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Abstract

Insects became an innovative food source when in 2013 a report entitled "Edible
Insects: The Future Perspectives of Food and Nutrition Safety” was released by the
United Nations Food and Agriculture Organization. Due to the minimal necessity
for water and land, low ecological footprint, and high-quality protein provision,
insects have been highlighted as a potential food source. Insects can transform low-
value waste streams into high-quality proteins. Despite increased interest from
entrepreneurs, there is little information on the economics of commercial-scale insect
farming. Farmers trying to create "mini livestock" enterprises, banks seeking to offer
finance, and governments considering policy interventions all need insight into the
potentially lucrative realities of insect farming. Recent peer reviewed papers were
examined. Limitations existed due to the scarcity of financial based papers related to
insect farming. Regulatory frameworks are evaluated and identified as a possible
stumbling block. The limited profitability and underlying economic data to produce
Hermetia illucens, Alphitobius diaperinus, Tenebrio molitor, and Acheta domesticus
are discussed in this thesis. An overview of the worldwide insect industry is provided
to aid data interpretation, with special focus paid to the present state of insect farming,
health and environmental advantages, barriers that exist, and the integration of edible
insects within a Circular Business Model. The major goal was to figure out how insect
farming might promote virtuous circular economic processes given their many
nutritional and environmental benefits and circular economic concepts. From a
circular economic standpoint, a circular business model strategy was presented to
cover the full insect-based feed and food supply chain. The results highlight that
insects are a feasible food and feed source, but certain pressing economic research
concerns may need to be tailored to boost cost effectiveness and economical
effectiveness from a circular economic viewpoint. Additional investigations on the
financial component of the insect production industry are required to enhance food
security for future generations, minimize waste, and offer a sustainable and nutritious
protein alternative to conventional sources.
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Introduction

To safeguard our planet, we must deal with today's complex concerns with ever-
increasing levels of care and consideration. The United Nations' (UN) "Transforming
Our World: The 2030 Agenda for Sustainable Development™ approved 17 Sustainable
Development Goals (SDGs) that are targeted to spur action within next 15 years in
sectors of crucial significance for mankind and the environment (Moruzzo et al.,
2021). Growth in population has been rapid in recent decades, according to United
Nations estimates. At least one billion humans have been generated to the world's
population every 12-15 years since World War Il in the 1940s (Guine et al., 2020).
Between 1950 and now, there has been a 250% increase in population, from 2.6
billion to approximately 7 billion. Global population is expected to reach over 10
billion by 2050 based on United Nations projections (Guine et al., 2020). Alternative
food sources must be found to replace traditional, less sustainable goods due to this
reason (Jantzen et al., 2020). Population explosion, rising incomes, and urbanization
in recent industrialized nations, particularly in China, would need a % increase in
output by 2050 in an attempt to reach the globe's expanding demand for animal
protein (Moruzzo et al., 2021). There is a lot of strain on already scarce resources in
this setting, which exacerbates the competitiveness for land to grow food as well as
feed and fuel. Moreover, according to Egal et al. 2019, although 33% of the food
produced in the globe is lost or wasted, 8.9% of the world's population was
considered undernourished, and 25.9% experienced moderate or profound levels of
food insecurity in 2019 (Moruzzo et al., 2021). Concerns regarding global food
security have developed as a result of food losses along the supply chain, that
contributes for about one-third of all food produced for human consumption (1.3
billion tons of edible food), with substantial environmental and economic
consequences (Ishangulyyev et al., 2019). The food supply chain generates 100
million tonnes of waste in the European Union (EU) alone, with 45% of that waste
coming from residential homes (Kooistra et al., 2020). Food waste is a major
contributor to the unsustainable nature of agricultural food supply chains, and an

interdisciplinary strategy to waste minimization is essential (Saber et al., 2020).

The adoption of novel and sustainable food production systems, such as insect

farming, may help to achieve a number of interrelated Sustainable Developmental



Goals (SDG) (Dicke, 2018; Chia et al., 2019; Usman et al., 2020; Dangles et al.,
2019; Barragan-Fonseca et al., 2020; Dangles et al., 2020). According to many
researchers, insect farming might directly or indirectly contribute to several
Sustainable Development Goals (SDGs) (Moruzzo et al., 2021; Dicke, 2018; Usman
et al.,, 2020, Dangles et al., 2019). A growing number of publications have been
issued on the subject of edible insects since the 1980s, but the hostile perspective
regarding consuming insects that is ingrained in Western society prevents the use of
insects as a new protein and food source within the human diet (Kooistra et al., 2020).
Entomophagy, or the behaviour of eating insects, has been performed in
approximately 113 nations throughout the globe since the early human ancestors
(Janzten et al., 2020). There are an estimated 2 billion individuals who consume
insects in different forms, mostly in the developing countries in Asia, Africa, and
Latin America (van Huis et al., 2017a). By virtue of its youthful and active character
(Niyonsaba et al., 2021), the insect sector stands apart from current agricultural
sectors due to the dynamic nature of the small-scale farms (Marberg et al., 2017). A
species-specific strategy is necessary since each insect species is distinct and has
distinct agricultural needs (Heckmann et al., 2019). The insect industry in Europe is
still in its infancy. Despite the fact that there are some huge farms, the vast majority of
them are still of a modest size (Mancuso et al., 2019). Insect production has thus far
mostly been studied from a technical standpoint, such as food safety and quality (Van
der Fels-Klerx et al., 2018), nutritional value (Roos et al., 2017), production and
processing procedures (Niyonsaba et al., 2021), and environmental advantages
(Oonincx, 2017).

The use of proteins, lipids, and carbohydrates derived from nutrient-rich edible insects
might serve as a substitute for present food formulas (Sosa et al., 2017). Insect
farming, a previously undiscovered approach, has the potential to increase food
security and availability while also serving human and animal nutrition and health
requirements. The increased need for animal protein will be alleviated by the
increased consumption of edible insects. They also have higher feed conversion
efficiencies than conventional livestock and emit less greenhouse emissions as a result
(Guine et al., 2020) in contrast to traditional livestock. Insects, being poikilotherms,
have a high rate of feed conversion, needing far less feed to generate the same

quantity of animal proteins. Compared to other animals, insects have a substantially
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higher feed conversion rate, which means they use much less food to create the same
quantity of protein. The necessary feed amount is as follows. Crickets need 1.7 kg of
feed for every kilogram of live animal weight, compared to 2.5 kg for chicken, 5 kg
for pig, and 10 kg for beef. The edible mass of insects may reach up to 80%, which is
much greater than that of chicken, pig, and beef, all of which have edible mass
percentages of 55%, 70%, and 40% respectively. Biodegradable, household and
agricultural waste streams may also be used to raise insects, turning waste products

into an important valuable protein supply (Moruzzo et al., 2021).

According to Fanning et al., 2020, a limited number of nations are presently able to
provide the fundamental necessities of human well-being while also meeting
environmental protection obligations. Not only does the existing food system provide
huge problems to the planet and its sustainability goals, but it also poses considerable
risks to human health in general (Fanning et al., 2020). There are several advantages
of consuming insects as an alternative and supplementary source of High Biological
Value (HBV) protein (Oonincx et al., 2020; Lokman et al., 2019; Orkusz et al.,
2021). To begin with, from a nutritional aspect, a diverse variety of edible insects
have nutrient contents that are quite outstanding (Costa-Neto, 2020). Insect farming
has a lesser environmental effect than other kinds of animal protein, including
minimum greenhouse gas emissions (GHG), a reduced land and water need, and more
efficient energy use. For low-income households in underdeveloped nations, insects
may also be produced in compact dimensions, making insect farms a potential source
of income (Guiné et al., 2020). There are numerous health benefits associated with
insects in terms of nutrition, such as aiding the human gut microbiome, chitins' role in
immunity and weight loss, antimicrobial peptides that could be used instead of
antibiotics, and edible insects could help in the fight against obesity and cancer as
well as type 2 diabetes and Parkinson's disease (Imathiu, 2020; Nguyen et al., 2016;
Seo et al., 2017; Di Mattia et al., 2019; Lokman et al., 2019; Tonk, et al., 2017).

Insects have a position in ecological economics, which examines barriers between
natural and production systems and aims to ensure long-term environmental
sustainability (Borello et al., 2016). A new strategy for transitioning from a linear
economy in which natural resources migrate from cradle to grave will be developed.
This will pave the way for the development of a sustainable economic system that

seeks to establish a cradle-to-cradle closed loop, sustainable process (Madau at al.,

3



2020). For insects, food and organic waste may be repurposed in a way that improves
the nutritional value and productivity of their feed and diet in comparison to other raw
materials used for nourishing insects (Madau et al., 2020). Farming in this manner
uses less water and other natural resources because of its nature. Developing a circular
economy (CE) by using edible insects as food and feed is the logical next step
towards providing a protein alternative and reaching some of the SDG set by the UN.
Furthermore, innovative business models that include insects might enhance
the social, and economic performance of agricultural food systems (Govorushko et
al., 2019; Chia et al., 2019).

Considering the restricted market data on insects, numerous benefits have been
emphasized for small-scale production when it comes to the distinctiveness of insect
farming. Fast breeding cycles, inexpensive investment and technical needs, and few
obstacles to entry are just a few of the positives (Govorushko et al., 2019; Reverberi
et al., 2020; Durst et al., 2015; Gasco et al., 2016). Global edible insect consumption
is estimated to reach USD 8 billion and 730,000 tons by 2030 mainly because of these
benefits (Madau et al., 2020). Al though the insect industries are growing in the
worldwide market, notably in Europe and the United States (Kim et al., 2019), the
revolution in economic growth models of food supply chains has various hurdles to
overcome product and process-specific political, legal, economi,c and social
constraints (Borrello et al., 2016). In the last decade, farms breeding insects on a big
scale has increased in both the United States and Europe, with the former focused on
A. domesticus and the latter producing mostly H. illucens and T. molitor, respectively
(Niyonsaba et al., 2021). Entrepreneurial enterprises, many of which have received
money from crowdfunding campaigns and significant investors, have been the driving
force behind the Western insect industries (Dossey et al., 2016). Some smaller
companies are also offering their insect products as speciality goods in specific
markets (Macombe et al., 2019). The International Platform for Food and Feed
(IPIFF), a non-profit organization established in Europe, claims its affiliates have
contributed € 600 million for expenditures in insect production. Its partners are now
generating 6,000 tonnes of insects per year for food and feed' (Niyonsaba et al.,
2021). By 2030, production might reach a maximum of 500,000 tons (IPIFF, 2019). B
y 2024, the worldwide market for insect feed is expected to reach a value of USD 1.4

billion (Niyonsaba et al., 2021). Insects are mostly produced in Europe as a source of
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protein for fish feed and pet food, as permitted by European legislation at present
(Sogari et al., 2019).

Proposals to use insect processed animal proteins (PAPS) in poultry and pig feed were
approved by the EU Member States in April 2021. A significant milestone in the
European insect industry has been reached with the submission of this proposal.
Following EU regulations, this plan came into effect on September 7, 2021. Tenebrio
molitor mealworm) larva dried in accordance with Regulation (EU) 2015/2283 of
European Parliament and Council and modifying Commission Implementing
Regulation (EU) 2017/2470 will be allowed on the market as a new food starting on
June 1, 2021. Locusta migratoria (migratory locust) has been approved by the
European Commission (EC) to be sold as a food product as of November 12, 2021.
Frozen, dehydrated, and powdered mealworm and locust can be sold as a shack or as
a culinary ingredient and may be used in a variety of food items (IPIFF, 2021).
Mass-rearing insects such as the black soldier fly (Hermetia illucens) and the yellow
mealworm (Tenebrio molitor) have been suggested by many researchers (Selaledi, et
al., 2019; Tomberlin et al., 2020). These specific insects may be reared on a grand
scale and used as a high-protein element in livestock feed, according to a study
carried out by Kooistra et al., 2020. Pet food and feed for fur and aquaculture animals
in Europe are now permitted to utilize insects as protein sources, entire insects, and
insect produced lipids. Pigs and poultry may also be fed entire insects and insect-
derived lipids (European Commission, 2001, 2011, 2017b). Pigs and poultry could be
fed processed insect proteins (PIP), according to the IPIFF, which is urging the EU to
allow the use of these proteins in their diet (Kooistra et al., 2020).

