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Abstract: Animal based-food products represent an essential source of protein supply in overall diets,
and livestock provide 25% of the total protein content consumed by humans as food. Concurrently,
livestock significantly impacts the environment, being responsible for 10-12% of total anthropogenic
CO; emissions. Among livestock, pork is considered one that accounts for the greatest impact in terms
of emissions, about 4.62 kg CO, eq/kg. Furthermore, the growing global demand for protein sources
has led to a widespread need to find agri-food solutions that meet the demand for food through
sustainable production systems. The high nutritional quality of edible insects, in terms of amino
acids, fats, minerals, and vitamins, is comparable with meat products. This study aims to compare
protein production from pork and mealworm, assessing the degree of substitution and environmental
impacts of the two production systems. To assess the impacts of protein production from mealworms
and pork on the ecosystem, resources, and human health, an LCA was conducted using the ReCiPe
2016 Endpoint method, with a 100-year hierarchical perspective (H) V1.05. It emerged that pork
production is characterized by high impacts on the ecosystem, land use, climate-altering emissions,
and fossil resources, in contrast with mealworm protein production. The low impact of insect protein
production and the high nutritional values make edible insects a sustainable solution to growing
food demand and economic benefits render edible insects globally a major potential future food.

Keywords: edible insects; animal-based food; edible protein; life cycle assessment; environmental
assessment; sustainability

1. Introduction

The recent pandemic crisis has affected the progress of achieving the goals defined in
the 2030 Agenda, such as food security [1], but also the development of solutions to mitigate
the impacts of agribusiness production. It has been estimated by the Food and Agriculture
Organization (FAO) that the pandemic crisis led to chronic hunger among 83-132 million
people (2020), with world hunger increasing between 8.4 and 10.4% globally just in 2020 [2].
Food insecurity is all the more worrying when compared with the prospects for global
population growth. According to the latest projections from the World Population Prospect,
the world’s population is continuously growing, and by 2050 it will reach 10.9 billion [3].
This, as well as the rise of the middle class, has a direct effect on the growth of global
food demand, especially the demand for protein products, which risk increasing the
spread of intensive animal husbandry practices [4]. In industrialized countries (ICs), the
average daily consumption of animal-origin protein is more than double the average
consumption in developing countries (DCs) [5]. According to the FAO, to satisfy the
growing protein demand, world meat production will reach 352.7 million tons (in carcass
weight equivalent) by 2021, registering a 4.2% increase over the previous year. However,
intensive livestock systems have been shown to produce externalities such as soil and water
pollution and deforestation, thus contributing to climate change [6]. In terms of production
efficiency, pork meat is considered one of the most impactful, accounting for 4.62 of GHG
emissions kg CO2 eq/kg of product at farmgate, following lamb (20.44 kg CO2 eq/kg

Earth 2022, 3, 925-938. https:/ /doi.org/10.3390/ earth3030054

https:/ /www.mdpi.com/journal/earth


https://doi.org/10.3390/earth3030054
https://doi.org/10.3390/earth3030054
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/earth
https://www.mdpi.com
https://orcid.org/0000-0003-3025-1831
https://orcid.org/0000-0003-4766-1001
https://doi.org/10.3390/earth3030054
https://www.mdpi.com/journal/earth
https://www.mdpi.com/article/10.3390/earth3030054?type=check_update&version=2

