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Abstract: Considering the projected increase in demand for protein sources, finding alternative
sources with lower environmental impacts has become of great importance. Insect mass production
has emerged as a potential solution, particularly in Western countries. Previous studies indicate that
insect farming together with insect processing stages are responsible for most of the environmental
impacts associated with the final product. This study compares the environmental impacts linked to
alternative processing technologies for insect protein production to traditional ones using a Life Cycle
Assessment (LCA) following the Environmental Footprint methodology. The most relevant impact
categories were identified as land use, energy use, freshwater ecotoxicity, water use and climate
change. Among the processing treatments, FOP (freezing—oven drying-hot pressing) showed the best
environmental performance in terms of all selected impact categories except water use, while the BOS
(blanching—oven drying—SFE with CO,) group had the highest environmental impacts in all categories.
The results from this study indicate that the environmental impacts of insect protein production can
be reduced by using alternative processing technologies. These findings underscore the importance
of carefully selecting processing technologies in order to align with global sustainability ambitions in
the food industry. This study contributes to the development of ecologically responsible methods
that can be adopted across protein production industries.
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1. Introduction

Insects are recognized as a highly promising protein source for the future, particularly
due to their high nutritional value, efficiency and potential to alleviate food insecurity [1].
Additionally, insect production offers a more sustainable alternative with a smaller eco-
logical footprint compared to traditional livestock farming practices involving vertebrates
like cattle and swine, which are related to surface and groundwater contamination by
nutrients, toxins and pathogens as well as the significant release of substantial amounts of
ammonia, among other environmental problems [2,3]. In fact, insect farming is awakening
interest (mostly due to sustainability issues) in recent years in markets that have not been
traditional consumers of these kinds of products, like European and Northern American
countries. Hence, the demand for insect-based products is on the rise, leading to increased
production and trade volumes [4]. According to the International Platform of Insects for
Food and Feed, insect food business operators produced about 500 tonnes of insect-based
products in 2019 and are expected to produce about 260,000 tonnes by 2023.

Some of the most common insects that are being farmed for food and feed purposes
include crickets like Acheta domesticus, mealworms like Tenebrio molitor and flies like Musca
domestica and Hermetia Illucens (black soldier fly, BSF). In particular, the BSF has several
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major advantages over other insect species. For instance, BSF larvae can break down
different types of organic material like fruits, vegetables and animal manure [5-7]. Their
use for the latter organic material is pretty interesting since, as mentioned by Erickson
et al. [8], BSF larvae inactivate pathogen bacteria like Escherichia coli O157:H7 and Salmonella
species, which are present in animal manure.

Currently, the production of insects at an industrial scale is carried out by a re-
duced number of companies, with their main target group being pets and livestock feed
[2,9]. Hence, the information about insect processing methods is scarce and usually only
available at a laboratory scale [10]. Satisfying the quality standards related to insect protein
digestibility for animal feed holds utmost importance. However, an even more crucial
factor is to ensure food safety [11]. The first step in obtaining edible insect products is to
harvest and separate them from the residues, followed by their killing and washing [12]. In
the case of larvae/worms, they are usually separated by sieving and sacrificed by blanch-
ing to reduce the microbial population, with the food spoilage and poisoning degradative
enzymes being inactivated as well [13].

The aim of drying processing technologies is to reduce the total water content. This
limits the degradative reactions, which at the same time increases the shelf-life of foods [14].
Some examples of the drying techniques used are roasting and sun-drying (traditional
processes) or more recent ones like freeze-drying and drying assisted by microwaves. In
particular, to obtain edible insect meal and powder, some of the most used techniques are
drying by the sun, oven or freezing [15,16].

One of the key processes in obtaining protein-enriched ingredients from edible insects
is the defatting step due to the high fat content of insects [17]. Moreover, insects that
have undergone defatting exhibit elevated nutritional value and enhanced functionality
compared to raw insect protein [18]. One of the mostly widely used extraction processes of
lipids in the food industry is performed using hexane due to its high oil recovery ability [19].
However, the use of hexane is not currently considered a good option as it presents some
constraints in health, safety, environmental and economic terms; thus, other options were
recently investigated for its substitution [20]. Some examples of alternative methods are
aqueous extraction, three-phase partitioning and supercritical fluid extraction (SFE) with
CO, and mechanical pressing [21]. In the case of mechanical pressing (dry processing), this
step is performed using a screw press at an industrial scale. Moreover, additional heating
improves the defatting process by mechanical pressing [22]. With regard to alternative
defatting techniques, defatting by means of SFE with CO, showed promising results (95%
oil recovery from Tenebrio molitor). However, this treatment method shows high operating
costs at an industrial scale [23]. Therefore, SFE using CO; could become in a real alternative
technique when it is optimized and, thus, the costs are reduced.

It is worth mentioning that the current studies on insect larvae processing are primarily
focused on individual evaluations of the three previously described processes—sacrifice,
drying and defatting—without consideration for their collective application towards the
final product of insect meal [24-28]. While several studies examined the different methods
of sacrifice, drying or defatting, there remains a gap in research that explores the intercon-
nectedness of these three technological processes as successive operations within a single,
cohesive production process. Exploring the collective application of sacrifice, drying and
defatting processes as successive operations in the production process of insect proteins is
important for several reasons: product quality and safety, efficiency and cost effectiveness,
nutritional value optimization, sustainability, etc. [1].