There must be an understanding of the profitability and underlying economic numbers
of insect farming in order for farmers to get launch their enterprise. Farmers will not
likely transition to insect production or create insect farms if it is not viable. Banks
will be reluctant to give finance and stakeholders in the value chain will also hesitate
to invest if the business model is not lucrative (Hillier et al., 2016). Farmers' expenses
and profit margins are also important to policymakers and academics, who may use
this information to make decisions and conduct additional studies (Niyonsaba et al.,
2021). Credit risk affects the desire of financial institutions to lend money to small

businesses at a specific interest rate. It is computed in part by looking at how likely it
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is that a company would default, which is estimated using data from similar firms,
industry statistics, and the business model. Presently, only a small number of insect
firms have access to these types of data. Therefore, trustworthy economic statistics are
needed to help construct a platform for insect enterprises to use in terms of their
financial and profitability feasibility. Insect producers will benefit from better risk
assessment and financing availability as a result of this (Kooistra et al., 2020). As
previously mentioned, there is no financial data available for large-scale insect
production, hence this thesis will investigate the lack of this data further.

Considering insects many nutritional, health, environmental, and economic benefits,
insect farming in the EU remains a viable option. The economic viability of insect
production techniques in Europe will be examined in-depth and critically within this
thesis. With this study, we sought proof of key economic aspects in the developing
sector's scientific literature and identified an appropriate comprehensive economic
method for rationally exploiting insect farming's potential in the CE paradigm. Insect
species such as Hermetia illucens (black soldier fly), Tenebrio molitor (yellow
mealworm), Alphitobius diaperinus (yellow mealworm), and Acheta domesticus
(house cricket) were studied for their associated costings and feasibility. Insect
production in the West has recently focused on these four particular species, which
are among the most researched due to their potential as a food and feed source (Van
Huis, 2020). To get a better understanding of how insect farming may promote ethical
CE practices, we the available peer reviewed literature, the CE fundamental concepts,
as well as the economic implications are carefully examined. The goal was to create
an economic conceptual framework to guide the whole insect-based supply chain in a
motion towards the CE paradigm and to highlight certain economic research topics
that should be explored and addressed within research, particularly from a CE
viewpoint (Madau et al., 2020). This theoretical framework was developed within the
context of the Circular Business Model (CBM), which should enable CE practitioners

to manage the entire insect supply chain.

As a component of the circular supply chain management (CSCM) approach, insect
farms may be a way to create new added value and improve operational efficiency.
Upstream and downstream enterprises working with the CSCM approach are taking

advantage of the sector's natural capacity to build virtuous circular processes. Further
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research on the nutritional and health advantages of edible insects and an appropriate
marketing plan are necessary before promoting insects as a food trend (Smetana et al.,
2019). Moreover, large-scale insect farming offers a rich and prospective sector in the
fields of nutrition and wellness. As a consequence, a multidisciplinary strategy is
required to meet these objectives (de Castro et al., 2018). To envision a society in
which food is abundant, safe, nutrient-dense, and affordable, waste is minimal, and
many of the Sustainable Development Goals (SDGs) have been achieved, may sound
idealistic and optimistic and even naive. Insect farming, with a visionary approach,
devotion, and a great deal of hard effort, may produce a great leap in this direction
that will benefit mankind.

To enhance data interpretation and the assessment into the feasibility of incorporating
insects into the CE, chapter 1 provides an overview of the current status of insect
production globally, with specific attention to the European insect sector and its
operational practices. The remainder of this thesis is structured as follows: Chapter
2 introduces the existing barriers to transitioning to consuming edible insects, with
specific references to structural, cultural and personal barriers. Chapter 3 addresses
edible insect legislation within the European Union. Within the results section,
Chapter 4 and 5 refers to the potential medical uses and health benefits of humans
consuming insects according to peer reviews scientific literature. Chapter 6 and 7
describes the minimal environmental impact and associated sustainability
developmental goals with the aim of this chapter is to analyse all of the SDGs one-by-
one and relate them to edible insects. Chapter 8 deals with insect farming from a
circular economic perspective with an emphasis on the adoption of a circular business
model innovation. Chapter 9 outlines the economic framework for addressing the
entire insect feed and food supply chain toward a CE perspective to ensure a more
efficient process. The thesis finishes with a discussion, conclusions, and future
recommendations.

In light of the above background, the aim of this literature review is to discuss and
assess the feasibility of incorporating insects into the circular economy whilst
comparing the nutritional composition, health and sustainability benefits of edible

insects from recent scientific articles.



Chapter 1 - Insect Farming Status

1.1 Insects as Traditional Food

A study carried out by Toa et al., in 2018 found that almost 2 billion in in individuals
consume insects or insect-based foods. In Western countries, eating insects is
frowned upon (Shelomi, 2015). V.M. Holt, a British entomologist, published “Why
not eat insects” in 1885 and found it perplexing those insects were not embraced,
particularly when unique species like lobsters were considered delicacies. Holt also
stated that edible insects should be used to help the starving while still conserving

scarce resources, which is still a legitimate claim today (Nelson et al., 1989).

Insect species per country
1-§
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Figure 1: Locations of insects across the globe (Lesnik et al., 2017)

Insects are associated with infection, health threats, and plagues in the modern
developed world. The majority of today's edible insects are consumed in wet, moist

tropical regions where the insects instinctively thrive, which may have influenced the



global bias in consumption (Figure 1) (Lesnik, 2017). Many people in Asia, Africa,
and Latin America eat edible insects, either whole or as a shack, as part of their
regular diet. These insects can be cooked in a variety of ways, including baking,
toasting, boiling, or drying, and can be used in a variety of dishes (Guiomar et al.,
2019). Due to their pleasant taste, high fat content, and excellent nutritional value, the
pupae and larvae, the early development types of the insects, are regarded

as delicacies in these tropical countries (Tiencheu et al., 2017).

Insects such as grasshoppers, cockroaches, and larvae, among others, are eaten for
their high protein content, appealing crunchiness, and delicious flavour (Guine et al.,
2021). Nonetheless, there are significant barriers to consumers' acceptance of edible
insects and foods containing insect ingredients, especially in Western countries
(Payne et al., 2016). In this way, while entomophagy is widely recognized in some
parts of the world, especially in Africa, Asia, and South or Central America, it also is
valid that westerners do not fully embrace or comprehend it (Guine et al., 2021). The
psychological obstacles to eating insects have been described as nausea and
neophobia (Verneau et al., 2016; La Barbera et al., 2020).

More than 2,100 insect species are known to be eaten by more than 3,000 ethnic
groups in up to 130 countries, the majority of which are found in Sub-Saharan Africa,
Central and South America, or Southeast Asia and the Pacific. The Democratic
Republic of the Congo, Congo, Central African Republic, Cameroon, Uganda,
Zambia, Zimbabwe, Nigeria, and South Africa are the countries that consume the
most insects as food. Nonetheless, there are 11 entomophagous European countries
(Ramos-Elorduy 2009; Mitsuhashi 2017; Gahukar 2020; Hwang and Choe 2020).
Crickets, caterpillars, palm weevils, and termites are the most commonly eaten
insects. In the south-eastern part of Asia, about 200 different forms of edible insects

are eaten (Figure 2).

Honeypot ants, which have a large belly that can swell to the size of grape berries and
are loaded with a special nectar, are eaten raw as a sweet delicacy by Australia's
aboriginal people. In New Zealand, where it is considered sacred, the huhu beetle
grub, which looks like a large maggot, is eaten raw or sautéed (Guine et al., 2021). In

Nigeria, Papua New Guinea, and Malaysia, palm weevil larva is consumed. In certain



parts of Japan, wasp larvae are fried in sugar and soy sauce and combined with
cooked adult wasps as a crunchy treat. In Indonesia, dragonflies are boiled or fried as
a sweet occasion. Scorpions are boiled or fried as a quick snack in Vietnam, Thailand,
and China. Silkworms, also known as Nhon Mhai, are the most popular insect food in
Thailand, particularly when fried, and are part of a staple diet among locals. Water
bugs are often consumed in Thailand, because they're very common and can be found
on the markets of Bangkok in small street stands. They are also found roasted or

canned for local consumption (Guiné et al., 2021).

WHICH INSECTS ARE WE EATING?

According to the Food and Agriculture Organization of the United Nations,
the most commonly consumed insects include:

Figure 2: Commonly consumed insects across the globe (Jideani et al., 2017)

In Chinese culture, where insects have been eaten for over 2000 vyears,
consuming insects is very common. In China, 324 species of insects from 11 orders
have been documented as edible or associated with entomophagy, but the number of
edible insects proceeds to increase as a result of more research articles being released.
Throughout the year, insects are often eaten at home or in restaurants (Feng et al.,
2018).

1.2 The Current State of Insect Farming on a Global Scale

Several domesticated animals such as poultry, pigs, and fish have been
consuming insects for years because of their nutritive value, mainly due to their high
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protein value. Humans are increasingly turning to insects as a protein source in their
diets. Despite the fact that entomophagy is an ancient habit in many tropical regions,
it is still prevalent in more than 110 nations where the insects thrive naturally. The
adoption of insects is on the rise in Western nations regardless of the fact that most

individuals refuse to consume them.

Insects may be harvested wild, semi-domesticated, or farmed for their edible parts.
According to Yen, 2015, he estimates that collected insects account for 92% of global
insect supplies, with semi-domesticated insects making up the remaining 6%. This
indicates that just 2% of the insects available for human consumption are currently

being farmed solely for human food.

Van Huis et al., 2017b confirmed that edible insects have been gathered in tropical
nations for centuries and that this activity has significant economic and social
implications. Several of these desired insects are commercially valuable, and the
market for them constitutes a reliable source of income. Frequently, insect prices are

greater than those associated with alternative meat products.

Insect agriculture is a relatively new way of growing edible insects, with a strong
emphasis on wealthy nations (van Huis et al., 2017b). Insects are raised in captivity,
and all aspects of rearing, particularly living circumstances, nutrition, and food
quality, are strictly regulated. According to Madau et al., 2020, who offered
additional knowledge on farming procedures, advantages, and downsides, farming is
unquestionably the most prolific and effective way of insect production. When
compared to most livestock options for creating natural proteins, rearing insects offers
several technological and managerial benefits. Govorushko et al., 2019 described the
advantages of this kind of farming as follows:
e Insect farming requires far less area than conventional cattle husbandry. It has
a low capital cost (per unit of protein produced)
e Insect farmingis carried out entirely via the use of basic technologies as
confirmed by Cortes Ortiz et al., 2017.
e Investing in this type of agriculture yields quick returns and substantial

financial rewards.
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e The maintenance of this agricultural operation is straightforward and does not

necessitate much expertise.

According to Govorushko et al., 2019, insect farming for food and feed supply has
grown in popularity globally and has turned into a significant enterprise not just in
tropical nations (Kim et al., 2019). According to Derrien et al., 2018, this operation is
carried out by a large number of enterprises, and certain European nations, including
the Netherlands and France, are major players in this novel field (Govorushko et al.,
2019). When it comes to farming insects for human consumption, Europe as well as
other Western nations tend to concentrate more on producing feed for
agricultural animals is comparison to tropical countries.