Earth 2022, 3

926

of product), and beef (15.23 kg CO2 eq/kg of product) meats [7]. In these regards, pork
production was chosen to serve as an animal-based benchmark for insect (T. molitor larvae)
production. It has been estimated that for the production of equal amounts of protein,
insect farms consume only one hectare of land compared with 2-5 hectares occupied for
pork farming [8]. Therefore, combating climate change associated with livestock GHGs
emissions, thus providing energy and nutritional requirements for the increasing human
population, is the major challenge today. In this scenario, insects represent a valuable
protein source for human nutrition and are therefore counted among the possible solutions.
Insects are the largest class of animals among the groupings of animals that populate our
planet [9]. The consumption of insects is already widespread: About 2000 species are
regularly consumed, and 9 are currently cultivated for human and animal food, according
to the European Scientific Committee on Food Safety (2015). Entomophagy is a practice
in multiple areas of our planet; it is widespread in 113 countries, and it contributes up to
50% of the protein intake of some populations [10]. According to the FAO [11], insects are
part of the traditional diet of at least 2 billion people and more than 2000 species are used as
food. Insect consumption is well known in Thailand, where a typical family eats an average
of about 49 kg of ant larvae and pupae per harvesting season. Insect consumption is also
widespread in China, where the medicinal and trophic values of insects are well known [12].
About 26 ethnic groups in the country currently consume insects, such as the Guangxi
Zhuang who eat ants and the Dai minority who use ant eggs in hospitality rituals [13].
Gao et al. report that the Chinese oak moth (Antheraea pernyi) was recently listed as a new
common food source by the Ministry of Health of the People’s Republic of China. Recent
regulatory developments such as the entry into force of the European Food Safety Authority
(EFSA)’s Novel Foods Regulation, which addressed the non-harmfulness of novel foods
such as a range of edible insects and the publication of “Safety of dried yellow mealworm
(Tenebrio Molitor larvae) as a novel food under Regulation (EU) 2015/2283” (EFSA) and the
“Guidance on sustainable cricket farming—A practical manual for farmers and inspectors”
(FAO) reflect the widespread interest in the subject. The market for edible insects is also
expected to reach a value of USD billion by 2030. Although the value of the edible insect
market (USD 770.96 million in 2021 [5]) is significantly lower than that of animal meat
(USD 867.3 billion in 2021) [14], statistics predict strong market growth, especially in ICs
such as in North America (up 28% by 2023) [11]. However, the mass production of edible
insect protein is still not competitive compared with traditional meat production. It is also
estimated that by 2054, 33% of global protein sources will be alternative, to 311 million
metric tons, of which insects account for 11% [15,16]. From an environmental perspective,
compared with livestock production, many insects have high feed conversion efficiency,
can be raised with side streams, and emit fewer GHGs [9]. As shown in a life cycle analysis
(LCA) study, cricket production has a lower environmental impact than pork farms. LCA
is an international standardized methodology for assessing the environmental and human
health impacts associated with a product or a service. It was considered a valuable tool for
evaluating the sustainability of the production of animal-based food [8,9].

In terms of nutrition, insects are foodstuffs capable of meeting daily energy demand
while also providing the right amount of protein for human diets [17]. Studies have shown
that 100 g of insect has a similar energy content to that of 100 g of meat (fresh weight),
the exception being pork given its high fat content [18]. It is important to consider the
nutritional value and in particular the biological value of proteins, which depends on the
type of amino acids present, essential or non-essential, and the digestibility of the proteins,
which refers to the digestibility of amino acids. Essential amino acids are indispensable
but the metabolism cannot synthesize them, so they must be taken in through food. In this
sense, insects can provide high-quality protein and many nutrients comparable with those
provided by meat and fish [19]. On average, the protein content of edible insects ranges
from 35% to 60% based on dry matter, thus being higher than that of vegetable protein
sources (e.g., cereals, soy, and lentils) and comparable with animal protein sources, such as
chicken meat and eggs [20,21]. During the period 20162018, the worldwide average daily
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consumption of animal-origin protein was about 36.19 g per day per person [22]. Many
studies have focused solely on the nutritional and environmental benefits of widespread
insect production as an alternative protein source to animal protein [4,6]. This paper aims
to provide an assessment of the effects of the widespread use of insects as a sustainable
solution to the growing demand for protein in diets.

2. Materials and Methods

According to standards ISO 14040:2006 and ISO 14044:2006, LCA is a standard tool
for environmental impact assessment, and it should involve four phases [23,24]: (1) goal
and scope definition, describing the objective of the study, the functional unit (FU), and
the system boundary; (2) a life cycle inventory (LCI), collecting the data necessary for
the environmental assessment of the product, process, or activity; (3) a life cycle impact
assessment (LCIA), which is aimed at evaluating sustainability in terms of impacts on
the environment, human health, and resources; and (4) interpretation of results, in which
LCIA results are interpreted according to the objectives and scope definition. SimaPro 9.2.2
(PRe-Sustainability, B.V.). software was used for the evaluation of environmental impacts.
The data analyzed in the study were partly processed based on those collected by previous
studies [25-27].

2.1. Goal and Scope Definition

This study aimed to assess the environmental performance of the production of an
edible insect, mealworm (Tenebrio Molitor), for human consumption, comparing it with
protein production from pork.