In short, there are diverse challenges to insect processing to be addressed, such as
(i) the development of efficient technologies, (ii) the promotion of environmentally friendly
practices and (iii) the establishment of cost competitiveness. Although several authors
evaluated the environmental impact of insect production, most of these studies’ final
product focus was whole larvae/worms with few processing steps included [26,28-30].
Considering that farming and processing of insect proteins contribute the most to the overall
environmental impact and may not always be favorable when compared to traditional
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protein feeds [31], obtaining a true environmental assessment from insect production
systems is of vital importance for the further expansion and up-scaling of the insect industry.
Thus, the present study aims to analyze the environmental impacts associated with insect
protein production including all processing steps (sacrifice, drying and defatting) and
covering different available technologies (blanching, freezing, oven drying, lyophilization,
hot pressing and SFE with CO;). These technologies are combined in order to study
the interconnectedness of these three technological processes. In addition, the resulting
processing treatments are compared to determine which processing treatment is the most
environmentally friendly.

2. Materials and Methods
2.1. Processing Treatments

This study investigated three insect processing steps: sacrifice, drying and defatting.
Two technologies were examined for each processing step. Regarding sacrifice technologies,
blanching (B) and freezing (F) were analyzed, while oven drying (O) and lyophilization (L)
were chosen as drying technologies. Moreover, hot pressing (H) and SFE with CO, (S) were
selected for the defatting processing step. Given that blanching, oven drying and pressing
are commonly used on an industrial scale [13,15,21], BOP was set as the reference baseline
scenario.

Processing treatments were created by substituting one processing step with an alter-
native technology, with reference to the baseline case. Thus, the processing treatments were
FOP, BLP and BOS (Figure 1). It should be noted that an extra freezing step is required for
lyophilization, and an additional grinding step is needed prior to SFE with CO,.

Sacrifice Drying Defattening
> > ———» BOP
Blanching : »| Oven-drying | Hot press » FOP
T > ) / ——» BLP
Freezing Lyophilization — SF(I?(\;“h - BOS

Figure 1. Insect processing treatments investigated in this study.

2.2. Life Cycle Assessment

A Life Cycle Assessment (LCA) is a multi-criteria tool used to analyze and evaluate
environmental impacts linked to products and/or services throughout their complete life
cycle considering several impacts related to human health, the environment and resources [32].
The LCA procedure is specified by ISO standards 14040 and 14044 [33,34]. An LCA study
is composed of four steps: (1) goal and scope definition, (2) Life Cycle Inventory (LCI), (3)
Life Cycle Impact Assessment (LCIA) and (4) interpretation of results. In the goal and scope
definition step, the aim of the study, system boundaries and functional unit (FU) are defined.
In the LCI step, the data to be used are gathered and referred to the established FU. In the
LCIA step, data from the inventory are related to their impact on the environment. Finally, in
the interpretation step, the results are discussed and recommendations are provided.

2.2.1. Goal and Scope
Goal

Considering that the insect production sector is moving from experimental or small-
scale operations to large-scale industrial production, the goal of this study is to quantify
the environmental impacts linked to the production and further traditional processing
(blanching, oven drying and hot pressing) of the BSF in order to make a comparison with
alternative processing steps (freezing, lyophilization and SFE) and determine which is the
most environmentally friendly.
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Functional Unit

The FU is the reference unit of the whole system. That is to say, all the input and
output flows must be referred to this unit for their quantification. The use of an FU is
required to ensure the system representativity and comparability among systems. In this
way, the FU selected for the present study was 1 kg of insect protein since this source of
protein is considered as an alternative protein source for animal feed.

System Boundaries

The type of LCA considered here is “cradle-to-gate”. Thus, the stages included in
this analysis are (1) raw material cultivation and processing, (2) substrate preparation,
(3) egg production and colony maintenance, (4) larvae and compost production and
(5) larval processing. The process includes the colony maintenance as well. A general
scheme of the system boundaries considered in this study is presented in Figure 2.
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Figure 2. System boundaries for BSF larvae production and processing considered for this study.

In the production of the BSF protein, three different products are obtained: proteins,
fats and compost, a stabilized substrate excreted by larvae. Insect feed is composed of a
mixture of corn and wheat bran. The cultivation, collection, transport and processing of
corn and wheat bran is considered. Moreover, during feed pre-treatment, water is added to
the mixture, and thus, water production is also included.

After the fattening period, fresh larvae and substrate (compost) are separated. After-
wards, larvae are washed, sacrificed, dried and defatted. The first product (fats) can be used
as insect oil (coproduct), whereas the solid paste is the main product (insect meal). The
protein content of the insect meal ranges between 65 and 72%. At this point, it is interesting
to mention that not all the larvae are transformed into insect meal: 5% of the larvae is left to
reach the adult stage to keep colony maintenance. During this stage, electricity and water
are consumed. Electrical energy and tap water production impacts are considered in this
study. Moreover, in the case of the BOS treatment, CO, production by the Haber-Bosch pro-
cess is considered. In these stages, wastewater is produced and for this reason, municipal
wastewater treatment is also considered in the system boundaries of this study.

Allocation: As observed in Figure 2, there are two by-products of the BSF protein
production process: compost and fats. With regard to compost, system expansion was
adopted and thus, allocation was avoided. The environmental impacts for the BSF protein
production processes were distributed among the BSF protein and fat. The considered
allocation factors were calculated based on the mass product (solid) obtained, being 20%
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and 80% (BOP and FOP), 24% and 76% (BOS) and 12% and 88% (BLP) for fat and protein,
respectively. Allocations were applied throughout the whole process. Another spread
allocation factor is based on the economic value of the product. However, this was discarded
because of the high fluctuation in prices once the insect industry scales up.

