CO2 eq), and finally by chicken protein (18-36
kg CO2 eq) (de Vries and de Boer, 2010).

Earthworm meal has a high protein content equal to 60-65% in the range of
54.6% to 71.0% dry matter (Zhenjun et al., 1997). Moreover, it is a low-demanding source
of land and water use and it can be interesting in contrasting biodiversity loss. Thus,
bioconverting FVYW to produce earthworm meal has the potential to be considered an

environmentally sustainable strategy.

5. Conclusions

Starting from a fruit and vegetable waste material, the goal was to outline

innovative and sustainable models to design and develop more efficient regeneration
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and re-use systems. In this study, this is achieved by valorising organic waste and
fransforming it into high value-added products. The tfurning of FVYW into earthworm meal
could contribute to make more sustainable the protein production and to meet the
future global protein demands..

By means of LCA method, the environmental impact of the production of
earthworm meal was quantified with an attributional approach. Both 1 kg of fresh
earthworm and 1 kg of dried meal were evaluated. The feed substrate for earthworms
is made of FVW so being highly valorized respect to wasting. Given the increasing
importance worldwide of issues related to food waste, the transformation into feed
and/or food meal is very promising.

Similarly, to other protein sources, earthworm meal currently has high
environmental impacts mostly due to emissions during vermicomposting, transport of
FVW for fresh earthworm production and energy use during processing. Freeze-drying
instead of only oven-drying determines a higher environmental impact for the FOOD
scenario respect to the FEED one. To make earthworm meal sustainable and
competitive on the market, enhancing earthworm productivity and reducing energy
consumption during processing by shifting towards renewable energy sources is
essential. From a methodological point of view, the analysis highlighted that the choice
made to solve the multifunctionality issue deeply affects the environmental results. In
this regard, a comparison with future studies should be drawn using the same criteria for
allocation or, even better, avoiding allocation by using a mixed functional unit.

Earthworms as feed protein ingredient can help to replace at least partially the
use of soybean and fishmeal in animal nutrition or be used as feed additive, whereas
the earthworm grown on a safe feeding substrate, can be an optimal food source or
dietary supplement.

Additional research and integration with innovations among different sectors
are the key drivers for the near future. However, the outcomes of this study can be

useful for the development of a subsidy framework supporting the earthworm dried
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meal production chain thanks to the identification of the hotspot stages and their

possible mitigations.

Acknowledgments

This work has been supported by Fondazione CARIPLO Integrated research on

industrial biotechnologies 2015 (grant n°® 2015-0501).

References

Alexandratos, N., Bruinsma, J., 2012. World Agriculture towards 2030/2050: The 2012
Revision; ESAWorking Paper No. 12-03; FAO, Rome, Italy.

Bahadori, Z., Esmaielzadeh, L., Karimi-Torshizi, M.A., Seidavi, A., Olivares, J., Rojas, S.,
Salem, A.Z.M., Khusro, A., Lopez, S., 2017. The effect of earthworm (Eisenia
foetida) meal with vermi-humus on growth performance, hematology, immunity,
intestinal microbiota, carcass characteristics, and meat quality of broiler
chickens. Livest. Sci. 202, 74-81.

Bhat, S.A., Singh, J., Vig, A.P., 2018. Earthworms as Organic Waste Managers and
Biofertilizer Producers. Waste Biomass Valorization 9, 1073-1086.
https://doi.org/10.1007/512649-017-9899-8.

Borsa Merci Modena, 2018. Available at: http://www.borsamercimodena.it. Last access
03- 09-2018.

Bouché, M.B., 1977. Strategies lombriciennes in soil organisms as components of
ecosystems. Ecological Bulletin, 25, 122-132.

Cayoft, N., Cayot, P., Bou-Maroun, E., Laboure, H., Abad-Romero, B., Pernin. K., Seller-
Alvarez, N., Hernandez, A.V., Marquez, E., Medina, A.L., 2009. Physico-chemical
characterisation of a non-conventional food protein source from earthworms

and sensory impact in arepas. Int. J. Food Sci. Technol. 44, 2303-2313.

21



Chatterjee, R., Bandyopadhyay, S., Jana, J.C., 2014. Evaluation of vegetable wastes
recycled for vermicomposting and ifs response on yield and quality of carrot
(Daucus carota L.). Int. J. Recycl. 3, 1-7.