2.1.1. Functional Unit (FU)

Considering the possibility of introducing edible insects as an alternative food source
for protein, 1 kg of edible protein was chosen as the equivalent nutritional value FU of
both worm meat and pork. According to Dreyer et al. (2021) [25], the protein content of a
food is assessed by its nitrogen content, which is determined using the modified Kjeldahl
method. The Kjeldahl method evaluates most of the nitrogen in food, excluding nitrates,
nitrites, and some cyclic nitrogen compounds. The edible protein of mealworms was then
calculated as follows:

Crude protein (g/kg) = g N/kg x 6.25

where N is the amount of nitrogen; 6.25 corresponds to a typical conversion factor usually
used for insects [25,28]. As nitrogen is also bound to the chitin of the worm’s exoskeleton,
the average nitrogen values determined were subtracted from the reported values of
5-6% chitin-bound nitrogen [29]. It was therefore concluded that 1 kg of mealworm protein
requires 7.30 kg of mealworm mass as the live weight.

In contrast, for pork production, the edible protein fraction was calculated following
the proportions found in the study by Flachowsky [30], who initially distinguished between
the edible fraction, i.e., meat plus edible organs and tissues, and the live weight product
(LWP), which represents the actual weight of the animal before slaughter. The calculation
for pork is carried out as follows:

1 kg LWP = 0.60 kg edible fraction

Then, the protein content within the edible fraction is calculated, which for pork
corresponds to the following ratio:

1 kg edible fraction = 0.150 kg edible protein.

Summarizing by relating 1 kg of edible protein to the LWP, we obtain the following
formula [30]:
1 kg edible protein = 11.05 kg LWP
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Data for mealworm and pork production were derived from Dreyer, Pazmifio, and
Reckmann and supplemented with data from the Statista database 2019 for edible insect
protein and FAOSTAT, 2021 for pork production. Calculations related to edible protein
from mealworms and pork are reported in Supplementary Materials (Section 2.1.1).

2.1.2. System Boundary Definition

The system boundary was defined on a cradle-to-slaughterhouse gate, thus consid-
ering the environmental impacts from the animal’s breeding until slaughter. The system
accounts for the feeding of animals, including on-farm operations (as farm traction for fer-
tilizer), feed production, rearing facilities (polypropylene boxes), slaughtering operations,
and the production of inputs such as electricity and feed. Concerning insect production,
mealworms are eaten without chitin, which was subtracted from the final weight. Accord-
ing to data obtained from farm suppliers, the feed formulation comprises wheat bran (70%),
maize (12%), brewer’s yeast (10%), and lucerne (8%) [25,26]. The transportation from the
field to the mealworm farm gate was assessed for all feed ingredients, while for pork
production, the final product considered corresponded to a pork slaughter weight of about
95 kg. It was considered that the fattened porks were transported 350 km from the farm to
the slaughterhouse, as mentioned in Dreier et al., 2012 [31].

In both production systems, the impacts related to manure management, the anaerobic
digestion of manure, and handling waste products were not included. Figure 1 shows the
flowchart related to the mealworm production system. The cradle-to-slaughterhouse gate
approach for pork meat production is illustrated in Figure 2.

CRADLE-TO-SLAUGHTERHOUSE GATE SYSTEM
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Figure 1. The system boundaries for mealworm production.
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Figure 2. The system boundaries for pork meat production.

2.2. Life Cycle Inventory (LCI)

The inputs refer to the production of 1 kg of edible protein, which for mealworms
corresponds to 7.3 kg of the killed and preserved animal and for pork meat corresponds to
11.05 kg of slaughtered and preserved animal. Inventory data for the mealworm production
process were obtained and re-elaborated from a previously published study [25]. All the
inputs necessary for mealworm production are shown in Table 1.

Table 1. Inputs per kg of mealworm protein (FU).

Input Unit Quantity  Data Sources
Wheat bran Kg 18.43
Maize grain Kg 14.33
Brewer’s yeast Kg 2.63
Feeding Lucerne Kg 2.11 Data from [25]
Carrots Kg 20.28
Diesel Kg 9.91
On-farm feed processing MJ 0.32
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Table 1. Cont.