2.2.2. Life Cycle Inventory

The Life Cycle Inventory (LCI) shows data related to the studied system and the
calculations performed in order to quantify both inputs (i.e., energy and raw materials)
and outputs (i.e., emissions to air, soil and water). These data are linked to the reference
unit, named as FU. The mentioned data are compiled in Tables 1-4.

Table 1. Life Cycle Inventory using traditional processing technologies (BOP) to obtain 1 kg of insect
protein from BSF.

Stage Inputs Outputs

Feedstock 13.00 kg Fresh larvae 8.42 kg

L 1 bi . Electricity 36.38 M] Wastewater to WWTP 3.60 kg

arval bioconversion Tap water 46.83 kg Compost 12.43 kg
Sawdust 0.03 kg

Fresh larvae 8.42 kg Dead larvae 4.42 kg

Sacrifice (blanching) Tap water 1.68 kg Wastewater to WWTP 1.68 kg
Electricity 0.89 M]

Drying (oven) Dead larvae 4.42 kg Dried larvae 1.41 kg
yms Electricity 22.31 MJ

. Dried larvae 141 kg Protein 1 kg

Defatting (hot press) Electricity 127 M] Fat 0.25 kg
CAN27 —0.63 kg
Compost production TS46P,05 —0.46 kg
KC1—60%K,0 —0.75 kg

Table 2. Life Cycle Inventory using freezing as sacrifice method (FOP) to obtain 1 kg of insect protein

from BSF.
Stage Inputs Outputs
Feedstock 7.00 kg Fresh larvae 4.53 kg
L 1 bi . Electricity 19.59 M] Wastewater to WWTP 3.26 kg
arval broconversion Tap water 25.22 kg Compost 6.70 kg
Sawdust 0.02 kg
o . Fresh larvae 4.53 kg Dead larvae 4.42 kg
Sacrifice (freezing) Electricity 107 M
Drying (oven) Dead larvae 4.42 kg Dried larvae 1.41 kg
ymg Electricity 2231 MJ
. Dried larvae 1.41 kg Protein 1 kg
Defatting (hot press) Electricity 127 M] Fat 0.25 kg
CAN27 —0.34 kg
Compost production TS46P,05 —0.25 kg

KCl—60%K,0 —0.41 kg
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Table 3. Life Cycle Inventory using lyophilization as drying method (BLP) to obtain 1 kg of insect

protein from BSF.
Stage Inputs Outputs

Feedstock 11.78 kg Fresh larvae 7.63 kg

L 1bi . Electricity 32.96 M] Wastewater to WWTP 3.26 kg

arval bloconversion Tap water 42.43 kg Compost 11.26 kg
Sawdust 0.03 kg

Fresh larvae 7.63 kg Dead larvae 4.01 kg

Sacrifice (blanching) Tap water 1.53 kg Wastewater to WWTP 1.53 kg
Electricity 0.81 MJ

Drying (freezing + Dead larvae 4.02 kg Dried larvae 1.32 kg
lyophilization) Electricity 23.63 M]

. Dried larvae 1.32 kg Protein 1 kg

Defatting (hot press) Electricity 1.56 M] Fat 0.14 kg
CAN27 —0.57 kg
Compost production TS46P,05 —0.42 kg
KCl—60%K,0 —0.68 kg

Table 4. Life Cycle Inventory using SFE as defatting method (BOS) to obtain 1 kg of insect protein

from BSF.
Stage Inputs Outputs

Feedstock 13.00 kg Fresh larvae 8.42 kg

L 1bi . Electricity 36.38 MJ Wastewater to WWTP 3.60 kg

arval bioconversion Tap water 46.83 kg Compost 12.43 kg
Sawdust 0.03 kg

Fresh larvae 8.42 kg Dead larvae 4.42 kg

Sacrifice (blanching) Tap water 1.68 kg Wastewater to WWTP 1.68 kg
Electricity 0.89 M]

Drying (oven) Dead larvae 442 kg Dried larvae 1.41 kg
yms Electricity 2231 M]

. o Dried larvae 1.41 kg Protein 1 kg

Defattm%é%;mdmg * Electricity 446.49 M] Fat 0.32 kg
CO, 88.73 kg
CAN27 —0.63 kg
Compost production TS46P,05 —0.46 kg
KCl—60%K,0 -0.75 kg

The foreground processes in this study relied on inventory data that were derived from
a combination of primary and secondary sources. When primary data were insufficient or
not assimilable to an industrial-scale system, secondary data from bibliographic sources
were used instead. Each inventory flow was estimated using primary data, except for the
electrical consumption of the lyophilization step in the BLP treatment, where secondary
data were utilized [35].

Several background processes were included in the scope of this study. However,
the inputs and outputs of these processes were not added to the inventory tables due
to their complex nature. The background processes considered are the production of
electricity, production of tap water and treatment of wastewater generated in the urban
wastewater treatment plant. In addition, the CO, manufacturing process was included as a
background process in the BOS processing treatment. The inventories of all these processes
were obtained from the Sphera LCA software database.