The inherent capacity of insects to function as alternatives for conventional feeds in
many livestock and fish activities has resulted in a major growth in insect farming for
the feed business in the previous decades. The contained energy in organic matter
is utilised to feed insects is effectively transformed to elevated edible proteins for
agriculture, fish, and human consumption (Madau et al., 2020). Figure 3 displays the
many functions that the black soldier fly can play within the circular economy.
Proteins, vitamins, lipids, and minerals are abundant in insects (Roma et al., 2020;
Collins et al., 2019). As a consequence, the global insect feed market has grown
rapidly, reaching USD 687.8 million in 2018 and projected to reach USD 1396.4
million by 2024, (Madau et al., 2020). As of 2018, Asia-Pacific led the insect feed
industry, owing to rising meat consumption. Europe is predicted to expand at the
quickest rate in the coming years. When the insect feed market is segmented by
animal species, aquaculture is the largest customer with 51% of revenue, although the
industry is extremely fragmented, with several prominent firms including
Hexafly, Ynsect, AlltechCoppens, Enterra Feed Corporation, Agroprotein, and
Enviroflight.

Large edible insect corporations and small start-up companies are rapidly emerging
on the market, and both may economically manufacture insects with the application of
basic technology and the use of local opportunities, particularly in the aquaculture
industry. As a result, a large number of enterprises are engaged in the manufacturing
of insect feed, while only a few are involved in the production of animal feed,
focusing instead on the production of insect feed.
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Business scale-up manufacturing, high quality standards, large quantities needed,
minimal environmental effects, and the requirement for competitive pricing are all
key market possibilities and difficulties for the insect feed industry in this scenario.

Insect feed's market share would grow even more if these issues could be resolved.

The economics of insect farming for food and feed production have received
relatively little attention despite the sector's growing importance and its managerial
uniqueness. Gahukar, 2016 sought to assess the economic advantages of insect
farming in comparison to other meat alternatives methods based on scientific
literature knowledge. It was noted by Gahukar that the cost of raising insects can be
expensive. The primary cost component is the raw ingredients required to feed
insects, and the price of formulated feed is expensive nowadays. For example, it
costs $18 for 25 kg of feed for cricket rearing. The cost and profitability of insect

farming has yet to be evaluated substantially or published by researchers.
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Figure 3: Many functions that the black soldier fly can play within the circular

economy.

There is a dearth of economic research on the advantages of feeding insects to humans

and animals. Feed obtained from insect farming was shown to be price competitive at

13



demonstrated by Onsongo et al., 2018. The study discovered that feeds consisting
of the black soldier fly (Hermetia illucens) and house fly (Musca domestica), are less
expensive than traditional fishmeal. As a result of the increased feed conversion and
lower cost of the raw materials associated with insect meal, a 25 percent higher profit
on livestock investment was projected (the price of insect meal is about 71 percent
that of fishmeal). Insect large scale production farming might have diverse economic
advantages including revenue generation and employment creation in impoverished

countries, according to the study's authors.

For European seabass farming, the use of yellow mealworms (Tenebrio molitor) as an
aquaculture feed was shown to be problematic compared to the most often used feed
(fishmeal). The investigation was performed in Italy, where insect meal is more
expensive than fishmeal, as is the case across Europe. As a result of this, they
advocated for expanding the use of insect meals in fish diets as part of a CE strategy

in order to increase the sustainability of the industry.

Furthermore, the demand for insect-based food might have an impact on the economic
success of insect farms and downstream associated industries. There has been a
considerable attention paid to the subject of eating insects-based foods or meat that
has been fed on insect proteins. Academic knowledge of the subject has also
expanded in Western countries in recent years, with an increasing recognition of
supporting sustainable consumption practices and trends. When it comes to the
introduction of insects into European diets, many people are disgusted and sceptical
(Roma et al., 2020; Govorushko et al., 2019; Borrello et al., 2017). This may have a
detrimental impact on the economic viability of the insect feed and food business.
However, in academic and governmental discussions, the value of insects as a source

of food is becoming more widely acknowledged.

1.3 Insects use as Animal Feed

The rising global population and increased demand for food, including food derived
from animals, has an indirect effect on the animal feed industry, which is set to

continue to expand in the future. This increase in the need for feed ingredients would,
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however, bring the scarce resources like land, water and energy under
increased pressure (Guiné et al.,, 2021). Increased, more complicated policies to
resolve sustainability concerns would be needed as the animal feed demand grows.
Incorporating insects into commercial animal feed formulations may be a way to
make animal diets more sustainable, as insects would provide a better source of
protein than currently available sources while still providing less environmental

repercussions (Gasco et al. 2020).

The nutritional value of the ingredients is a top consideration for the formulation of
animal diets, not just to meet the animal’s requirements, but digestibility is also
important for animal welfare. These foods are selected depending on efficiency and
cost-based dietary requirements (Guiné et al., 2021). The proteins are considered to
be the most essential and the costliest of the ingredients used in the concentrates and
rations. Animal feed ingredients contain highly biological value (HBV) protein
containing essential amino acid profiles and are easily digestible proteins. Insects
serve as critical nutrients for animal feeds, in their supply chain, providing certain
macro and micro and micronutrients, such as protein and fat, as well as other
components (Koutsos et al. 2019; Gasco et al. 2019, 2020).

Insects could transmit pathogens and parasites in some situations, so there needs to
be greater understanding of the potential risks associated with them. Certain insects
are poisonous, and some insects are unable to be digested due to the presence of chitin
and presence of venom (Guiné et al., 2021). Based on this research, Grabowski et
al., 2017 analyse potential insect issues and concluded that they must be avoided as
raw foodstuff as this is when most problems arise. Thus, several risks could be dealt
with by the feed formulation, particularly thermal treatment, and processing
(Grabowski et al., 2017).

According to the most recent data and developments in the use of insects in animal
diets, the demand for edible insects for animal feed is projected to hit $2,386 million
by 2029. Few firms are forerunners, having already begun to harvest insects for
animal feed purposes. Some businesses have made substantial investments in the
cultivation of edible insects for animal feed. Hexafly Biotech in Ireland, Protix and
Kreca Ento-Feed BV in the Netherlands, AgriProtein and DeliBugs in the United
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Kingdom, Ynsect, NextProtein and Mutatec in France, and Entomotech in Spain are
among the European companies that are producing insects for animal feed. Entomo
Farms and Beta Hatch in the United States, Enterra Feed Company in Canada,
Mealworms Inc in China, Nutrition Innovations and Protenga in Malaysia, and
Entobel in Vietnam are all major players in the international market outside of
Europe for edible insects for animal feed (Figure 4) (Guiné et al., 2021).
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Figure 4: Major players in the insect feed market (Guiné et al., 2021).
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Chapter 2 - Barriers to Transitioning to Consuming Insects

2.1 Structural Barriers

A recurring structural impediment is related to the legislation governing the
human consumption of edible insects. Insect manufacturers and retailers find it
extremely difficult to establish themselves in Western countries because to the
ambiguity and absence of cohesion in the legislative framework for marketing, safety,
insect welfare, and farming (Dobermann et al., 2017; Lahteenméki-Uutela et al.,
2018). Despite the lack of clarity in the legal framework, advancement have been
achieved, with the EU recognising insects as novel foods in 2018 (International
Platform of Insects for Food and Feed, 2018). Additionally, labelling laws must be set
in light of the fact that insects have been proven to produce allergic reactions in those
who are allergic to arthropods (Dobermann et al., 2017).

The limitation of accessibility is another structural hurdle to adopting insects as food.
Due to the limited availability of insects in restaurants, supermarkets, and specialty
stores, individuals are not introduced to the concept of insects as food and are hence
more likely to have an adverse attitude regarding consuming insects (Hartmann et al.,
2015). An empirical study conducted in the Netherlands discovered that the absence
of insect-based items in supermarkets was detrimental since it discouraged consumers
who may potentially otherwise consume insects from doing so (House, 2016).
According to three different studies, availability and access is not the only issue that
has to be addressed. Consumers often lack sufficient understanding about how to
include insects into their meals because recipes are not generally common.
Individuals often do not know how to cook insects and insect-based food
products (Clarkson et al., 2018; Balzan et al., 2016).

The final structural impediment highlighted is communication regarding insect
consumption. Numerous articles have demonstrated that utilitarian claims about the
health or environmental benefits of eating insects would not operate efficiently as a
marketing tool as a means of encouraging people to consume insects (Berger et al.,

2018; Wilkinson et al., 2018). A suitable marketing framework can be viewed in
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Figure 5. If individuals are emotionally repelled by insects, they will have trouble
responding rationally to utilitarian arguments (Berger et al., 2018). As a result,
utilitarian arguments frequently employed by the United Nations, the media, and
private organizations to advocate insect consumption are ineffective (Deroy et al.,
2015). As Western individuals live a life of plenty and abundance, using a Malthusian
argument regarding how we must commence consuming insects for food security

grounds is an unconvincing one (Shelomi, 2016).
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Figure 5: Four Ps marketing framework for insect production.

2.2 Cultural barriers

In Western countries with a reputation of meat-based dishes, there was a general
cultural barrier to insects being seen as a culturally appropriate food. However, this
finding was most prevalent in countries with strong cultural food identities such as
Italy (Cicatiello et al., 2016; Clarkson et al., 2018). According to Looy et al., 2015,

the Westernization of meals has taught future generations to reject, exterminate, and
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be afraid of insects. As a result, when we discuss insects, they're no longer associated
with food (Looy et al., 2015). When it comes to consuming insects, Western countries
typically consider it to be a primitive behaviour carried out in times of
crisis (Wassmann et al., 2021). As a result, countries such as Thailand and Mexico,
where entomophagy is traditional, they are discouraged from maintaining their
traditions as their societies become more Westernized and begin to persecute it as a
result (Shelomi, 2016).

Due to the fact that insects are a culturally taboo diet, this creates a barrier of low
social acceptance within Western culture, preventing individuals interested in trying
insect eating from doing so (Hartmann et al., 2015; Tan et al., 2017). Studies carried
out Balzan et al., 2016 found that several individuals in Italy admitted to only
preparing and eating insects when they were alone because they feared being socially
criticised if they did so with others (Balzan et al., 2016; House, 2016).

2.3 Personal Barriers

The most often reported obstacle that may hinder insects feasibility is that individuals
frequently had an overall negative attitude regarding insect eating, with multiple
studies indicating that consumers would not prefer to eat insects if given another
alternative (Wassmann et al., 2021; Hartmann et al., 2017). Within the literature
evaluation, one Danish researcher identified 23% of study participants as anti-insect
eating, whereas a larger proportion (28%) expressed a desire to consume insects
(Hielkema et al, 2021). Food neophobia, or the resistance to trying new foods, is
strongly linked to revulsion when it comes to insect eating. As a result, the words
"food neophobia™ and "disgust” were classified together as part of the negative
attitude category. Food neophobia is a major impediment to insect ingesting
(Hielkema et al, 2021) or even to experimenting with new meat substitutes (Balzan et
al., 2016; Fischer et al., 2018). In accordance with this, multiple studies have shown
that Western consumers find insects repulsive, filthy, and unclean, often for no
apparent reason (Wassmann et al., 2021; Clarkson et al., 2018; Hartmann et al.,
2017). Additionally, since insects such as cockroaches are often found in unsanitary
environments and are recognised disease carriers, individuals prefer to see them as a

monolithic group, neglecting the several edible insect species that are delicious,
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nutritious, and sustainable. As a result, they are frequently classified as disgusting
and repulsive (Fukano et al., 2021). Appropriate marketing techniques should be
employed to help individuals to overcome their personal barriers. A pilot study
carried out by Nyberg et al., 2020 demonstrates the reasons as to why individuals

consume insects in Sweden.