Clune, S., Crossin, E., Verghese, K., 2017. Systematic review of greenhouse gas emissions
for different fresh food categories. J. Clean Prod. 140, 766-783.

Coldn, J., Cadena, E., Pognani, M., Barrena, R., Sdnchez, A., Font, X., Artola, A., 2012.
Determination of the energy and environmental burdens associated with the
biological treatment of source-separated Municipal Solid Wastes. Energ. Environ.
Sci., 5, 5731-5741.

CONITALO (Consorzio Italiano Allevamento Lombrichi) 2018. Available at:
http://www.conitalo.it. Last access 03-09-2018.

Conti, C., Costa, A., Balzaretti, C.M., Russo, V., Tedesco, D.E.A., 2018. Survey on Food
Preferences of University Students: from Tradition to New Food Customs?
Agriculfure, 8, 155.

De Laurentiis, V., Corrado, S., Sala, S., 2018. Quantifying household waste of fresh fruit
and vegetables in the EU. Waste Manage., 77, 238-251.

de Vries, M., de Boer, I.J.M., 2010. Comparing environmental impacts for livestock
products: A review of life cycle assessments. Livest. Sci. 128, 1-11.

Dominguez, J., 2004. State-of-the art and new perspectives on vermicomposting
research. In: Edwards, C.A. Ed., Earthworm Ecology, 2nd Edition, CRC Press, 401-
424,

Dominguez, J., Edwards, C.A., 2010a. Biology and ecology of earthworm species used
for vermicomposting. In: Edwards C.A., Arancon N.Q. and Sherman R.L.
(eds) Vermiculture Technology: Earthworms Organic Waste and
Environmental Management. CRC Press, Boca Raton, Florida, pp. 25-37.

Dominguez, J., Edwards, C.A., 2010b. Relationships between composting and
vermicomposting. In: Edwards C.A., Arancon N.Q. and Sherman R.L. (eds)

Vermiculture Technology: Earthworms, Organic Waste and Environmental

Management. CRC Press, Boca Raton, Florida, pp. 11-25.

22



Edwards, C. A., 1988. Breakdown of animal, vegetable and industrial organic wastes by
earth-wormes, in: Edwards, C.A., Neuhauser, E.F. (Eds.), Earthworms in Waste and
Environmental Management, SPB, the Hague, the Netherlands, pp. 21-31.

Edwards, C. A., Bohlen P.J., 1996. Biology and Ecology of Earthworms, third ed.
Chapman and Hall, London.

EU COM (2015) 614 final., 2015. Closing the loop - An EU action plan for the Circular
Economy. EUROPEAN COMMISSION, Brussels, 2.12.2015.

FAO, 2011. Global Food Losses and Food Waste: Extent, Causes and Prevention. Food
and Agriculture Organization of the United Nations (FAO), Rome.
http://www.fao.org/docrep/014/mb060e/mb060e00.pdf

FAQO, 2013. Edible insects: future prospects for food and feed security food. FAO
FORESTRY PAPER 171, Rome.

FEEDIPEDIA 2019. Available at: https://feedipedia.org/node/é74. Last access
15/01/2019.

Ferndndez-Gémez, M.J., Nogales, R., Insam, H., Romero, E., Goberna, M., 2010.
Continuvous-feeding vermicomposting as a recycling management method to
revalue tomato-fruit wastes from greenhouse crops. Waste Manage. 30, 2461-
2468.

Greco, S.L., Wilson, A.M., Spengler J.D., and Levy J.l. (2007). Spatial patterns of mobile
source particulate matter emissions-to-exposure relationships across the United
States. Atmos. Environ., 41, 1011-1025.

Guinée, J.B. (Ed.), Gorrée, M., Heijungs, R., Huppes, G., Kleijn, R., de Koning, A., Van
Oers, L., Wegener Sleeswiik, A., Suh, S.,. Udo de Haes, H.A, De Bruijn, J.A., Van
Duin R., Huijbregts, M.A.J. (2002). Handbook on Life Cycle Assessment:
Operational Guide to the ISO Standards. Series: Eco-efficiency in industry and
science. Kluwer Academic Publishers. Dordrecht (Hardbound, ISBN 1-4020-0228-
9; Paperback, ISBN 1-4020-0557-1).