2.2.3. Life Cycle Impact Assessment

The results obtained in the present study were based on a professional Sphera LCA
software v10.5 6.2.9 (Sphera Solutions GmbH, Chicago, IL, USA). The mentioned LCA
software included the Environmental Footprint (EF) v3.0 methodology, which was used to
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calculate the midpoint of potential environmental impacts [36]. Sphera LCA software serves
as a versatile and wide-ranging tool for conducting comprehensive Life Cycle Assessments,
while the EF methodology provides standardized guidelines for consistent and comparable
environmental assessments. The EF was chosen because it is a methodology fostered by
the European Commission to assess the products/services within the European markets
under the same parameters.

A total of 16 impact categories are analyzed by the EF methodology. Neverthe-
less, a short group of five categories were considered for the present study: (i) land use;
(if) energy use; (iii) freshwater ecotoxicity; (iv) climate change and (v) water use. These im-
pact categories were selected according to their relevance among all impact categories after
data normalization and weighting. In order to facilitate comprehension, a short description
of each impact category selected for this study is displayed in Table 5.

Table 5. Description of the different impact categories considered in this study.

Impact Category Unit Description
Land use Pt Quaptificatiqn of al.terations in soil qua}ity (‘pioti?
production, erosion resistance and mechanical filtration).
Energy use MJ Indicator of the exhaustion of inherent fossil fuel reserves.
- Infl f noxi ds released into th
Freshwater ecotoxicity CTUe nfluence of noxious compounds released into the
environment on freshwater organisms.
Climate change kg CO; eq. Measure of potential global war.ming resulting from the
release of greenhouse gases into the atmosphere.
Water use m3 world eq. Metric representing the proportional water consumption,

determined by localized factors of water scarcity.

2.2.4. Interpretation of Results

To determine the relative contribution of each impact category, a contribution analysis
was performed to identify the most relevant impact categories linked to each processing
treatment. Additionally, another contribution analysis was carried out to identify the key
processes associated with each processing treatment. Finally, a comparative assessment
was performed in order to identify the most environmentally friendly processing treatment
in line with the goal and scope previously defined.

3. Results

The results obtained from the production and processing of 1 kg of the BSF protein
are shown in the present section. In the first part, a contribution analysis of the impact
categories is presented, followed by a process contribution analysis. Finally, a comparison
among the processing treatments studied is shown.

3.1. Contribution Analysis of Impact Categories

Based on the normalized and weighted results, the most relevant impact category was
identified as land use, with a cumulative contribution of 99.08, 92.82, 99.04 and 98.87% of
all environmental impacts to BOP, BOS, BLP and FOP, respectively. Moreover, energy use,
freshwater ecotoxicity, water use and climate change impact categories were selected. The
five selected impact categories contributed to 100% of the total environmental impacts in
the BOP, BLP and FOP processing treatments, while they contributed to 99.40% in the BOS
processing treatment (Table 6).
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Table 6. Relative contribution of each impact category to the overall environmental impact.

Impact Category BOP BOS BLP FOP
Climate change 0.02 0.09 0.02 0.02
Freshwater ecotoxicity 0.08 0.32 0.08 0.09
Land use 99.08 92.82 99.04 98.87
Water use 0.02 0.06 0.06 0.03
Energy use 0.81 6.11 0.84 0.99

3.2. Processes Contribution Analysis

Environmental impacts were caused by different processes involved in the BSF protein
production and processing. Figures 3 and 4 depict the relative contributions of the different
processes involved in all the studied impact categories.

Corn and wheat bran cultivation, recollection and processing were found to be the
processes with the most significant contribution, accounting for more than 85% of the
environmental burdens in the land use impact category for all processing treatments
(Figure 3A).

Regarding the energy use impact category, electricity production and corn grain culti-
vation processes were the most relevant for the BOP, BLP and FOP processing treatments.
In particular, electricity accounted for 65.86% and corn grain cultivation for 17.81% (aver-
aged across the three treatments). For the BOS processing treatment, electricity production
accounted for 64.02%, while carbon dioxide production contributed 31.38% of the energy
use impact category (Figure 3B).

In terms of the impact on freshwater ecotoxicity, the key factors for all processing
treatments were determined to be electricity production and corn grain cultivation, rec-
ollection and processing for the BOP, BLP and FOP processing treatments. On average,
these factors accounted for 50.71% and 34.43%, respectively. However, for the BOS group,
electricity production was the most relevant contributor, accounting for 81.32% of the
impact (Figure 4A).

Regarding water use, the most significant processes varied among the different pro-
cessing treatments. For all treatments, corn grain cultivation, recollection and processing,
followed by electricity production, were identified as the primary factors. However, their
contributions differed significantly. In the case of the BOP, BLP and FOP processing treat-
ments, corn cultivation accounted for 56.62%, while electricity production contributed
33.17% to water use. In contrast, for the BOS processing treatment, electricity produc-
tion was the dominant factor, accounting for 78.18%, followed by corn cultivation, which
contributed 18.22% (Figure 4B).

In terms of the climate change impact category, electricity production and corn culti-
vation were found to be the most significant processes across all BOP, BLP and FOP groups,
contributing over 80% of the environmental burdens. In the case of the BOS experimental
group, electricity production (71.34%) and CO, production (20.32%) were identified as the
primary contributors to the climate change impact category (Figure 4C).
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Figure 3. Contribution of the most relevant processes to land use (A) and energy use (B) impact
categories to each of the processing treatments studied.