Reasons for eating insects, men vs women (%)
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Figure 6: Reasons as to why individuals consume insects in Sweden (Nyberg et al.,
2020).
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Chapter 3 — Current Edible Insect Legislation

3.1 Insects as food and as feed in the context of European legislation

The UN Food and Agriculture Organization (FAQO) has been tackling the question of
insects since 2003 and has been conducting initiatives in several countries, mainly the
gathering of insect data (Skotnicka et al., 2021). The FAO has also been engaging in
local initiatives related to the cultivation of insects for human consumption. In nations
with a long history of eating insects, there are policies in place that allow for the
manufacture of insect products. Entomophagy is gaining popularity in certain nations,
but law is lacking in such countries, making it difficult for it to expand in developed

counties (Dobermann et al., 2017).

The primary goal of the food supply chain is to guarantee safe food. When livestock
animals are fed, it is essential to supply them with healthy and safe food, which is
known as feed safety. To guarantee that feed and food products do not pose a risk to
human well-being and health, animal health, or the environment, laws have been
established (Gasco et al., 2020). The European Union recently established the
'Circular Economy package,” which outlines which foods that are no longer fit for
human consumption are eligible for animal feed consumption. Within this regard, the
EU prohibits the use of catering or animal waste, although other nations have enacted
alternative rules (Halloran et al., 2018).

3.2 Insect Regulations for Feed for Animals

Insect food and feed regulations vary globally (Skotnicka et al., 2021; Gasco et al.,
2020; Sogari et al., 2019; Lahteenmaki-Uutela et al., 2018; Marberg et al., 2017).
A detailed overview of the most important aspects of EU regulation on the use of
insects as feed is discussed below. In addition, Table 1 summarizes legislation in
North America Canada, as well as several Asian nations including China, North
Korea, and South Korea (Sogari et al., 2019)

21



Table 1: Feed legislation on the use of insects as feed globally (Sogari et al., 2019).

Country Authority Regulation Insects as Feed

European Unian U PAPs autherized in aguaculture

o EFSA L ) Authorized fat from insects in feed
(EU) Decisionsiregulations s .
' Pasitive list of rearing insects
Additiv alli A inse rag i i i
USA FDA FFDCA nddltl:e approval list or GRAS needed for insects. Hl larvae included as ingredient
for animal food
Canada CFIA FAFR Feed raw material needs authorization, Hl product authorized for poultry
inistry of A 2
North Korea f:r1|n|§tr} of Agriculture, Food and Rural Not present Prohibited
Affairs
inistry of Agri =
South Korea Tlmfm of Agricuture, Food and Rura Not present Does not required authorization
Affairs
China none Not present Does not required authorization

EFSA: European Food Safety Authority; PAPs: Processed Animal Proteins; FDA: Federal Food and Drug Administration; FFDCA: Federal Food, Drug, and
Cosmetic Act: GRAS: Generally Recognized as Safe; HI: Hermetia illucens: CFIA: Canadian Food Inspection Agency; FAFR: Food Act and Feeds Regulation.

Bovine Spongiform Encephalopathy (BSE), a major concern to human health and
safety, had a significant impact on the European orientation to insects as animal feed
(Marberg et al., 2017). In 2001, the utilisation of processed animal proteins (PAPS)
was prohibited because to the threat of highly infectious BSE (European Commission,
2001). It was adopted the next year, in accordance with Directive 2002/32, which set
the materials authorized for use in animal feed, and also unacceptable compounds and
the maximum quantities of these substances that might be present in feed (Sogari et
al., 2019). A comprehensive list can be found in Annex | of Directive 2002/32. This is
significant because each subsequent material added to feed, which might contain
entire insects or insect compounds, must adhere to the restrictions on unaccepted
compounds. Regulation 56/2013 was revised after a few years because of effective
BSE control methods, allowing the use of PAPs from any source, excluding

ruminants, in aquaculture (Sogari et al., 2019).

European Union Regulation 2017/893 in relation to the use of PAPsamends
Regulation (EC) No. 999/2001's Annexes | and 1V, as well as Commission Regulation
(EU) No. 142/2011's Annexes I, XIV, and XV (Skotnicka et al., 2021). Aquaculture
animals can only be fed non-ruminant PAPs under Regulation (EU) 1017/893. PAPs
obtained from farmed insects that is intended for use in the preparation of feed for

livestock is included in Annex Il (Gasco et al., 2020).
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When Regulation (EU) 2017/1017 was passed in 2017, it allowed the use of live and
dead terrestrial invertebrates, whether or not they were treated, as feed materials, but
only if they were not processed in accordance with Regulation (EC) No. 1069/2009
(Sogari et al., 2019). Consequently, terrestrial invertebrates are suitable for feeding at
all phases of their life, except for those that have detrimental impacts on plants,
animals, or humans. Insect fat may now be utilized to feed any animal species,
however PAPs are only approved for aquaculture usage as of now (Figure 7).
However, the prospect of expanding their application to poultry and swine feed is also
being debated (IPIFF, 2021).

Feed stocks Insect production Target species
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Figure 7: Insect processed animal proteins (PAPs) will be allowed in poultry and pig
feed after a decision by EU member states since April 2021. A significant milestone
in the European insect industry has been reached with the submission of this proposal.
This proposal came into effect on the 7th of September 2021, in accordance with EU
regulations (IPIFF, 2021).
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3.3 Insect Regulations for Food for Human Consumption

The complete implementation of a new regulatory framework for novel foods has
made it feasible for insects to become more widely accessible on the European market
as a foodstuff (Skotnicka et al., 2021). Europe's insect production industry started off
with small and medium-sized businesses that specialized in producing insects for
livestock feed (Halloran et al., 2018). New insect-breeding businesses were founded
in industrialized nations after the FAO study issued in 2009, which proved that the
broad cultivation and production of insects may help to the elimination of hunger
globally and restrict the excessive consumption of livestock that contribute to global

warming (Skotnicka et al., 2021).

European law did not recognize edible insects as nothing more than a food source
until 2018. In addition, their usage was not prohibited by European law, thus each
national government agency was free to make its own decisions on the insect
consumption topic (Skotnicka et al., 2021). The main principles of food legislation
(Regulation (EC) No 178/2002) allowed for the production of insects for human use.
A risk evaluation of novel foods was conducted in line with the precautionary
principle, and interim risk management measures were prepared in collaboration with
the precautionary principle. Regulation (EC) No. 258/97 of the European Parliament
and of the Council on 27 January 1997 has made it feasible to use the process for the
adoption of insects as novel foods or novel food ingredients, since 1997 (Skotnicka et
al., 2021).

Regulation (EU) No. 2015/2283 requires that foods put on the market prior to 2018
under formerly applicable regulations be declared as a novel foods or traditional foods
from foreign countries to the European Commission (EC) and may continue to be sold
until a decision is provided (Skotnicka et al., 2021). A novel food is defined as a
product that has not before been subject to the prior criteria and comes
under Regulation (EC) No 258/97 (Figure 8). Attributed to a combination of flaws in
the former rules, there are questions over whether or not entire insects come under the
Regulation's purview. Following the implementation of additional limitations, this
issue resurfaced (Dobermann et al., 2017). Accordingly, entire whole, non-
processed insects were either prohibited or forbidden from being sold in certain
European nations because of the preceding standards for novel foods. Countries
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including Italy, Portugal, and Sweden, believed that insects and their derivatives
should indeed be acknowledged as novel foods in accordance with Regulation (EC)
No. 258/97, and as a result, they failed to cooperate with the transitional,
intermediate procedures laid forth in Regulation (EU) No. 2015/2283 (Table 2)
(Gasco et al., 2020).

As a Novel Foods is placed
on the market?

l

AUTHORIZATION

old New
Regulation EC 258/97 Regulation EU 2015/2283

Figure 8: Regulatory Framework for novel food placed on the market

The EU's database of novel foods should contain the list of insects permitted for
ingestion, their properties, quality standards, a list of processed foods in which they
may be utilised, and the maximum amounts to be used in specific groupings of goods.
As a preliminary step, each individual insectcompany needs tosubmit an
application to the EC for approval to put a particular insect species on the market in
the EU, which explains as to why no insects were added on December 20, 2017. With
regard to the safety of consumption and the manufacturing circumstances of the food
stated in the application, the European Food Safety Authority (EFSA) is charged by
the European Commission with the task of delivering a judgment on these matters.
Food that has not previously been approved is added to the list and may only be
commercialized after receiving approval by the relevant authority (Skotnicka et al.,
2021).
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The EFSA evaluated the proposal for mealworm larvae to be classified as a novel
food in November 2020 (EFSA-Q-2018-00262). Mealworm larvae may be used
whole, dried as snacks, or crushed and powdered in a variety of different culinary
items, including baked foods, biscuits, noodles, flour, burgers, energy bars, and pasta
(Selaledi et al., 2019). It will be feasible to mass-produce mealworm-based food if the
European Commission's Health Directorate General concurs with this assessment
(Skotnicka et al., 2021).

Table 2: Overview of the respective scopes of Regulation (EC) No 258/97 and
Regulation (EU) 2015/2283 in respect of whole insects, parts of whole insects and
insect-based preparations (EFSA, 2021).

Regulation (EC) No 258/97 Regulation (EU) No 2015/2283
X

Whole insects . \/

Not in scope * ** In scope
Parts of whole insects and
ingredients processed from whole ' X sl o
insects (e.g. whole insects powder) Not in scope In scope
Ingredients other than (parts of) 4 \/
whole insects (e.g. insect extracts) In scope In scope

*Diverging national interpretations - some Member States did consider these categories of products as novel food under Regulation (EC) No 258/97.
* According to the CJEU ruling from the 1 October 2020, ‘whole insects’ were not covered by the Regulation (EC) No 258/97. From this ruling,
‘whole insects’ could be interpreted as covering the ingredients processed from whole insects.

It was a historic moment when the EFSA accepted Tenebrio molitor (yellow
mealworm) flour (EFSA-Q-2019-00748) and Tenebrio molitor larvae (EFSA-Q-2018-
00746) as novel foods, making it the first time an insect has been authorized as a
novel food within the EU (Figure 9). In accordance with Regulation (EU) 2015/2283,
the EFSA Panel on Nutrition, Novel Foods and Food Allergens (NDA) issued a
scientific opinion on the safety of dried yellow mealworm (Tenebrio molitor larva) on
November 24, 2020 (Turck et al., 2021). Yellow mealworm was found to be generally
regarded as safe (GRAS) for human consumption by the panel when used and
consumed at the amounts recommended (EFSA NDA Panel, 2021). Dried yellow

mealworm was approved by the EC on June 1, 2021, after a favourable decision by
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the Standing Committee on Plants, Animals, Food and Feed (Novel Food and
Toxicological Safety part) on May 3, 2021. (Turck et al., 2021).

2.6.2021 Official Journal of the European Union L 194/16

COMMISSION IMPLEMENTING REGULATION (EU) 2021/882
of 1 June 2021

authorising the placing on the market of dried Tenebrio molitor larva as a novel food under Regulation (EU) 2015/2283
of the European Parliament and of the Council, and amending Commission Implementing Regulation (EU) 2017/2470

(Text with EEA relevance)
THE EUROPEAN COMMISSION,

Figure 9: Commission Implementing Regulation (EU) 2021/882 of 1 June 2021
authorising the placing on the market of dried Tenebrio molitor larva as a novel food
under Regulation (EU) 2015/2283 of the European Parliament and of the Council and
amending Commission Implementing Regulation (EU) 2017/2470 (EFSA, 2021).

The EFSA is currently reviewing seven applications involving bug species or specific
products manufactured from them, as of this writing (December 2021). The following
are now in the process of assessing risk.