Input Unit Quantity  Data Sources
Land for rearing facilities m? 0.15
Polypropylene (PP) rearing boxes Kg 0.23
Rearing -
Electric heater MJ 75.67
1o Data from [25]
Humidifier MJ 0.67
Killing and Freezing Mj 1.60
storage Blanching MJ 12.03
Output Unit Quantity
Killed and stored mealworms Kg 7.30

Primary inputs for pork production, shown in Table 2, were re-elaborated based on

previous work [26].

For both systems, generic input processes and flow were obtained from the Agribal-
yse v3.0.1, Ecoinvent v3.8, and World Food LCA Database (WFLDB) v3.5 datasets [32].
Calculations for input values considered for production in both systems are reported in

Supplementary Materials (Section 2.1.2).

Table 2. Inputs per kg of edible pork protein (FU).

Input Unit Quantity Data Sources
Barley Kg 4.86
Wheat Kg 12.04 Own
calculations
Rye Kg 1.78 based on [27]
Soybean Kg 2.1
Feeding and -
4 Maize Kg 7.16 [26]
Fattening
Farm traction for fertilizer (diesel) Kg 70.27 [33]
Water (tap) L 3900
Land use for rearing facilities m? 5.73
. . 71
Electricity kWh 247.8 Own
Piglet (One fattening pig) Kg 120 calculations
Electricity for machinery kWh™! 2.47 based on [27]
Slaughtering
Diesel Kg 0.8
Water (tap) L 36
Output Unit Quantity
Slaughtered and preserved pork Kg 11.05

2.3. Life Cycle Impact Assessment (LCIA)

The life cycle impact assessment phase was aimed at evaluating the contributions
of both mealworms and pork meat production, thus providing information for the inter-
pretation and comparison of their environmental performances. Re.Ci.Pe. 2016 Endpoint
(H) V1.05 was used for the impact calculations. It consists of characterizing the conse-
quences of midpoint impact categories at the endpoint level by requiring the modeling
of all environmental mechanisms, linking inventory results with their respective impacts
on three macro-categories: human health, ecosystems, and resources [33,34]. For human
health, expressed in disability-adjusted life years (DALYs), the subcategories are global
warming; human health; human carcinogenic toxicity; human noncarcinogenic toxicity;
stratospheric ozone depletion; ionizing radiation; ozone formation; water consumption;
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and fine particulate matter formation. Ecosystems are expressed in species lost per year
(species.yr); the subcategories are ozone formation; terrestrial ecosystems; terrestrial acidifi-
cation; freshwater eutrophication; marine eutrophication; terrestrial ecotoxicity; freshwater
ecotoxicity; marine ecotoxicity; land use; water consumption, terrestrial ecosystem; water
consumption; and aquatic ecosystems. For resources, expressed in US USD as of 2013; the
subcategories are mineral resource scarcity and fossil resource scarcity.

3. Results and Discussion

A sustainability assessment related to 1 kg edible protein (FU) from mealworm and
pork production was carried out with life cycle analyses.

3.1. Sustainability Assessment of INSECT (T. molitor) Production

Table 3 shows the contributions of the three phases of the mealworm (T. molitor)
production system, feeding, rearing and killing, and storage. The analysis of the output
showed that mealworm production has a greater impact on human health and resources
than on the ecosystem.

Table 3. LCIA for mealworm production.