Sustainability 2023, 15, 13735 10 of 14

Freswater ecotoxicity (A)

110.00
90.00
70.00
50.00

30.00

Relative contribution (%)

10.00

—10.00 BOP BOS BLP FOP

Water use (B)
110.00

90.00

70.00

50.00

30.00

10.00
BOP BOS BLP
l

Relative contribution (%)

—10.00
Climate change (C)

BOS BLP

W Wheat bran W Electricity grid mix

110.00

90.00

70.00

50.00

30.00

Relative contribution (%)

10.00

—10.00 FoP

W Calcium ammonium nitrate (CAN, 27% N) m Corn grains, at farm (12% H20 content)
m Feed mill {broiler) ® Municipal waste water treatment

W Potassium chloride (KCI/MOP, 60% K20) ® Tap water from groundwater
m Triple superphosphate (TSP, 46% P205) = Carbon dioxide (CO2) by-product ammeonia (NH3)

Figure 4. Contribution of the most relevant processes to freshwater ecotoxicity (A), water use (B) and
climate change (C) impact categories to each of the processing treatments studied.
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3.3. Comparison of Processing Treatments

In the following section, the production and processing of 1 kg of the BSF protein
using standard and alternative insect processing technologies are analyzed and compared.
The results obtained in the comparison of 1 kg of the BSF protein obtained through the
combination of the different technologies are shown in Table 7.

Table 7. Comparison of Life Cycle Impact Assessment of 1 kg of BSF protein obtained using different
processing technologies.

Impact Category Unit BOP BOS BLP FOP
Land use Pt 1177.81 1270.42 1174.95 638.90
Energy use M] 115.27 4105.45 120.36 35.21
Freshwater ecotoxicity CTUe 55.78 262.01 57.24 35.31
Water use m? world eq. 18.29 56.93 18.5 10.88
Climate change kg CO; eq. 7.73 49.04 7.99 497

The environmental impacts of the BOS treatment were consistently higher across all
selected impact categories. Specifically, land use, energy use, freshwater ecotoxicity, water
use and climate change were observed to be 1.07, 8.72, 4.70, 3.11 and 6.34 times higher,
respectively, compared to the BOP control group, which served as the benchmark insect
processing technology.

In contrast, both the BLP and BOP processing treatments demonstrated comparable
environmental performance across all selected impact categories. However, the FOP
processing treatment exhibited superior environmental performance in all selected impact
categories. Specifically, land use, energy use, freshwater ecotoxicity, water use and climate
change were found to be 1.84, 1.50, 1.58, 1.68 and 1.55 times lower, respectively, compared
to the BOP processing treatment. In general, the outcomes of this investigation indicated
that the FOP treatment displayed lower environmental impacts across all selected impact
categories, whereas the BOS treatment consistently demonstrated higher impacts compared
to the other treatments under examination.

4. Discussion

This study investigates and compares different processing technologies for insect
protein production in terms of their environmental impacts. It particular, it aims to con-
tribute to the development of sustainable and efficient insect value chains by analyzing
the potential environmental burdens associated with each processing method. The BOS
treatment consistently had higher environmental impacts mostly due to energy-intensive
CO;y-based extraction, whereas the FOP processing was the eco-friendliest, with lower im-
pacts across all categories, indicating its potential for improving insect protein production’s
environmental impact through optimized processing.

The selection of impact categories in LCA studies for insect production may vary
de-pending on the specific context and objectives of the study. Nevertheless, common
impact categories examined in insect production include land use, climate change, energy
use and water use, as supported by previous studies [24,25,37-39]. Similarly, the most
relevant impact categories identified in this study included land use, energy use, freshwater
ecotoxicity, water use and climate change. These categories were chosen based on their
relevance to the environmental impacts associated with insect protein production and
processing. In particular, the analysis performed in this study revealed that land use
had the highest contribution to the overall environmental impact across all processing
treatments studied.

The analysis of process contributions provided insights into the specific stages that
significantly influenced the environmental impacts of the processing treatments. Corn and
wheat bran cultivation, collection and processing emerged as the most relevant processes
across several impact categories, particularly land use. In this particular case, corn and
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wheat bran cultivation environmental impacts were attributed to land occupation. Consid-
ering that corn and wheat were destined for a BSF feed substrate, alternative feeds must
be considered and further studied, as was reported in previous studies [5,6,26,30]. These
findings emphasize the need for sustainable sourcing practices and efficient resource man-
agement in the insect industry, such as optimizing feed production. Moreover, electricity
production was consistently identified as a significant process contributing to multiple
impact categories, in particular climate change, freshwater ecotoxicity and energy use. This
highlights the importance of transitioning towards renewable energy sources to reduce the
environmental burden associated with insect production.

The comparison of processing treatments revealed important differences in their
environmental performance. The BOS treatment consistently demonstrated higher environ-
mental impacts across all selected categories compared to the BOP control group. These
elevated impacts can be attributed primarily to the substantial energy demand associated
with SFE extraction using CO,, which emerged as the key driver behind these findings.
In this sense, the SFE extraction process can have a high energy demand due to several
contributing factors, such as high pressure and temperature requirements, compression
of supercritical fluid, heat transfer, cooling, etc. On the other hand, both the BLP and
BOP treatments showed comparable environmental performance, indicating that the use
of alternative drying methods (lyophilization) did not significantly affect the overall en-
vironmental impacts when compared to the standard processing technologies. The FOP
processing treatment stood out as the most environmentally friendly option among the
evaluated processing treatments. It exhibited lower environmental impacts in all selected
categories compared to the rest of processing treatment. These results suggest that replac-
ing the sacrifice step with freezing instead of blanching has the potential to enhance the
environmental performance of insect processing. The freezing-oven drying-hot pressing
combination proved to be a more sustainable approach, suggesting that optimizing the
processing sequence can lead to improved environmental performance in insect protein
production.