Table 3: EFSA is proceeding with the following applications concerning insect
species (Skotnicka et al., 2021)

Insect Specie EFSA Application Number
Dried crickets (Gryllodes sigillatus) EFSA-Q-2018-00263
Whole and grinded lesser mealworm EFSA-Q-2018-00282
(Alphitobius diaperinus)

House Cricket (Acheta domesticus) EFSA-Q-2018-00543

Whole and ground grasshoppers (Locusta EFSA-Q-2019-00115
migratoria)

Whole and ground crickets (Acheta EFSA-Q-2019-00121
domesticus)

Defatted whole cricket (Acheta EFSA-Q-2019-00589

domesticus) powder
Dried Acheta domesticus EFSA-Q-2020-00748
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In addition, the European Commission (EC) approved the marketing of migrating
locust (Locusta migratoria) (EFSA-Q-2018-00513) as a novel food (EFSA, 2021).
This was a momentous event for the insect industry. Migrating locusts were
authorized by the European Commission as a new food source under the EU Novel
Food Regulation 2015/2283 on the 12th of November 2021 (Figure 10). For the
second time in six months, an insect has been approved as a novel food. Frozen, dry,
and powdered versions will be available, and locust will only be used as a snack or a
component in a variety of foods (for example, soups and meat imitates). Legs and
wings must be eliminated by the food processor before the product may be frozen or
dehydrated.

15.11.2021 Official Journal of the European Union L 402/10

COMMISSION IMPLEMENTING REGULATION (EU) 2021/1975
of 12 November 2021

authorising the placing on the market of frozen, dried and powder forms of Locusta migratoria as a novel food under
Regulation (EU) 2015/2283 of the European Parliament and of the Council and amending Commission Implementing
Regulation (EU) 2017/2470

(Text with EEA relevance)
THE EUROPEAN COMMISSION,

Figure 10: Commission Implementing Regulation (EU) 2021/1975 of 12 November
2021 authorising the placing on the market of (Locusta migratoria as a novel food
under Regulation (EU) 2015/2283 of the European Parliament and of the Council and
amending Commission Implementing Regulation (EU) 2017/2470 (EFSA, 2021).

When allergens are concerned, insect’s potential must be highlighted in the labelling
according to regulations, even if the EFSA has affirmed that it is safe for the purposes
and dosage levels requested by the application (Skotnicka et al., 2021). It's a critical
step forward in consideration of the EU Green Deal as well as the European Farm to
Form Agenda, which seek to make food systems more equitable, healthier, and less
harmful to the environment, even though insects presently only represent a minority

market share in the larger EU food industry.

The remainder of EFSA's safety evaluations are scheduled to be released in the near

future. There is an intermediate stage for entire insects and their processing until
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EFSA evaluations and Commission decisions on innovative food applications are
completed. A decision by the European Commission on an application or notice filed
before to the first day of January 2019 will allow insect meals that were legally on the
market as of 1 January 2018 to continue to be sold until that decision is made (Turck
et al., 2021). This implies that a number of insect species may remain to be marketed
as food within Europe even without a new food licence from EFSA. A decision in the
case C-526/19 was handed down on October 1, 2020, by the European Court of
Justice. The court ruled that entire insects were beyond the scope of the previous
Novel Food Regulation (Turck et al., 2021). In order to accommodate this, the
transitional measures for entire insects were extended to all member states of the
European Union (EU). The Supreme Administrative Court of France sought a
preliminary judgement from the European Court of Justice in the dispute launched

against two French ministries by Entoma SAS (Lahteenmaki-Uutela et al., 2021)

The EC Directorate of General Health and Food Safety (DG SANTE) has inspected
the statutory control mechanisms for farming insects in France and in the Netherlands
(DG SANTE, 2019 and 2018 respectively) (Lahteenmaki-Uutela et al., 2021). It is
important to note, however, that these audit reports are not statutory in character, and
their suggestions are solely meant for the officials. Quality Control
(QC) microbiological testing, mandatory records, and the process of approval for new
insect businesses were all covered in the audit reports. The International Platform of
Insects for Food and Feed (IPIFF) produced a 'Guide on Good Hygiene Practices' for
the insect rearing sector. The European Commission and the Member States have not
yet given their formal approval of this advice paper, but it is pending (Lahteenmaki-
Uutela et al., 2021).

Legislative reforms are needed to alleviate present obstacles to the insect sector's

expansion. Legal hurdles to the insect breeding sector have been mentioned in DG
SANTE's "strategic safety concept"” (Lahteenméki-Uutela et al., 2021).
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Methodologies

This thesis focuses on current peer-reviewed publications from the following
databases: Scopus, Wiley Online Library, MDPI, PubMed and Web of Science. For
example, 'Insect EU legislation’, 'Edible insect finance', 'Sustainability and insects,’
and 'Edible insect farming' and 'Edible insect circular economy' were all
predefined searched keywords. Previously utilized data has only been used in cases
when the data is still pertinent and additional evidence has not been created. The
review has also omitted unsubstantiated data.

The search yielded a number of relevant peer-reviewed publications, which were then
evaluated for relevancy. A paper required to provide important economic quantitative
data, such as economic numbers on operating expenses or sales prices for insect
production, in order to be considered for consideration. Furthermore, the insects-
based papers may only be used for food or feed and cosmetics, medicinal, or
pharmaceutical papers were exempt. Moreover, the papers examined have to meet EU
standards or at least meet comparable criteria in order to be considered within this
thesis. EU regulations prohibit the feeding of insects on human or animal waste
streams, for example so therefore these papers were not considered. The geographical
region in which the research was conducted was not limited, as long as the conditions

were consistent with the European insect farming.

Snowballing was utilized to find more resources because of the limited number of
papers from the databases that were referenced. Papers that have been retrieved may
be used as "snowballs" in the search for further related studies. Due to a lack of
published study on the economic and financial elements of insect farming, this
research thesis had to deal with several limitations. Aside from their desire to keep
their competitive edge in the market, insect farming professionals are wary about
sharing information about their company. The financial components of an insect farm
in Ireland were contacted, but the firm respectfully refused to participate in this study.
Insect farming has several nutritional and environmental benefits, hence the research

topic discussed in this thesis is how financially viable it is.
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Chapter 4 - Potential medical uses in preventing disease

4.1 Edible Insects as a means of Improving Human Gut Microbiome

Edible insects can constitute a good cellulose source in the diet due to their high
Chitin content, that equates to roughly 10% of the entire dried insects (Imathiu, 2020).
Chitin, a type of carbohydrate, is the exoskeleton of most insects. Chitin has recently
been associated with enhanced human gut microbiology, where it has been shown to
enhance gastrointestinal health attributable to its prebiotic potential (Selenius et al.,
2018). Chitin acting as a prebiotic helps indirectly avoid the occurrence of foodborne
diseases and food digestion complications, by stimulating the production and
accumulation of natural "friendly” microbes in the gut (Selenius et al., 2018). Chitin
and its derivatives have been shown to inhibit the growth of harmful bacteria such as
Salmonella typhimurium, Escherichia coli, and Vibrio cholera in the human gut,
while simultaneously promoting the replication and abundance of beneficial gut
microorganisms including Bifidobacteria and Lactobacillus (Imathiu, 2020). In two
recent studies, Stull et al., demonstrated that the presence of cricket chitin increased
the proliferation of Bifidobacterium animalis by 5.7 times (Figure 11), while Selenius
et al., 2018 demonstrated that chitin enhanced the growth of Lactobacillus
rhamnosus and inhibited the growth of pathogenic Escherichia coli (Stull et al.,
2018; Selenius et al., 2018).

In a 2020 report on edible insects native to New Zealand, the potential of a variety of
native insects for modulating the human gut microbiome was investigated using an in
vitro batch fermentation model to simulate colonic fermentation. In order to
effectively replicate the human digestion process, the insects were first digested in
vitro, then dialysis was used to remove small biomolecules prior to faecal
fermentation. Although the results in vivo with New Zealand insects were yet to be
studied and examined, a prior study by Stull et al., 2018, found that eating cricket
flour would improve the human microbiome like previously mentioned. Only slight
variations were noted in that paper, while this study found that various digested
insects have the potential to cause significant changes in the microbiome structure,

certainly in vitro, with each insect having diverse impacts.
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Figure 11: Changes in Participant Microbiota at Baseline, Post-Cricket, and Post-
Control (Stull et al., 2018)

(A) Phyla-level bacterial composition of stool samples for all participants at baseline
and post-interventions suggests global stability of the microbiota across treatments.
(B) Principal Coordinates Analysis (PCoA) projecting Bray-Curtis distances.

(C) Shannon diversity scores

(D) Chao richness estimates further confirm global microbiota stability across diet

treatments (Stull et al., 2018).

The disparity in magnitude of the effects observed in vitro and in vivo is probably due
to the dose. In the clinical research by Stull et al., the cricket flour made up a small
portion of each individual's overall diet, while in this in vitro study, the digested
insects made up a greater portion of the available substrate for the microbiome.
Evidently, when insects were the sole dietary source in another study carried out by
Borrelli et al., 2017 on the effects of insect feed in laying hens, drastic changes in the

caecal microbiome were identified.

Due to the association of this bacterium with health promoting properties, the
increased Faecalibacterium found in the cultures with digested grass grub larvae is an

especially interesting finding (Martin et al., 2017). Patients with Crohn's disease have
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lower levels of Faecalibacterium, which has been shown in cellular and animal
research to have anti-inflammatory properties which may aid Crohns
patients (Ulluwishewa et al., 2015). The rise in Faecalibacterium from introducing
digested grass grub merits further analysis, according to this report. New Zealand
insects may have the ability to preferentially change the human gut microbiome.
Given the growing consumer awareness and demand in foods other than those
produced by conventional livestock, more research into novel additional food sources,
such as edible insects are essential.

4.2 Chitins Role in Immunity, Weight Loss and other

Pharmacological Activities

Chitin is the second most abundant polysaccharide in nature, after cellulose, as a
primary component of exoskeletons in arthropods. Chitin is a natural polysaccharide,
which consists of a long-chain polymer N-acetylglucosamine polymer. It is present in

arthropod exoskeletons (Lokman et al., 2019).

Humans are unable to synthesize chitin, because of this the presence of chitin
containing organisms such as nematodes, arthropods and their derivatives, the
immune system is on high alert for potential pathogens. Most of the effects of chitin
are sensed in the lungs or the intestine, where it activates a variety of innate and
adaptive immune cells (Roos et al., 2017). Chitin recruits’ leukocytes, stimulates
cytokine production, and increases the activity of macrophages (Elieh Ali Komi et al.,
2017). The secretion of chitinase activity not only seems to assist in the breakdown of
chitin-producing pathogens but is also thought to be important in preventing microbial
infections and inflammation within the body (Di Rosa et al., 2016). They may
become diagnostic and predictive markers for numerous diseases in the future (Roos
etal., 2017).

Chitosan, a sugar derived commercially from the hard-external exoskeleton of insects
is produced commercially by the deacetylation of chitin. Chitin had lipid-reducing
effects in Broiler chickens who were fed Crickets (Lokman et al., 2019). The

chickens also ate the smallest amount of feed and had the best feed-convert ratio
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(Lokman et al., 2019). As ruminant feed additives, rumen fermentation could be
successfully modulated and methane emissions could be mitigated (Haryati et al.,
2019). Chitosan appears to have antimicrobial, growth promoters, antioxidant
effects, immune stimulation effects on aquatic farmed animals in aquaculture and is
being proposed in water treatment for aquaculture due to its positive impact
(Abdel-Ghany et al., 2019). The pharmacological activities of chitosan in humans
include aiding wound healing post injuries, anti-hypertensive disease, anti-malignant
cells, blood-coagulants, anti-ulcers, anti-microbial diseases, antiviral diseases,

and hypo-cholesterolemic diseases (Figure 12) (Singh et al., 2017)
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Figure 12: Chitins various beneficial pharmacological activities (Singh et al., 2017).