Impact Category Unit Feeding Rearing Killing and Storage
HUMAN HEALTH
Global warming DALYs 2.58 x 1075 9.11 x 107° 1.51 x 10
Human carcinogenic toxicity DALYs 1.89 x 107° 1.52 x 107 2.71 x 1077
Human non-carcinogenic toxicity DALYs 6.98 x 107° 1.62 x 107° 2.90 x 1077
Stratospheric ozone depletion DALYs 145 x 1077 3.72 x 107° 6.64 x 10710
Ionizing radiation DALYs 3.44 x 1078 8.48 x 1077 1.51 x 1077
Ozone formation DALYs 6.05 x 1078 1.50 x 10°8 2.67 x 1077
Water consumption DALYs 3.12 x 107° 3.24 x 1077 5.78 x 1078
Fine particulate matter formation DALYs 3.73 x 107° 6.18 x 107° 1.10 x 10~°
ECOSYSTEMS
Global warming. Terrestrial ecosystems species.yr 7.79 x 1078 2.75 x 1078 4.56 x 1077
Global warming. Freshwater ecosystems species.yr 2.13 x 10712 7.51 x 10713 1.25 x 10713
Ozone formation. Terrestrial ecosystems species.yr 215 x 107 8.81 x 1077 3.85 x 10710
Terrestrial acidification species.yr 6.06 x 1077 6.72 x 1078 1.08 x 1077
Freshwater eutrophication species.yr 1.16 x 1078 1.81 x 1077 3.23 x 10710
Marine eutrophication species.yr 1.02 x 10710 432 x 10718 7.71 x 10714
Terrestrial ecotoxicity species.yr 5.57 x 10710 1.25 x 10710 2.24 x 1071
Freshwater ecotoxicity species.yr 1.38 x 1077 5.56 x 10710 9.93 x 1011
Marine ecotoxicity species.yr 1.06 x 10~10 1.05 x 10710 1.87 x 1011
Water consumption. Terrestrial ecosystem species.yr 5.16 x 1077 1.22 x 1077 2.18 x 10710
Water consumption. Aquatic ecosystems species.yr 3.86 x 1071 7.37 x 10714 1.32 x 1014
Land use species.yr 4.02x10~7 1.80 x 1078 3.21 x 1077
RESOURCES

Mineral resource scarcity USD2013 5.62 x 1072 3.95 x 1073 7.06 x 1074
Fossil resource scarcity USD2013 6.63 8.49 x 107! 1.52 x 1071
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3.1.1. Human Health

Considering the human health macro-category, the impacts are the highest in the produc-
tion phase, especially in the categories of fine particulate matter formation (3.72 x 107> DALYs
per kg edible protein), water consumption (3.12 x 10~° DALYs per kg edible protein) and
global warming (2.58 x 1075 DALYs per kg edible protein). As shown in Figure 3, in which
all impact categories in three macro-areas (human health, ecosystem, and resources) and
the influence of individual inputs for each macro area are summarized, the impacts on
human health are mainly related to the composition of feedstuffs, in particular brewer’s
yeast (43%) and maize grain (19%).

, I ,
Human health Ecosystems Resources
B Wheat bran B Maize grain
M Brewer's yeast Lucerne
m Carrots H Diesel

B Polypropylene (PP) rearing boxes W Electricity

Figure 3. Characterized results for mealworm production divided into the three macro-categories.

3.1.2. Ecosystem

Mealworm production is a source of greenhouse gas (GHGs) emissions, the impact
of which can be considered within other indicators, such as global warming terrestrial
and global warming freshwater ecosystems. The results showed that the highest values
occur in the mealworm production phase, as upstream feed production and on-farm
energy demand related to plant heating can be identified as environmental hotspots, and
depending on the impact category, feed supply affects up to 90%. Feed production mainly
comprises the cultivation and drying of harvested feed. The heating energy required
for drying liquid brewer’s yeast was also taken into account. The impact in the feeding
phase on the terrestrial ecosystem of global warming is 7.79 x 108 species.yr, and on the
freshwater ecosystem of global warming, it is 2.13 x 10~12. These values are greater than
in the other phases. These findings confirm the work of Smetana et al. on the impact of
insect production on ecosystems that insect proteins have the greatest potential to reduce
consumers’ carbon footprints. [35]. Concerning biodiversity loss due to ozone formation,
in the mealworm production phase, the value is 2.15 x 10~ species.yr. Other variables
concerning the ecosystem and specifically water consumption and the terrestrial ecotoxicity
of water and marine ecotoxicity have low values, highlighting that mealworm production
does not decisively affect these categories. Impacts on the ecosystem are linked to the use
of brewer’s yeast (63%) and maize grain (20%) (Figure 3). Furthermore, as studies have
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shown, it is possible to reduce the impact on the ecosystem of insect farming through the
use of biological waste [36]. The use of protein can further contribute to the reduction of
environmental contamination, as well as increase the profitability of the production system.

3.1.3. Resources

In terms of impact categories, the highest impacts are found in the production phase,
including those related to fossil fuel depletion (USD 6.63 per kg of edible protein) and
mineral resource scarcity (USD 0.05 per kg of edible protein) (Table 3). Regarding impacts
on resources, the heaviest inputs are diesel (68%) and electricity (13%) (Figure 3).