Halloran, A., Roos, N., Eilenberg, J., Cerutti, A., Bruun, S., 2016. Life cycle assessment of

edible insects for food protein: a review. Agron. Sustain. Dev. 36 (4), 57.

23



Huang, K., Xia, H., 2018. Role of earthworms' mucus in vermicomposting system:
Biodegradation tests based on humification and microbial activity. Sci. Total
Environ. 610-611, 703-708.

Huang, K., Xia, H., Li, F., Wei, Y., Cui, G., Fu, X., Chen, X., 2016. Optfimal growth condition
of earthworms and their vermicompost features during recycling of five different
fresh fruit and vegetable wastes. Environ. Sci. Pollut. Res. 23, 13569-13575.

ILCD (International Reference Life Cycle Data System), 2012. Handbook — Towards more
sustainable production and consumption for a resource-efficient Europe. JRC
Reference Report, EUR 24982 EN. European Commission = Joint Research Centre.
Luxembourg. Publications Office of the European Union.

ISMEA (Service Institute for the agricultural food market), 2018. Available at:
http://www.ismea.it/flex/cm/pages/ServeBLOB.php/L/IT/IDPagina/9415. Last
access 03-09-2018.

ISO 14044, 2006. Environmental management - Life Cycle Assessment — Requirements
and guidelines. International Organization for Standardization.

Jones, C.G., Lawton, J.H., Shachak, M., 1994. Organisms as ecosystem engineer. OIKOS
69, 373-386.

Kaplan, D.L, Hartenstein, R., Neuhauser, E.F., Malecki, M.R., 1980. Physicochemical
requirements in the environment of the earthworm Eisenia foetida. Soil Biol.
Biochem. 12, 347-352.

Kummu, M., de Moel, H., Porkka, M., Siebert, S., Varis, O., Ward, P.J. 2012. Lost food,
wasted resources: Global food supply chain losses and their impacts on
freshwater, cropland, and fertiliser use. Sci. Total Environ. 438, 477-489.

Lim, S.L., Lee, L.H., Wu, T.Y., 2016. Sustainability of using composting and
vermicomposting technologies for organic solid waste biotransformation: recent
overview, greenhouse gases emissions and economic analysis. J. Clean. Prod.

111, 262-278.

24



Lim, S.L., Wu, T.Y., Lim, P.N., Shak, K.P.Y., 2015. The use of vermicompost in organic
farming: overview, effects on soil and economics. J. Sci. Food Agric. 95, 1143-
1156.

Lied, T., Albacete, E., Barrena, R., Font, X., Arfola, A., S anchez, A., 2013. Home and
vermicomposting as sustainable options for biowaste management. J.

Clean. Prod. 47, 70-76.

Milan Grain Association, 2018. Available at:
http://www.granariamilano.org/pagina.php?id_sotftomenu=2&id_menu=1. Last
access 03-09-2018.

Ncobela, C.N., Chimonyo, M., 2015. Potential of using non-conventional animal protein
sources for sustainable intensification of scavenging village chickens: A review.
Anim. Feed. Sci. Technol. 208, 1-11.

Nigussie, A., Kuyper, T. W., Bruun, S., de Neergaard, A., 2016. Vermicomposting as a
technology for reducing nitrogen losses and greenhouse gas emissions from
small-scale composting. J. Clean. Prod. 139, 429-439.

Notarnicola, B., Tassielli, G., Renzulli, P.A., Castellani, V., Sala, S., 2017. Environmental
impacts of food consumption in Europe. J. Clean. Prod. 140, 753-765.

Oonincx, D. G., De Boer, 1. J., 2012. Environmental impact of the production of
mealworms as a protein source for humans—a life cycle assessment. PloS one,
7(12), €51145.

Pham, T. P. T., Kaushik, R., Parshetti, G. K., Mahmood, R., Balasubramanian, R., 2015.
Food waste-to-energy conversion technologies: current status and future
directions. Waste Manage. 38, 399-408.

Plazzotta, S., Manzocco, L., Nicoli, M.C., 2017. Fruit and vegetable waste management
and the challenge of fresh-cut salad. Trends Food Sci. Technol. 63, 51-59.

Porter, S.D., Reay, D.S., Higgins, P., Bomberg, E., 2016. A half-century of production-
phase greenhouse gas emissions from food loss & waste in the global food
supply chain. Sci. Total Environ. 571, 721-729.

https://doi.org/10.1016/j.scitotenv.2016.07.041.