4.3 Antioxidant Activity

In insect species, several studies recorded antioxidant activity (Dutta et al. 2016;
Zielinska et al. 2016). Antioxidants, in general, have the ability to avoid human body

molecular damage, and antioxidant-rich diets have been shown to prevent
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cardiovascular disease and cancer. Although the evidence linking food antioxidants
to a direct health benefit in humans is positive, the evidence needs to consider as the
antioxidant activity changes during the digestive and metabolic processes. In 2017,
the European Food Safety Authority (EFSA) revised its recommendations (EFSA,
2017), reaffirming that antioxidants must be screened in humans in order to be

deemed beneficial.

Di Mattia et al., 2019 contrasted the antioxidant potential of aqueous and liposoluble
extracts from insects with fresh orange juice and olive oil, respectively. Antioxidant
ability is two to three-fold higher in crickets, grasshoppers, silkworms, African
caterpillars, and cicada than in orange juice or olive oil. The ability of water and
liposoluble extracts obtained from 12 commercially available edible insects and two
invertebrates to show an antioxidant effect in vitro is investigated in this paper. The
findings of this study gained widespread publicity due to the claim that edible insects
contained higher antioxidant levels compared to orange juice (Figure 13) and olive oil
(Figure 14) (Di Mattia et al., 2019).
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Figure 13: Trolox Equivalent Antioxidant Capacity (TEAC) antioxidant levels in
edible insects and orange juice (Di Mattia et al., 2019).
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Figure 14: Trolox Equivalent Antioxidant Capacity (TEAC) antioxidant levels in
edible insects and olive oil (Di Mattia et al., 2019).

4.4 Antimicrobial Peptides use Instead of Antibiotics

A large resource of antimicrobial peptides (AMPs) are present within insect
organisms. They can be used to combat the threat of multi-drug resistant pathogens as
alternative to traditional antibiotics. Further research is required on side effects such
as cytotoxicity, immunogenicity, and allergies prior to
administration. Dermatological and ocular disorders, which are at lower risk than

those provided by injection, may be applied initially (Tonk, et al., 2017).
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Figure 15: Various applictaions of AMP including wound healing, anticancer activity and

immunodulation.
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Table 4: Identified AMPs from various insects, the pathogen specie, and their

mechanism of action (De Mandal et al., 2021).

Name of

AMP

ETD151 Defensin
(Heliomicin)

Holosins

Oxysterfing ~ Cecropin
Cecropin D

Cecropin B

Cecropin AD

Hl-attacin Attacin
Prolixicin

SlLeb-1 Lebocin
Apidaecin 1B Drosocin
ApiT95 Apidaecin
EtDip Diptericin
Mk Metchnikowin
Ponericin- Ponericing
Q42

Jelleine-| Jelleines
Pyrhocoricin - Pyrrhocoricin
Melittin Melittin

Type of AMP  Source

Heliothis
virescens

Ixodles holocyclus

Oxysternon
conspicillatum

Galleria mellonella

Antheraea pernyi

Hyalophora
cecropia
Hermetia ilucens

Rhodhnius prolixus

Spodoptera litura

Apis cerana

Enistalis tenax

Drosophila
melanogaster

Ectatomma
Quadnidens

Ais melifera
Pyrrhoconis
aplerus

Apis melifera

3D structure

Pathogenic species

Combine helixand  Botrytis cinerea

beta structure
Cys-stabilized
wp-fold

Linear a-helix

a-Helix

Unknown

Rich

Unknown

Rich

a-Helical folds

Unknown

Non-helix beta

Staphylococcus aureus, Listeria
grayi, F. graminearum, and

C. albicans

Staphylococcus saprophyticus,
Kiebsiella pneumonize, and
Pseudomonas agruginosa

K. pneumoniae (MOR),

P, aeruginosa (MOR)

P aeruginosa

Staphylococcus aureus
E. cofi and methicilin-resistant

Staphylococcus aureus

E. cofi, Gitrobacter freundi,
Enterobacter aerogenes, and
Bacillus coagulans

E. coli and B, subtilis

Escherichia colf and Klebsiela
peumoniae

P, aeruginosa

Candida albicans FH2173 and

Mycobacterium smegmatis ATCC

607
Fusarium graminearum

Arthrobacter globiformis, B, subtis,

E. colf MH1, and P, aeruginosa
PAO1

Candida glabrata and C. albicans

Cell-free £, coli system and
Cryptosporidium parvum

Lactobacilus casei and
Streptococcus mutans
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Molecular mechanism

Interact with glucosylceramides of
the fungal membrane

Peptide-lipid interactions result in
the formation of membrane
penetrating pores

Membrane lysis due to formation of
pores

Blocking the synthesis of the major
outer membrane proteins, thus
disturbing the integrity of the cel
wall

Disrupt cell membrane and cause
cell elongation

Binds to the substrate binding site
of E. colf DnaK to compete with
natural substrates

Insert into bacterial mimic
membranes and initiates a
structural change leading to a
thicker and more rigid membrane
layer

Interacts with the fungal enzyme
B(1,3)-glucanosytransferase Gell
(FgBGT), which is one of the
enzymes responsible for fungal cell
wall synthesis

Membrane blebbing, formation of
swollen cells and finally membrane
destruction and cell death
Increase the production of cellular
ROS and bind with genome DNA

Inhibit the protein folding activity of
the ATP-dependent Dnak/DnaJ
molecular chaperone system

Interact with bacterial membrane

Inhibitory
concentration

IG5y = 050 uM

MC=8uM
MC =5 uM

MC = 125 ug/mi
MIC = 312 ug/ml
MC = 125 pg/mi
MIC = 256 pg/ml
MIC =32 pg/ml

MIC =04 pg/ML

MIC =02 pug/ml

NS

MIC=1.6 uM
MIC = 12.5 uM

MIC = 50 M

NS

MIC = 8 pg/ml

MIC > 1024 pg/ml
MIC = 64 ug/ml

NS

MIC=0.2 uM

MIC =06 kM

MIC =10 pM

MIC and

MFC =30 pg/ml MIC
and MFC = 61 pg/ml
IC for

transcription = 427 uM

MIC = 4 pgiml
MIC = 40 gl
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4.5 Parkinson’s Disease Alleviation

More than 6 million people suffer from Parkinson's disease each year, which causes

100,000 deaths annually. Nguyen et al., 2016 carried out a study that shows that

boiled and freeze-dried silkworm extracts fed to Drosophila (fruit fly) increased

their lifespan, while simultaneously decreasing the incidence of symptoms of the

rotenone-induced Parkinson's disease in the flies (Figure 16). Further analysis is

needed to determine whether such insect-to-bioactivity will pass to from insect-to-

human interactions (Nguyen et al., 2016).
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Figure 16: Silkworm powder extending the lifespan of Drosophila ((Nguyen et al.,

2016).
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4.6 Obesity, Cancer and Type 2 Diabetes

Although improving one's behaviour and lifestyle are the most effective ways to lose
lipid accumulation, pharmacological agents have been established that can aid fat loss
through various physiological pathways (Tonstad et al., 2016). Conclusions from
previous studies have suggested that obese mice have a reduction the in the risk of
type 2 diabetes when a daily consumption of a yellow mealworm larvae powder was
given. The result was weight loss as lipid and triglycerides accumulation in
adipocytes was lessened (Seo et al., 2017).
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Chapter 5 - Potential of insects as a food source

5.1 Transitioning from meat to edible insects

The term "transition™ refers to a broad system innovation that takes place across a
society, with a particular emphasis on core operations such as renewable energy
provision and food system activities (Paloviita, 2021). The protein shift in diets
entails eating significantly less animal protein and significantly more plant-based and
alternative protein sources including edible insects (Ripple et al., 2017; de Boer et al.,
2018). The existing nutritional disproportion among both plant and animal protein
sources in the Western diet is a concern to both human health and the environment (de
Boer et al., 2018). The shift to plant-based diets and alternative protein sources is
widely recognized as a critical and essential component of addressing climate change
(Paloviita, 2021). Figure 18 demonstrates the main trends that are driving the

transition to alternative proteins.

The Intergovernmental Panel on Climate Change's Special Report on Climate Change
and Land (SRCCL) establishes a link between climate change, land use, and societal
change and plant-based diets. Establishing this link can aid in reducing deforestation
and also methane emission by domesticated ruminants (Wolf et al.,, 2019).
Furthermore, animal-based protein systems bring issues about increased soil
degradation and water contamination, as well as animal welfare and health concerns
(Paloviita, 2021). Widening the consumption of plant-based proteins, underutilized
fish and other non-meat sources of protein such insects, mushrooms, algae and
laboratory-grown proteins is justified by the fact that these foods use less energy and
other resources (Gravely et al., 2018). The EAT-Lancet Commission has proposed
that by 2050, current diets be transformed into healthier diets, with more than a 50%
reduction in global consumption of unhealthy foods like red meat, sugar and more
than a 100% increase in consumption of healthy foods like nuts, fruits, vegetables,
and legumes (Willett et al., 2019). Figure 17 determines the main factors that would
make consumers more likely to consume insects regularly as found by Collins et al.,
2019.
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The environmental and nutritional benefits of alternative protein sources are often
emphasized in publications on protein transition to urge consumers to prefer
alternative choices. If the justification for dietary reform were solely based on health,
environmental degradation, and animal rights, on meat-based diets would be the
mainstream in the western world (Paloviita, 2021). As Jallinoja et al., 2016 pointed
out, nutritional and environmental benefits alone are not enough to persuade many
individuals. Consumers do not ingest protein or calories, rather they eat food. This
implies that people do not perceive food as protein, calories, or fats, but instead as
food in the context of their culture, traditions, and surroundings. As a result, specific
criteria must be met while producing proteins for human consumption (Paloviita,
2021). What is basically neededis a larger methodology to encompass the
correlations between protein-related concerns in a sustainable and socially acceptable
manner. Despite the hype around plant-based proteins and alternative protein sources
in the media, meat consumption has only slightly declining (Natural Resources
Institute Finland, 2020).

350
B Availability in my supermarket
300 @ Safety guarantee
O Environmental awareness
250 O Low price
B Seeing others eating them
200 B Quality certification / ecolabel
O Health Benefits
150 @ Insect recipes
B More information
100 B Recommendations from friends
B More advertising
50 @ | can'timagine regularly eating insects
" B Others

Figure 17: The number of survey respondents (from N = 1,020) stating the factors
identified as making them more likely to consume insects on a regular basis (Collins
etal., 2019.)
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Figure 18: Main trends driving the transition to alternative protein sources (Ojha et
al., 2021). .

Alternative protein sources transitions frequently span several domains and sizes.
Previous research has demonstrated that the coevolution of economic, cultural,
technical, ecological, and institutional processes at various scale levels results in
transition. Throughout this coevolution, many domains overlap and influence one
another constantly (Paloviita, 2021). Transition management is a governance
approach for adopting sustainable development used for the implementation of
governance strategies and instruments, and it is one of the many different frameworks
proposed in the transition literature to understand, guide, and accelerate sustainability
transitions (Goddard et al., 2018). New models of governance are required, as well as
a new equilibrium between the state (government), the market (private sector), and
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society (civil). While the government controls both public and commercial sectors,
civil society organizations supplement this dual system of governance (Paloviita,
2021).

Many distinct actors, each with their own set of interests and backgrounds, are
involved in the transition management process, representing a variety of domains at a
variety of levels. Food systems comprise a variety of activities, such as food
production, processing, packaging, distribution, retailing, and consumption (Paloviita,
2021). The power dynamics that exist between these activities have an effect on the
food supply and food system (Lang et al., 2015). Jallinoja et al., 2016, advocate for
societal innovations to alter dominant practices, meanings, and expectations across a
variety of food system domains. As a result, each transition is comprised of co-
evolutionary processes involving changes in requirements, desires, institutions,
culture, and behaviours (Paloviita, 2021). Transition management is a multilayer
governance concept that necessitates significant modifications in current governance

structures (Paloviita, 2021).