3.2. Sustainability Assessment of Pork Production

The potential environmental impacts associated with pork production are presented in
Table 4. The contributions of the two phases of the pork production system, divided into the
feeding and fattening process and slaughtering, are shown. As in the case of mealwormes,
the impact categories with the highest values fall into the categories of human health and
resources. The two phases of the system are influenced by different categories.

Table 4. LCIA for pork production.

Impact Category Unit Feeding and Fattening Slaughter Process
HUMAN HEALTH
Global warming DALYs 141 x 104 423 x 107*
Stratospheric ozone depletion DALYs 1.75 x 1077 1.23 x 107°
Ionizing radiation DALYs 1.25 x 1077 112 x 1077
Ozone formation DALYs 3.39 x 1077 4.95 x 1077
Fine particulate matter formation DALYs 1.53 x 1074 4.90 x 10~*
Human carcinogenic toxicity DALYs 3.14 x 107° 148 x 1075
Human non-carcinogenic toxicity DALYs 4.51 x 107° 2.72 x 1070
Water consumption DALYs 1.31 x 107° 417 x 1075
ECOSYSTEM
Global warming. Terrestrial ecosystems species.yr 1.27 x 107° 427 x 1077
Global warming. Freshwater ecosystems species.yr 348 x 10~ 1 1.16 x 1011
Ozone formation. Terrestrial ecosystems species.yr 497 x 1078 737 x 1078
Terrestrial acidification species.yr 1.68 x 1077 8.41 x 1077
Freshwater eutrophication species.yr 2.78 x 1078 4.60 x 1078
Marine eutrophication species.yr 1.01 x 10710 9.07 x 10710
Terrestrial ecotoxicity species.yr 3.01 x 107 6.42 x 1077
Freshwater ecotoxicity species.yr 7.41 x 107 5.80 x 1077
Marine ecotoxicity species.yr 1.34 x 1077 6.35 x 1010
Land use species.yr 4.63 x 1077 4.39 x 107°
Water consumption. Terrestrial ecosystem species.yr 7.08 x 1078 1.11 x 1077
Water consumption. Aquatic ecosystems species.yr 5.25 x 10712 233 x 1071
RESOURCES
Mineral resource scarcity USD2013 9.91 x 1072 3.01 x107?
Fossil resource scarcity USD2013 47.27 11.36
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3.2.1. Human Health

Impacts on human health concern noncarcinogenic toxicity (4.52 x 107> DALYs
per 1 kg of edible protein) and carcinogenic toxicity (3.15 x 107> DALYs per 1 kg of
edible protein). At the slaughter stage, high impacts are also found in the human health
categories and particulate matter production (4.9 x 10~* DALYs per 1 kg edible protein),
global warming (4.52 x 107> DALYs per 1 kg edible protein) and water consumption
(4.5 x 107> DALYs per 1 kg edible protein). In terms of the inputs that most affect the
human health macro-category, as shown in Figure 4, piglet (fattening pork) resulted in the
highest impacts (71%), followed by electricity (15%) and diesel (7%).

Human health Ecosystems Resources
M Barley M Rye Soybean
Wheat B Maize H Diesel
B Water W Piglet M Electricity

Figure 4. Characterized results for pork production considering the three macro-categories.

3.2.2. Ecosystems

Concerning ecosystem impacts, the categories with the highest values are global warming
terrestrial ecosystem (1.27 x 10~ species.yr), terrestrial acidification (1.68 x 10~ species.yr),
land use (4.63 x 107 species.yr), ozone formation terrestrial ecosystem (4.97 x 10~8 species.yr),
water consumption, and terrestrial ecosystems (7.08 x 108 species.yr). In terms of impact on the
ecosystem, slaughtering is particularly impactful in terms of land use (4.39 x 10~ species.yr).
These results are comparable with other studies carried out on pork production [37,38] in
which environmental impacts are particularly related to the production phase. During this
phase, the main source of environmental impacts identified was the production of feed,
which proved to be more important than energy use on farms. In Figure 4, it can be seen
that among the inputs, piglet accounts for 84% of the impacts on the ecosystem, followed
by barley (10%).