25



Posch, M., Seppdld@, J., Hettelingh, J.P., Johansson, M., Margni M., Jolliet, O. (2008). The
role of atmospheric dispersion models and ecosystem sensitivity in the
determination of characterisation factors for acidifying and eutrophying
emissions in LCIA. Int J Life Cycle Assess (13) pp.477-486.

Rabl, A. and Spadaro, J.V. (2004). The RiskPoll software, version is 1.051 (dated August
2004). www.arirabl.com.

Rosenbaum, R.K., Bachmann, T.M., Gold, L.S., Huijoregts, M.A.J., Jolliet, O., Juraske, R.,
Kéhler, A., Larsen, H.F., Macleod, M., Margni, M., McKone, T.E., Payet, J.,
Schuhmacher, M., van de Meent, D., Hauschild, M.Z. (2008). USEtox - The
UNEPSETAC toxicity model: recommended characterisation factors for human
toxicity and freshwater ecotoxicity in Life Cycle Impact Assessment. Int J Life
Cycle Assess, 13, 532-546.

Salomone, R., Saija, G., Mondello, G., Giannetto, A., Fasulo, S., Savastano, D., 2017.
Environmental impact of food waste bioconversion by insects: application of life
cycle assessment to process using Hermetia illucens. J. Clean. Prod. 140, 890-905.

Seppdld, J., Posch, M., Johansson, M., Hettelingh, J.P. (2006). Country-dependent
Characterisation Factors for Acidification and Terrestrial Eutrophication Based on
Accumulated Exceedance as an Impact Category Indicator. Int J Life Cycle
Assess, 11, 403-416.

Sims, R.W., Gerard, B.M., 1985. Earthworms. In: Key and notes for the identification and
study of the species. Kermach D.M., Barnes, R.S.K. (Eds.), Synopses of the British
Fauna (New Series), No. 31, pp. 1-171.

Singh R.P., Embrandiri, A., Ibrahim, M.H., Esa, N 2011. Management of biomass residues
generated from palm oil mill:Vermicomposting a sustainable option. Resour.
Conserv. Recy. 55, 423-434.

Singh, S., Singh, J., Vig, A.P., 2016. Earthworm as ecological engineers to change the
physico-chemical properties of soil: Soil vs vermicast. Ecol. Eng. 90, 1-5.

Sinha, R.K., Bharambe, G., Chaudhari, U., 2008. Sewage treatment by vermifiliration with

synchronous treatment of sludge by earthworms: a low-cost sustainable

26



technology over conventional systems with potential for decentralization.
Environmentalist 28, 409-420.

Sinha, R.K., Herat, S., Valani, D., Chauhan, K., 2010. Earthworms — the environmental
engineers: review of vermiculture technologies for environmental management
and resource development. [JGEnvl 10, 265-292.

Smetana, S., Palanisamy, M., Mathys, A., Heinz, V., 2016. Sustainability of insect use for
feed and food: life cycle assessment perspective. J Clean Prod, 137, 741-751.

Soobhany, N., Mohee, R., Garg, V K., 2017. Inactivation of bacterial pathogenic load in
compost against vermicompost of organic solid waste aiming to achieve
sanitation goals: A review. Waste Manage., 64, 51-62.5truijs, J., van Wijnen, H.J.,
van Dijk, A. and Huijbregts, M.A.J. (2009a). Ozone layer depletion. Chapter 4 in:
Goedkoop, M., Heijungs, R., Huijbregts, M.A.J., De Schryver, A., Struijs, J., Van
Zelm, R. (2009). ReCiPe 2008 A life cycle impact assessment method which
comprises harmonised category indicators at the midpoint and the endpoint
level. Report I: Characterisation factors, first edition

Suthar, S., 2009. Vermicomposting of vegetable-market solid waste using Eisenia fetida:
Impact of bulking material on earthworm growth and decomposition rate. Ecol
Eng., 35, 914-920.

Swati, A., Hait, S., 2018. Greenhouse Gas Emission During Composting and
Vermicomposting of Organic Wastes — A Review. Clean - Soil, Air, Water, 46,
1700042.

Tallentire, C.W., Mackenzie, S.G., Kyriazakis, I., 2017a. Environmental impact trade-offs in
diet formulation for broiler production systems in the UK and USA. Agr. Syst. 154,
145-156.