Research has identified several different types of domains and levels for the transition
to a more sustainable food system. An omni-standard framework for sustainable food
was presented by the Sustainable Development Commission, which included five
initial domains: quality; social values; the environment; health; and the economy.
Good governance contributes to the further improvement of these sectors (Sustainable
Development Commission, 2011). In the transition literature, there are a number of
recommendations and concepts that are focused on players operating at various scale
levels of transition. A systemic typology such as the multi-level perspective MLP
framework (Paloviita, 2021) separates three analytical levels: niche, regime, and
landscape, and is a systemic typology. Fischer et al., 2016, looked at actors at
different levels of governance in terms of institutional typology: local governance,
regional governance, national governance, and global governance (Paloviita, 2021).
They looked at actors at different levels of governance in terms of institutional
typology: local governance, regional governance, national governance, and global
governance. Diets, dishes, and dish ingredients are the three tiers of a multiple-level
protein transition paradigm suggested by Aiking et al., 2018, and de Boer et al., 2019,

in their protein-specific approach, respectively.
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5.2 Nutritional Content of Edible Insects

The nutritional content and associated health benefits are difficult to generalise as
there are 2,100 edible species (Costa-Neto, 2020). One conflicting example includes
that crickets are high in desired protein (20g), low in calories (153kcal) but contains
undesired levels of sodium (152mg) per 100g whereas beetles contain lower protein
levels (10g), are higher in calories (480kcal) and lower desired sodium levels (119)
per 100g (Gere et al., 2017). The nutritional composition also varies depending upon
the individual insect’s diet, gender, developmental stage, processing affect, and the
insect’s growth environment in relation to the temperature, humidity and photoperiod
(Oonincx et al., 2020). Edible insects have a short life and at each stage there is a
variation in relation to its nutritional content (Paoli et al., 2014). In general, many
edible insect species are rich in high quality protein with all the essential amino acids
present, fatty acids as well as providing vitamins and minerals to humans as part of a
balanced diet (Figure 19).
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Figure 19: Protein and Lipid Content of common edible insects in comparison to

conventional fat and protein sources (Oonincx et al., 2020).
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5.3 Protein Content

There is a promising future for edible insects to be used as an alternative high value-
added product, one that is not damaging the environment and over exploited. There is
a great deal of focus and emphasis on edible insects, since they offer a high-quality
protein, because of their shorter life cycles and can be obtained in a relative brief span

of time compared with traditional animal sources (Imathiu, 2020).

The primary nutrient in edible insects typically, is the protein, which for Isoptera (e.g.,
grasshopper and cricket) varies between 35 and 61 % depending on the insect type
(Kohler et al.,, 2019). Research conducted in Thailand examining the nutritional
composition of Bombay lizard, scarab beetle, house cricket and silkworm protein
reported that all these insects had a high protein content of 27-54 g per 100 g edible
portion (Kéhler et al., 2019). In the western world, edible insects such as crickets
and mealworms currently under consideration are within the range of 19-22 g/100g,
which is shown to be similar to conventional animal protein intake sources
(Kewuyemi et al., 2020). Edible insects are estimated to provide much more protein
for modern diet than superb crop protein sources including soybean protein, with an
average fresh protein content of 60 g/100 g (Imathiu, 2020). Research by Finke from
over 30 years ago evaluated protein content in various insect foods that are fed to rats
indicated that they are comparable or better than soy proteins (Finke et al., 1989). A
rat study conducted in 2013 by Belluco, found that crickets are superior in terms of
protein content in comparison to soy protein (Belluco et al., 2013). On the basis of
these discoveries, insect-derived proteins are theoretically more biologically useful
and are therefore more nutritious to the human diet than plant and animal sources in

terms of protein content (Figure 20).

Not only are edible insects high in protein but they are also more digestible (76-98%)
than plant-based proteins including peanuts (52%) and lentils (52%) (Kim et al.,
2019). For reference, egg whites are 100% digestible by humans in general. The
variability results from chitin, a polysaccharide present in the exoskeleton of the
insects. The presence of chitin can interfere with the digestibility of the protein

(Lokman et al., 2019). Since 76-98% of edible insect proteins are highly digestible,
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many protein sources can be classed as their essential, high-value sources of protein
(Imathiu, 2020).

Edible insects contain all of the essential amino acids therefore are a source of high-
quality protein and generally meets the World Health Organisations (WHQO) amino
acid content requirement (Table 5) (Oonincx et al., 2020). Insects are rich in protein,
comprising between 7 to 91% of the total dry matter with many species containing
more than 60% protein (Oonincx et al., 2020). The relation between animal-based
protein sources, such as processed and red meats, and new research studies of new,
non-communicable linked diseases such as cancer, encourages a rise in interest in
consuming edible insects as a protein source (Imathiu, 2020). Edible insects are a rich
source of tyrosine and phenylalanine but sometimes lack lysine and tryptophan
(Oonincx et al., 2020). Edible insects are a rich source of tyrosine and phenylalanine
but sometimes lack lysine and tryptophan (Kohler et al., 2019). Yi et al also
conducted a study in 2013 on crickets and mealworm species and concluded that the
protein content was comparable to that of meat products (Yi et al., 2013) Four edible
insect species currently consumed in Nigeria contain all the essential amino acids
(Kewuyemi et al., 2020).
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Figure 20: Insect proteins in comparison to plant and animal sources (Imathiu, 2020)
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Table 5: Amino acid composition of different insects and their composition with soya,

beef and eggs (Oonincx et al., 2020).

G. belina Mature WHO/FAO/
(larva) T. molitor | G. testaceus orthoptspecies | soyabean seed Beef | Egg PS adults
Essential amino acid Essential amino acids (g/100 g dry weight)
Isoleucine 2.15 247 3.09 3.08 1.76 1.6 243 2814
Leucine 3.12 522 5.52 7.13 285 42 4.15 6.6 2.7
Lysine 3.58 2.68 479 5.54 239 4.5 3.33 582.1
Methionine 1 0.63 1.93 1.92 048 1.6 1.49
Phenylalanine 2.55 1.73 2.86 5.60 1.8 24 2.53
Threonine 2.74 2.02 275 3.52 1.59 2.5 2.13 341.0
Tryptophan 0.56 0.39 - 0.61 0.48 025 | 077 1.103
Valine 2.175 2.89 442 5.08 1.77 2 299 3518
Histidene 1.5 1.55 1.94 2.07 1.07 2 1.20 1907
Methionine + cysleine 2.04 1.05 294 347 0.84 219 | 256 291.0
Phenylalanine + tyrosine | 5.63 533 6.8 12.41 323 4.6 449 6317
Total 22.02 22.55 2931 40.34 15.14 2165 | 2149 | 31.411.7
Semiessential amino acids (g/100 g dry weight)
Arginine 2.85 2.55 3.68 473 32 33 3.07
Cysleine 1.04 0.42 1.01 1.55 0.36 0.59 1.07
Tyrosine 3.08 3.6 3.94 6.81 143 22 1.96
Essential amino acid Essential amino acids (g/100g dry weight)
Nonessential amino acids (g/100 g dry weight)
Alanine 2.52 4.04 5.55 6.51 1.79 3 2.70
Aspartic acid 53 4 6.29 7.20 4.64 52 5.02
Cysteine 3.58 0.42 - 1.46 2.39 0.59 | 1.88
Glycine 2.26 273 3.62 5.63 1.66 24 1.62
Glutamic acid 6.08 5.54 9.07 8.54 7.48 9 6.39
Serine 2.7 - 372 4.17 222 2.7 6.07
Proline 2.46 341 4.5 5.91 1.87 2.8 292
Taurene - 21 - - -

5.4 Lipid Content

After the high protein content, fat would be the second largest component of edible
insects nutritional composition. The content and composition of fatty acids in insect
lipids are affected by the individual species, gender, reproductive stage (nymph or
adult), the insects diet, habitat, environmental temperature , season , energy
expenditure (Schluter et al., 2017). The fat content of Orthoptera (e.g., crickets and
grasshoppers) and Coleoptera (e.g., grubs (insect larvae)) edible insects varies from
13 to 33 % for all edible insect forms (Jantzen et al., 2020).

It's worth noting, however, that larvae of insects like caterpillars have the greatest
calorie count as compared to adult form (Sabolovéa et al., 2016). Due to its high lipid
content, edible insect larvae could be used to prevent malnutrition in developing
countries by providing a highly calorific food. For example, the larvae of the beetle,
palm weevil contains 67% fat (Tao et al., 2018) The African palm weevil is
considered a delicacy in certain parts of Africa. The African palm weevil and

Lepidopteran caterpillar larvae contain the highest amount of fat out of all the edible
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insects. Insects containing a hard exoskeleton have lower lipid level (Tao et al.,
2018). Examples include Orthoptera species including crickets, grasshoppers and
locust that contain 13% fat (Table 6) (Schluter et al., 2017).

Table 6: Energy content of selected edible insects (Schluter et al., 2017).

Insects Scientific name kcal/100g (fresh weight)
Locust adult (raw) Chortoicetes terminifera 499
Migratory locust (raw) Locusta migratoria 179
Brown-spotted locust (raw) | Cyriacanthacris latarica 89
Rice grasshopper (raw) Oxya japonica 149
Red-legged Melanoplus femurrubrum 160
grasshopper (raw)

Field cricket (raw) Gryvllus bimaculatus 120
Weaver ant Oecophylla smaragdina 1272
Leaf-cutter ant (raw) Anta mexicana 404
Honey ant (raw) Myvrmecocystu melliger 116
Mealworm larva Tenebrio molitor 206
Adult mealworm Tenebrio molitor 138
Silkworm pupa (raw) Bombyx mori 94
Giant water bug (raw) Lethocerus indicus 165

Edible insects have a polyunsaturated fatty acid (PUFA) content similar to fish and
poultry, implying that insects could provide environmentally cleaner, healthier fats to
human nutrition than well-known conventional sources such as fatty fish like salmon
and trout (Imathiu, 2020). When it comes to the prevention of coronary heart disease,
edible insects can be considered to be safer sources of nutrition than, for example,
beef and pork, which contain more monosaturated fatty acids than polyunsaturated
fatty acids (Imathiu, 2020). It has also been documented that, based on the variety,
insects accumulate substantially reduced cholesterol levels than animal-based foods
(Jantzen et al., 2020) and may also produce plant sterols, making them a nutritious
food source (Sabolova et al., 2016). Insects sometimes do contain linolenic acid and
linoleic acid which can be used to synthesise EPA and arachidonic acid which are

essential for cellular functions (Calder, 2017).

Females also tend to have a higher lipid content than males (Castro et al., 2018).

Edible insects generally have a higher unsaturated fatty acid profile than saturated
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fatty acids (Castro et al., 2018 Exceptions include Imbrasia ertli caterpillars which
comprises of 38% saturated fatty acids, termites contain 41.97% saturated fatty acids
and ants, bees, and wasps comprise of 30.93% saturated fatty acids (Schluter et al.,
2017).

On a dry weight basis, their lipid varies from 10% to 50% (Jantzen et al., 2020).
Palmitic and oleic acids are indeed the dominant fatty acids in the oils of larvae
insects, while palmitic and linoleic acids seem to be the dominant fatty acids of
more mature insects (Jantzen et al., 2020). It's not unusual to see a wide range of
fatty acid composition among many of the insects as their animal kingdom is so large
and diverse (Table 7). Insects get their lipids from their diet or produce them
themselves. These lipids are retained in lipid cells, then deteriorated, extracted, and
transferred to their end location where the calories can be utilised when necessary
(Jantzen et al., 2020).

Table 7: Composition of the main fatty acids in different species of insects

Main fatty acids Composition of main fatty acids (% oil content) Type
Tinbrasia sp.

Rhyynchophorus phoenicis | (saturnid Ruspolia differens (edible Maerotermes sp.