In conclusion, this study shed light on the environmental impacts of different process-
ing treatments for insect protein production. By analyzing the contributions of various
impact categories and processes, valuable insights were gained regarding the sustainabil-
ity of insect protein production and the importance of selecting appropriate processing
technologies, offering valuable insights for stakeholders, decision makers and researchers.
Throughout this manuscript, it is evident that different combinations of processes sig-
nificantly influenced both environmental impacts and the efficiency of fat and protein
extraction, as illustrated in the inventory data. From an environmental standpoint, the
results highlighted the most environmentally favorable operational processes for insect
protein production while pinpointing critical areas for improvement, primarily related to
the raw materials utilized for insect feed. These findings provide guidance for decision
makers, emphasizing the importance of considering the use of secondary raw materials for
insect feed. Consequently, future research should prioritize demonstrating the safety of
such materials for the insect sector. This approach has the potential to mitigate the primary
environmental impact category identified in this study: land use.

Author Contributions: Conceptualization, M.C.-R., A.S.-V. and D.F.-G.; methodology, M.C.-R,,
N.B.-L. and D.F-G.; software, M.C.-R. and D.F-G.; validation, A.J.L.-G.; formal analysis, M.C.-R. and
N.B.-L.; writing—original draft preparation, M.C.-R.; writing—review and editing, ES.-L., D.E-G.
and A.J.L.-G,; supervision, A.J.L.-G.; funding acquisition, ES.-L. and M.D.H.; project administration,
FS.-L. and M.D.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was developed within the ACUINSECT project (Optimization of insect meal
as sustainable ingredient for aquaculture feed) funded by the Spanish National Plans of Aquaculture
of the Ministry of Agriculture, Fisheries and Food with the support of the European Maritime and
Fisheries Fund (FEMP).

Institutional Review Board Statement: Not applicable.



Sustainability 2023, 15, 13735 13 of 14

Informed Consent Statement: Not applicable.
Data Availability Statement: The data are available from the corresponding author.

Acknowledgments: The authors acknowledge the ACUINSECT partners who have provided data
and useful insights during the preparation of this manuscript: ENTOMO Agroindustrial, Bioactive
Food Ingredients Department (CIAL, Universidad Auténoma de Madrid).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Dossey, A.T.; Morales-Ramos, ].A.; Rojas, M.G. Insects as Sustainable Food Ingredients: Production, Processing and Food Applications;
Academic Press: Cambridge, MA, USA, 2016; ISBN 978-0-12-802892-6.

2. van Huis, A. Edible Insects: Future Prospects for Food and Feed Security; FAO forestry paper; Food and Agriculture Organization of
the United Nations: Rome, Italy, 2013; ISBN 978-92-5-107595-1.

3. Shockley, M.; Dossey, A.T. Insects for Human Consumption. In Mass Production of Beneficial Organisms; Elsevier: Amsterdam, The
Netherlands, 2014; pp. 617-652. ISBN 978-0-12-391453-8.

4. Cadinu, L.A,; Barra, P; Torre, E; Delogu, F.; Madau, F.A. Insect Rearing: Potential, Challenges, and Circularity. Sustainability 2020,
12, 4567. [CrossRef]

5. Jucker, C.; Erba, D.; Leonardi, M.G.; Lupi, D.; Savoldelli, S. Assessment of Vegetable and Fruit Substrates as Potential Rearing
Media for Hermetia Illucens (Diptera: Stratiomyidae) Larvae. Environ. Entomo. 2017, 46, 1415-1423. [CrossRef] [PubMed]

6. Nguyen, T.T.X,; Tomberlin, ].K.; Vanlaerhoven, S. Ability of Black Soldier Fly (Diptera: Stratiomyidae) Larvae to Recycle Food
Waste. Environ. Entom. 2015, 44, 406-410. [CrossRef] [PubMed]

7. Spranghers, T.; Ottoboni, M.; Klootwijk, C.; Ovyn, A.; Deboosere, S.; De Meulenaer, B.; Michiels, J.; Eeckhout, M.; De Clercq,
P.; De Smet, S. Nutritional Composition of Black Soldier Fly (Hermetia Illucens) Prepupae Reared on Different Organic Waste
Substrates: Nutritional Composition of Black Soldier Fly. J. Sci. Food Agric 2017, 97, 2594-2600. [CrossRef]

8. Erickson, M.C,; Islam, M.; Sheppard, C.; Liao, ].; Doyle, M.P. Reduction of Escherichia Coli O157:H7 and Salmonella Enterica Serovar
Enteritidis in Chicken Manure by Larvae of the Black Soldier Fly. J. Food Prot. 2004, 67, 685-690. [CrossRef]

9.  Lamsal, B.; Wang, H.; Pinsirodom, P.; Dossey, A.T. Applications of Insect-Derived Protein Ingredients in Food and Feed Industry.
J. Am. Oil Chem. Soc. 2019, 96, 105-123. [CrossRef]