3.2.3. Resources

In the production phase, the highest value is found in the depletion of fossil resources
(USD 47.28 per 1 kg of edible protein), At the slaughter stage, the highest-impact categories
concern fossil fuel depletion resources (USD 11.37 per 1 kg edible protein) and mineral
resources (USD 0.30 per 1 kg edible protein). Diesel consumption has a strong impact on
resources (62%), while electricity affects resources (17%) (Figure 4).
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3.3. System Production Comparison

The two production systems, mealworm and pork, were analyzed taking one kg of
edible protein as the functional unit. The results of the present analysis demonstrated
that the environmental burden of feed ingredients is significant in mealworm farming,
similar to findings by Halloran et al. [39] in which broiler and cricket production are
compared. An alternative way to reduce the impacts associated with feed production is to
look for alternative feed sources using surpluses and waste from crop production, as well
as keeping in mind that high protein feeds result in the most efficient conversion ratios. The
comparison of these two productions showed that in terms of impact on human health, pork
production is higher than mealworm production, with values of 1.38 x 1072 DALYs and
1.22 x 10~* DALYs, respectively. Mealworm production is also better in terms of impact
on resources. The inputs used in the mealworm industry are such that they have a lower
impact on the depletion of mineral and fossil sources; the resource impact values for the two
productions are 7.53USD per kg of mealworm protein and 59.04USD per kg of edible pork
protein. These data are confirmed in the study by Smetana et al. [40], according to which
insects are a sustainable alternative to the growing demand for food protein compared
with other meat substitutes. Concerning the impact on the ecosystem of pork production
(7.98 x 10~° species.yr) compared with mealworm production (1.14 x 10~ species.yr), it
is approximately seven times greater. The results of the analysis clearly showed that the
environmental burden of pork is mainly associated with the agricultural phase where feed
is the main input. A graph showing some of the ecosystem impact categories is shown in
Figure 5, which demonstrates that the total impacts of pork production and slaughtering
are significantly higher than mealworm production in terms of global warming, ozone
formation, soil acidification and land use: all exceed 90% of the total impacts caused by
the 2 production systems. Particularly important is the use of land for pork, which is a
major source of greenhouse gases, which are found to have particularly high values. These
data also confirm the previous observations of Oonincx [41], who pointed out that land
availability is limited and slowing down the expansion of agricultural land is a key step
towards more sustainable agriculture.

100%
80%
60%
40%
20%
0%
Global warming, Ozone formation, Terrestrial Land use
Terrestrial Terrestrial acidification
ecosystems ecosystems

B MEALWORM PROCESS  mPORK PROCESS
Figure 5. Main impact categories for the ecosystem: comparison within the two production systems.

In this study, mealworms are a viable protein alternative, requiring only 9% of the
amount of land used to produce one kg of pork protein.
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4. Conclusions

In the current context of fast growth in food demand, there is a widespread need
to evaluate different food production systems in terms of their environmental impacts.
Particularly strategic is the comparison between food chains in the case of products and
supply chains with a high degree of substitution. Indeed, the work that has been conducted
here has shown how the growing global demand for protein can be met through an
alternative solution characterized by a high level of environmental sustainability rather
than the traditional (in the ICs) animal-based protein, such as protein from mealworms.
The production systems examined in our study involved protein production chains from
pork and mealworms to identify the less impactful production system for reduced impacts
on human health, ecosystem, and resources. The results showed that the value chain for
producing a protein from mealworm is less impactful than producing an equal amount of
protein from pork. Widespread protein production from mealworms proves sustainable and
consistent with biodiversity conservation. Indeed, it has fewer impacts on the ecosystem,
in keeping with the need to occupy less land for the production of an equal amount of
protein, compared to the process of pork production and slaughter. Pork production
and slaughtering result in more impacts on the ecosystem given the amounts of nitrogen
produced, the potential for soil acidification, and the impacts on global warming. Protein
production from mealworms results in lower use of mineral and fossil resources, which
makes the production system scalable in poor realities where protein demand is growing.
The study clearly showed that in the face of growing food demand given population growth
and industrial development, there is an alternative and sustainable solution for meeting
protein demand: the production of mealworms. However, the by-products generated by
the two production processes and their respective emissions were not evaluated in the
study, so future applications should also take this into account. Other issues are that the
literature highlights the need for a multidisciplinary approach to support the widespread
application of insects in diets and the lack of a regulatory framework, which should also be
analyzed to promote standard setting.
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