Tallentire, C.W., Mackenzie, S.G., Kyriazakis, |., 2018b. Can novel ingredients replace
soybeans and reduce the environmental burdens of European livestock systems
in the future?2 J. Clean. Prod. 187, 338-347.

https://doi.org/10.1016/].jclepro.2018.03.212

27



Tava A., Biazzi E., Tedesco D., 2018. Nutritional evaluation of meal from earthworm
reared on fruit and vegetable waste. 69th Annual Meeting of the European
Federation of Animal Science, 473.

Thévenot, A., Rivera, J.L., Wilfart, A., Maillard, F., Hassouna, M., Senga-Kiesse, T., Le Féon,
S., Aubin, J., 2018. Mealworm meal for animal feed: Environmental assessment
and sensitivity analysis to guide future prospects. J. Clean. Prod. 170, 1260-1267.

Tonini, D., Albizzati, P. F., & Astrup, T. F., 2018. Environmental impacts of food waste:
Learnings and challenges from a case study on UK. Waste Manage. 76, 744-766.

United Nations, 2017. The Impact of Population Momentum on Future Population
Growth; Population Facts No. 2017/4; United Nations, New York, NY, USA.

Van Zelm, R., Huijbregts, M.A.J., Den Hollander, H.A., Van Jaarsveld, H.A., Sauter, F.J.,
Struijs, J., Van Wijnen, H.J., Van de Meent, D. (2008). European characterization
factors for human health damage of PM10 and ozone in life cycle impact
assessment. Atmos. Environ., 42, 441-453.

Wang, J., Hu, Z., Xu, X., Jiang, X., Zheng, B., Liu, X., Pan, X., Kardol, P., 2014. Emissions of
ammonia and greenhouse gases during combined pre-composting and
vermicomposting of duck manure. Waste Manage. 34, 1546-1552

Weidema, B.P., Bauer. C., Hischier, R., Mutel, C., Nemecek, T., Reinhard, J., Vadenbo,
C.0O., Wernet, G., 2013. Overview and methodology. Data quality guideline for
the ecoinvent database version 3. Ecoinvent Report 1(v3). St. Gallen: The
(Ecoinvent Centre. WMO (1999). Scientific Assessment of Ozone Depletion: 1998.
Global Ozone Research and Monitoring Project - Report No. 44, ISBN 92-807-
1722-7, Geneva

Yadav, A., Garg, V.K., 2011. Recycling of organic wastes by employing Eisenia fetida.
Bioresour. Technol. 102, 2874-2880.

Yang, F., Li, G., Zang, B., Zhang, Z., 2017. The Maturity and CH4, N20O, NH3 Emissions from
Vermicomposting with Agricultural Waste. Compost Sci. Util. 25, 262-271. DOI:

0.1080/1065657X.2017.1329037

28



Zhenjun S., Jiang H., 2017. Nutritive Evaluation of Earthworms as Human Food. In Heimo
Mikkola, eds. Future Foods. InfechOpen, pp 127-141.
Zhenjun S., Xianchun L., Lihui S., Chunyang S., 1997. Earthworm as a potential protein

resource. Ecol. Food Nutr. 36, 221-236.

29



Table 1

Main inventory data for SS1.

Unit | Amount
Input Fruit and vegetable waste kg |45.73
Transport of FYW km | 25
Diesel kg 10.196
Water m3 | 3.66
Land m2 | 041
Output | Vermicompost kg 12.8
Fresh earthworms kg 1
Table 2
Main inventory data for SS2 for the FEED scenario.
Unit | Amount
Input Fresh earthworms Kg 6.25
Water m3 22.41
Electricity kWh | 2.0
Output | Meal for feed Kg 1
Table 3
Main inventory data for SS2 for the FOOD scenario.
Unit | Amount
Input Fresh earthworms kg 6.25
Water m3 22.41
Electricity kWh | 3.67
Output | Meal for food kg 1
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Table 4

Prices of product and co-product used in the economic allocation.

Amount | Price Allocation
Scenario | Product factor
kg/FU €/kg %
FEED Vermicompost 12.8 0.3 78%
Meal for feed 1 1.1 22%
Vermicompost 12.8 0.3 20%
FOOD  Miieal for food ] 15.0 80%

Table 5

Absolute environmental impact for 1 kg of fresh earthworms in the two scenarios.