10. Azagoh, C.; Ducept, F; Garcia, R.; Rakotozafy, L.; Cuvelier, M.-E.; Keller, S.; Lewandowski, R.; Mezdour, S. Extraction and
Physicochemical Characterization of Tenebrio Molitor Proteins. Food Res. Int. 2016, 88, 24-31. [CrossRef]

11. Rodriguez-Rodriguez, M.; Barroso, F.G.; Fabrikov, D.; Sanchez-Muros, M.J. In Vitro Crude Protein Digestibility of Insects: A
Review. Insects 2022, 13, 682. [CrossRef]

12.  Ojha, S.; Bufiler, S.; Psarianos, M.; Rossi, G.; Schliiter, O.K. Edible insect processing pathways and implementation of emerging
technologies. J. Insects Food Feed 2021, 7, 877-900. [CrossRef]

13. Larouche, J.; Deschamps, M.-H.; Saucier, L.; Lebeuf, Y.; Doyen, A.; Vandenberg, G.W. Effects of Killing Methods on Lipid
Oxidation, Colour and Microbial Load of Black Soldier Fly (Hermetia Illucens) Larvae. Animals 2019, 9, 182. [CrossRef]

14. Hernandez-Alvarez, A.-].; Mondor, M.; Pifia-Dominguez, L.-A.; Sanchez-Velazquez, O.-A.; Melgar Lalanne, G. Drying Technolo-
gies for Edible Insects and Their Derived Ingredients. Dry. Technol. 2021, 39, 1991-2009. [CrossRef]

15.  Azzollini, D.; Derossi, A.; Severini, C. Understanding the Drying Kinetic and Hygroscopic Behaviour of Larvae of Yellow
Mealworm (Tenebrio Molitor) and the Effects on Their Quality. . Insects Food Feed 2016, 2, 233-243. [CrossRef]

16. Kroncke, N.; Grebenteuch, S.; Keil, C.; Demtroder, S.; Kroh, L.; Thilnemann, A.; Benning, R.; Haase, H. Effect of Different Drying
Methods on Nutrient Quality of the Yellow Mealworm (Tenebrio Molitor L.). Insects 2019, 10, 84. [CrossRef] [PubMed]

17.  Tzompa-Sosa, D.A.; Yi, L.; van Valenberg, H.].F.,; van Boekel, M.A ].S.; Lakemond, C.M.M. Insect Lipid Profile: Aqueous versus
Organic Solvent-Based Extraction Methods. Food Res. Int. 2014, 62, 1087-1094. [CrossRef]

18. Kim, TK; Yong, H.I.; Chun, H.H.; Lee, M.A.; Kim, Y.B.; Choi, Y.S. Changes of amino acid composition and protein technical
functionality of edible insects by extracting steps. J. Asia Pac. Entomol. 2020, 23, 298-305. [CrossRef]

19. Ricochon, G.; Muniglia, L. Influence of Enzymes on the Oil Extraction Processes in Aqueous Media. OCL 2010, 17, 356-359.
[CrossRef]

20. Panadare, D.C.; Rathod, VK. Three Phase Partitioning for Extraction of Oil: A Review. Trends Food Sci. Technol. 2017, 68, 145-151.
[CrossRef]

21. Boye,].I; Barbana, C. Protein Processing in Food and Bioproduct Manufacturing and Techniques for Analysis. In Food and Industrial
Bioproducts and Bioprocessing; Dunford, N.T., Ed.; Wiley-Blackwell: Oxford, UK, 2012; pp. 85-113. ISBN 978-1-119-94608-3.

22.  Sindermann, D.; Heidhues, J.; Kirchner, S.; Stadermann, N.; Kiihl, A. Industrial Processing Technologies for Insect Larvae. J.

Insects Food Feed 2021, 7, 857-875. [CrossRef]


https://doi.org/10.3390/su12114567
https://doi.org/10.1093/ee/nvx154
https://www.ncbi.nlm.nih.gov/pubmed/29040452
https://doi.org/10.1093/ee/nvv002
https://www.ncbi.nlm.nih.gov/pubmed/26313195
https://doi.org/10.1002/jsfa.8081
https://doi.org/10.4315/0362-028X-67.4.685
https://doi.org/10.1002/aocs.12180
https://doi.org/10.1016/j.foodres.2016.06.010
https://doi.org/10.3390/insects13080682
https://doi.org/10.3920/JIFF2020.0121
https://doi.org/10.3390/ani9040182
https://doi.org/10.1080/07373937.2021.1915796
https://doi.org/10.3920/JIFF2016.0001
https://doi.org/10.3390/insects10040084
https://www.ncbi.nlm.nih.gov/pubmed/30934687
https://doi.org/10.1016/j.foodres.2014.05.052
https://doi.org/10.1016/j.aspen.2019.12.017
https://doi.org/10.1051/ocl.2010.0337
https://doi.org/10.1016/j.tifs.2017.08.004
https://doi.org/10.3920/JIFF2020.0103

Sustainability 2023, 15, 13735 14 of 14

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

Purschke, B.; Stegmann, T.; Schreiner, M.; Jager, H. Pilot-scale Supercritical CO, Extraction of Edible Insect Oil from Tenebrio
Molitor L. Larvae—Influence of Extraction Conditions on Kinetics, Defatting Performance and Compositional Properties. Eur. J.
Lipid Sci. Technol. 2017, 119, 1600134. [CrossRef]

Maiolo, S.; Parisi, G.; Biondi, N.; Lunelli, F; Tibaldi, E.; Pastres, R. Fishmeal Partial Substitution within Aquafeed Formulations:
Life Cycle Assessment of Four Alternative Protein Sources. Int. J. Life Cycle Assess. 2020, 25, 1455-1471. [CrossRef]

Oonincx, D.G.A.B.; de Boer, I.].M. Environmental Impact of the Production of Mealworms as a Protein Source for Humans—A
Life Cycle Assessment. PLoS ONE 2012, 7, e51145. [CrossRef] [PubMed]

Smetana, S.; Spykman, R.; Heinz, V. Environmental Aspects of Insect Mass Production. ]. Insects Food Feed 2021, 7, 553-571.
[CrossRef]

Smetana, S.; Palanisamy, M.; Mathys, A.; Heinz, V. Sustainability of Insect Use for Feed and Food: Life Cycle Assessment
Perspective. J. Clean. Prod. 2016, 137, 741-751. [CrossRef]

Salomone, R.; Saija, G.; Mondello, G.; Giannetto, A.; Fasulo, S.; Savastano, D. Environmental Impact of Food Waste Bioconversion
by Insects: Application of Life Cycle Assessment to Process Using Hermetia Illucens. J. Clean. Prod. 2017, 140, 890-905. [CrossRef]
Dreyer, M.; Hortenhuber, S.; Zollitsch, W.; Jager, H.; Schaden, L.-M.; Gronauer, A.; Kral, I. Environmental Life Cycle Assessment
of Yellow Mealworm (Tenebrio Molitor) Production for Human Consumption in Austria—A Comparison of Mealworm and Broiler
as Protein Source. Int. . Life Cycle Assess. 2021, 26, 2232-2247. [CrossRef]

Halloran, A.; Roos, N.; Eilenberg, J.; Cerutti, A.; Bruun, S. Life Cycle Assessment of Edible Insects for Food Protein: A Review.
Agron. Sustain. Dev. 2016, 36, 57. [CrossRef]

DiGiacomo, K.; Leury, B.]. Review: Insect Meal: A Future Source of Protein Feed for Pigs? Animal 2019, 13, 3022-3030. [CrossRef]
Notarnicola, B.; Sala, S.; Anton, A.; McLaren, S.J.; Saouter, E.; Sonesson, U. The Role of Life Cycle Assessment in Supporting
Sustainable Agri-Food Systems: A Review of the Challenges. J. Clean. Prod. 2017, 140, 399-409. [CrossRef]

ISO 14040:2006; Environmental Management—Life Cycle Assessment—Principles and Framework. ISO Copyright Office: Geneva,
Switzerland, 2006.

ISO 14044:2006; Environmental Management—Life Cycle Assessment—Requirements and Guidelines. ISO Copyright Office:
Geneva, Switzerland, 2006.

Thielemann, A K.; Smetana, S.; Pleissner, D. Cultivation of the Heterotrophic Microalga Galdieria Sulphuraria on Food Waste: A
Life Cycle Assessment. Bioresour. Technol. 2021, 340, 125637. [CrossRef]

European Commission. Joint Research Centre. In Suggestions for Updating the Organisation Environmental Footprint (OEF) Method;
European Commission: Brussels, Belgium, 2019.

Bava, L.; Jucker, C.; Gislon, G.; Lupi, D.; Savoldelli, S.; Zucali, M.; Colombini, S. Rearing of Hermetia Illucens on Different Organic
By-Products: Influence on Growth, Waste Reduction, and Environmental Impact. Animals 2019, 9, 289. [CrossRef]

Roffeis, M.; Muys, B.; Almeida, J.; Mathijs, E.; Achten, W.M.].; Pastor, B.; Veldsquez, Y.; Martinez-Sanchez, A.L; Rojo, S. Pig
Manure Treatment with Housefly (Musca Domestica) Rearing—An Environmental Life Cycle Assessment. |. Insects Food Feed 2015,
1, 195-214. [CrossRef]

Smetana, S.; Mathys, A.; Knoch, A.; Heinz, V. Meat Alternatives: Life Cycle Assessment of Most Known Meat Substitutes. Int. J.
Life Cycle Assess. 2015, 20, 1254-1267. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/ejlt.201600134
https://doi.org/10.1007/s11367-020-01759-z
https://doi.org/10.1371/journal.pone.0051145
https://www.ncbi.nlm.nih.gov/pubmed/23284661
https://doi.org/10.3920/JIFF2020.0116
https://doi.org/10.1016/j.jclepro.2016.07.148
https://doi.org/10.1016/j.jclepro.2016.06.154
https://doi.org/10.1007/s11367-021-01980-4
https://doi.org/10.1007/s13593-016-0392-8
https://doi.org/10.1017/S1751731119001873
https://doi.org/10.1016/j.jclepro.2016.06.071
https://doi.org/10.1016/j.biortech.2021.125637
https://doi.org/10.3390/ani9060289
https://doi.org/10.3920/JIFF2014.0021
https://doi.org/10.1007/s11367-015-0931-6

	Introduction 
	Materials and Methods 
	Processing Treatments 
	Life Cycle Assessment 
	Goal and Scope 
	Life Cycle Inventory 
	Life Cycle Impact Assessment 
	Interpretation of Results 


	Results 
	Contribution Analysis of Impact Categories 
	Processes Contribution Analysis 
	Comparison of Processing Treatments 

	Discussion 
	References