Impact Unit FEED FOOD

Category

CC kg CO2eq 0.162 0.593
oD mg CFC-11 eq 0.0063 0.023
HT-noc CTuh 6.07x 107 | 228x108
HT-c CTuh 2.03x 107 | 7.39x 107
PM mg PM2.5 eq 246.8 897.38
POF g NMVOC eqg 0.293 1.064
TA molc H+ eq 0.0107 0.0391
TE molc N eqg 0.048 0.175
FE mg P eq 4.655 16.97
ME gNegq 0.410 1.492
FEX CTUe 0.140 0.498
MFRD mg Sb eq 1.112 4.044
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Table 6

Absolute impact for 1 kg of earthworm dried meal produced in the two scenarios.

c'gt‘ep;'g:y Unit FEED FOOD
CC kg CO2eq 2.238 5.944
oD mg CFC-11 eq 0.187 0.414
HT-noc CTUh 1.46 x107 | 3.37 x 107
HT-c CTUh 3.96x108 | 9.55x108
PM g PM2.5 eqg 1.960 6.374
POF g NMVOC eqg 4.635 11.801
TA molc H+ eq 0.073 0.255
TE molc N eq 0.309 1.108
FE gPeg 0.234 0.482
ME aNeg 3.441 10.936
FEX ClUe 3.698 8.328
MFRD mg Sb eq 11.397 33.436
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Table 7
Results of the sensitivity analysis: Impact variation respect to the values reported in Table 6 considering different electricity consumption in SS2,

different dried meal price, electricity produced from a photovoltaic plant (PV) and a mixed FU to avoid allocation.

FEED FOOD

Impact . . . .
category EE EE Lc?w ngh PV Mixed EE EE L9w ngh PV Mixed
-25% | +25% | price | price EE FU -25% | +25% | price | price EE FU
cc -10.9% | 13.6% | -10.4% | 10.4% | -33.6% | 161.5% | -75% | 94% | -55% | 55% | -49% | 15.6%
oD -15.8% | 19.8% | -4.7% | 47% |-55.4% | 74.0% | -131% | 16.4% | -3.0% | 3.0% | -67% | 8.6%
HT-noc | -14.8% | 18.5% | -59% | 59% | 36.5% | 91.8% | -11.8% | 14.8% | -3.6% | 3.6% | 46% | 10.2%
HT-c 136% | 17.0% | -73% | 7.3% |-151% | 113.7% | -103% | 12.9% | -42% | 42% | -20% | 12.1%
PM 43% | 53% | -17.9% | 17.9% | -85% | 27910% | 24% | 30% | -7.7% | 7.7% | -15% | 22.0%
POF | -12.1% | 15.1% | 9.0% | 9.0% |-35.4% | 140.0% | -87% | 10.9% | -4.9% | 49% | -49% | 14.1%
TA 1.6% | 20% | -209% | 20.9% | -3.4% |3260% | 08% | 1.1% | -8.4% | 8.4% | -6% | 23.9%
TE 06% | 07% | -221% | 221% | -12% | 3442% | .03% | 04% | -8.6% | 8.6% | 2% | 24.6%
FE 175% | 21.9% | 28% | 2.8% |-32.8% | 44.1% | -156% | 19.5% | -1.9% | 1.9% | -37% | 5.5%
ME 51% | 6.4% | -17.0% | 16.9% | -11.9% | 264.3% | 29% | 3.7% | -7.5% | 7.5% | -21% | 21.3%
FEX 15.4% | 19.2% | -5.3% | 53% [298.9%| 82.1% | -12.5% | 15.7% | -3.3% | 3.3% | 367% | 9.3%
MFRD | -78% | 98% | -13.9% | 13.9% |786.1% | 216.2% | -49% | 61% | -6.6% | 6.6% |1257% | 18.9%
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Highlights

- Fruit and vegetable waste as growth substrate to produce earthworm as feed
and food

- The environmental impact of earthworm meal as feed and food was evaluated
with LCA

- Two scenarios were considered for the dried meal: FEED or FOOD

- Climate change is 2.24 and 5.94 kg CO2 eq respectively for FEED and FOOD
scenarios

- The allocation choices affect the results of the environmental impact indicators
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