(African palm weevil) caterpillar) grasshopper) (termites)
Palmitic acid ] 30 SFA
Palmitoleic acid K 28 MUFA
Oleic acid 9 4% MUFA
Linoleic acid 45 7 46 PUFA
a-Linoleic acid 18 16 PUFA
y-Linoleic acid PUFA
Stearic acid 9 SFA
Fat content (% dry matter) 54 24 67 49

Triacylglycerol makes up about 80% of the lipid content and serves as an energy
reserve during times of high energy consumption (Jantzen et al., 2020).
Phospholipids are the second most common lipid class, and they play a significant
role in cell membrane formation (Castro et al., 2018). Linoleic (18:2 n-6) and -
linolenic (18:3 n-3) are essential fatty acids that are polyunsaturated and cannot be
produced by mammalian cells, so they must be consumed via food intake (Bazinet et
al., 2014). They have the potential to avoid cancer and heart disease (Baker et al.,
2016). Long chain polyunsaturated fatty acids (PUFA) including arachidonic acid,
eicosapentaenoic acid, and docosahexaenoic acid are synthesized from these fatty
acids (Jantzen et al.,, 2020). They are needed to keep cell membranes, cognitive
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ability, and neuron signal transmissions functioning normally (Bazinet et al., 2014).
These PUFASs have been found in edible insects in some studies (Zhang et al., 2020).
In addition, as compared to other more common sources (e.g., fish) of linoleic acids
(18: 2 n-6) and -linolenic acids (18: 3 n-3), edible insects have a greater value of
linoleic acids (18: 2 n-6) and -linolenic acids (18: 3 n-3) (Jantzen et al., 2020).

Since most insect fatty acids are liquid at room temperature (25°C), they are referred
to as "insect oil." Important unsaturated fatty acids like linoleic acid and alpha-
linolenic acid are abundant in these oils. Insect oils' liquid nature makes them suitable
for use in mayonnaise, frying oils, and among many other food- based applications
which needs to be explored more. "Insect fat" refers to insect lipids that are stable at
room temperature i.e., not in a liquid state (Jantzen et al., 2020). This insect fat's
solid state contains a high concentration of saturated fatty acids, ranging from 57 to
75% of total (Ushakova et al., 2016), making it especially appealing for use in pasta,

baked goods, and butters, amongst many other food production (Sosa et al., 2017).

5.5 Vitamins and Mineral Content

Numerous vitamins and minerals are found in insects. According to Schliter, the
majority of edible insects contain sufficient phosphorous to satisfy the dietary
requirements of adults (Schliter et al., 2019). Kohler has also stated that various
types of insects, especially crickets, locusts and grasshoppers provide a considerable
quantity of magnesium (Kohler et al., 2019). Additionally, insects are proven to be a
positive source of manganese, copper, selenium, zinc, iron, and calcium (Table 8). In
particular, ingredient edible insects have shown to contain more calcium, zinc and
iron than chicken, pork and beef which means that the alternative mineral source in
developing countries is promising for developing countries ere malnutrition is rife.
For example, the proportion of people at risk of zinc deficiency is 17%, while those at
risk for iron deficiency is higher at 25% (Imathiu, 2020)._The minimal sodium levels
in edible insects allow this form of food for people with a high sodium sensitivity to
be easily and conveniently integrated into low sodium diets (Schliter et al., 2019).
Orkusz documented that insects despite the species and development stage (e.g.

larvae, adults) have higher levels of calcium, zinc, copper, and manganese contents
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than meat (Orkusz, 2021). The study found that the highest iron content was found in

Gonimbrasia belina larvae has an iron content of 51.05 mg/100 g.

Insects are typically rich in various vitamins such as riboflavin, biotin, and
pantothenic acid. Folic acid is especially abundant in grasshoppers, locusts, beetles,
and crickets. While other vitamins are present in trace amounts in edible insects, it is
speculated that their concentrations can be affected and/or regulated via feed

manipulation (Imathiu, 2020).

Table 8: Vitamin and mineral content of different insect species and conventional

meat sources

Insects Ca Fe In K Mg Niacin Bppg Thiamin Riboflavin
Cricket 40.7 1.9 6.7 347 337 38 54 04 34.1
Mealworm 23.1 22 46 340 60.6 5.6 0.5 2.1 8.1
Waxworm 243 5 25 221 32.6 37 0.1 23 7.3
Black soldier fly (larvae) 034.2 6.6 13 453 40 7.1 55 1.7 16.2
Silkworm 17.7 1.6 3.1 326 49.8 2.6 0.1 33 94
Cockroach (nymph) 38 14 3.2 224 50 44 237 = =
House fly 76 12.5 8.5 303 80.6 9 0.6 11.3 712
Mopane (caterpillar) 174 31 14 1032 160 - - - -
Chicken (skinless) 12 09 1.5 229 25 8.2 0.4 - -
Beef, 90% lean, g 13 2.7 6.3 333 22 5.6 21 0.5 1.8
Salmon (wild) 12 0.8 0.6 490 29 7.8 32 - -
RDA® (mg/day) 1000 10 10 4700 400 12 2.0 - -

Values are expressed in mg/kg unless and otherwise stated; —=not entered.
Ca=calcium; Fe=iron; Zn=zinc; K=polassium; Mg =magnesium.
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Chapter 6 - Environmental Impact of insect production

6.1 The Need to Replace Current Traditional Farming

In 2015, 195 countries signed the first legally binding global climate change deal to
aim to limit a global temperature change to less than 2 °C above pre-industrial levels
(Nyamwanza et al., 2017). The agreement aims to limit the temperature increase to
1.5 °C which would aid climate change (Wollenberg et al., 2016). There has been a
great emphasis placed on a sustainable, low environmental impact diets that aids food
security for the future generations to come (Berry et al., 2015). The sustainability of
meat production and consumption has come under a lot of scrutiny in recent years due
to the harmful impact it has upon the environment (Hedenus et al., 2014). Since
livestock are a huge contributor to climate change, mitigation strategies are needed to
combat the potentially disastrous outcome and to meet the legally binding 2°C
temperature increase target set out by the United Nations in relation to climate change
(Orkusz et al., 2021). Green House Gas (GHG) emissions are set to reach over 150
gigatons by 2100 if no climate policies are implemented (Figure 21) (Goa et al.,
2017).

Reducing meat consumption is essential to avoid further damage to the environment
(Orkusz et al., 2021). Meat demand by consumers is expected to rise from current
levels by more than 75% in 2050 mainly due to a population boom. It is predicted that
developing countries meat intake will rise from 28kg/person/year in 2005-2007 to
42kg/person/year in 2050 due to less poverty and rising incomes. It is predicted that in
developed countries meat consumption will rise from 80kg/person/year in 2005-2007
to 91kg/person/year in 2050 due to a prosperous and urbanised lifestyle (Herrero et
al. 2015). Current trends predict an estimated 70 to 80% increase in meat and milk
demand by 2050. In 2017, the United Nations increased the medium variant
projections to 9.1 billion for 2050 and 11.2 billion for 2100 (Guine et al., 2020).

Meat production is expected to rise to from 258 million tonnes in 2005 to 2007 to 374
million tonnes in 2030 and to 455 million tonnes in 2050. These figures represent
both developed and developing countries. The figures are disproportional as
developed countries account for a 113% rise from 2005/2007 to 2050 whereas
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developed countries account for a 27% rise in meat production (Table 9) (Orkusz et
al., 2021).

Global greenhouse gas emission pathways
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Figure 21: Global Greenhouse Gas Emission Projected Pathway (Gao et al, 2017)

Within the human global diet, meat consumption represents 15% of the Daily Energy
Supply (DES), whilst 80% of agricultural land is used to produce livestock feed,
fodder, and grazing land. This can be sub sectioned into 3,400 ha as pastureland and
500 million ha as land for growing crops to be used for animals (Herrero et al., 2015;
Herrero et al., 2016).

Not only does livestock production have negative impacts upon the environment, but
it also decreases the food supply for human consumption as the grains that are fed to
poultry and pigs could be used as a food supply for humans especially when the
population is increasing at a rapid rate. The worlds cereal production fed to animals
accounts for about one third of total use (Mottet et al., 2017). A combination of
factors including increased global demand for meat alongside the restrained

availability of land has prompted the pursuit for alternative meat sources. Edible
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insects have been hailed at a potential solution to reducing emissions from traditional

farming whilst also being a solution to the global food shortage.

Table 9: Increases in population, calorie supply and agricultural production from 1961

to 2050.
Init 1961/1963 | 20052007 2030 | 2050 |
Population# million persons 3133 6 569 8276 0111
Daily energy supply (DES) keal/person/day 21231 2772 2960 3070
Total production® index (2005/2007 = 100) 37 100 138 160
Cereals** million tonnes 343 2068 2720 3009
Meat production million tonnes 2 258 374 455
Population million persons 2140 5218 6 839 7671
Daily energy supply (DES) kcal/person/day 1 884 2619 2 B60 3000
Total production index (20052007 = 100) 24 100 147 177
Cereals million tonnes 353 1 164 1572 1 812
Meat production million tonnes 20 149 243 317
Population million persons 1012 1351 1 437 1 439
Daily energy supply (DES) kcal/person/day 2 983 3360 3430 3490
Total production index (2005/2007 = 100) 6d 100 118 124
Cereals million tonnes 500 904 1 148 1197
Meat production million tonnes 52 109 130 138

# UN 2008 Assessment (Medium-fertility variant); the countries included in this study cover in 2005/200

99.7% of the world population.
* Invalue terms (2004/06 International Commodity Prices).
** Including nice in nulled form.

6.2. Life Cycle Assessment

Life cycle assessment is a technique that can be used to evaluate the environmental
impact insect production will cause at all stages of their development. When insects
are commercially produced, whether it be for human consumption or animal feed, this
will have an impact upon the environment e.g., the respiration and metabolism of the
insects and their faeces will produce CO2, CH4, N20O, and NHs. When comparing the
impact edible insects have upon the environment in comparison to traditional farming
methods, insects are exceptionally efficient at converting organic matter feed into

high quality protein and fat (van Huis et al., 2017). In order to conduct a life cycle
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assessment, 1SO standards (ISO 14040:2006 and ISO 14044:2006) should be
followed (Figure 22).

Goal and
scope

Life cycle Interpretation

inventory , of results

Iimpact
Assessment

Figure 22: Stages of a life cycle assessment (LCA) as per ISO 14044:2006 (Halloran
etal., 2016).

A Life Cycle Assessments (LCA) of insect production can be carried out by using a
benchmark. For example, mealworms that are rich in protein can be used to as a
benchmark against human consumed milk and meat. A feed ingredient that’s rich in
protein including soybean meal and fish meal can be used as a benchmark against
black soldier flies and houseflies (van Huis et al., 2017). These studies conclude that

the energy usage by the insects during production are far superior to their benchmark.

Furthermore, three separate studies conducted in by Smetana found that insects are
environmentally friendly. In 2019 Smetana discovered that insects are much easier to
grow than larger vertebrae animals that are used for human consumption. In
comparison to the production of chickens, insect production is twice more sustainable.
The study also found from the pilot study that the protein concentrates are comparable
to animal derived products including whey, egg protein, fishmeal, and microalgae, but
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without the negative environmental impact (Smetana et al., 2019). A previous study
conducted in 2016 by Smetana found that insect based foods can be friendlier to the
environment in comparison to traditionally produced protein rich foods (Smetana et
al., 2016). The researchers compared the environmental impact of meat substitutes
and found that insect based and soy based products had the lowest environmental

impact (Smetana et al., 2015).

Table 9: Comparison of environmental impacts of 1kg of edible mass and 1kg of

edible protein within the mass (Halloran et al., 2017).

Impact category Unit 1 kg edible component 1 kg edible protein content
Broiler Current cricket  Future cricket  Broiler Current cricket  Future cricket
farm farm farm farm farm farm
Acidification Mole of Ht eq 012 0.08 0.05 0.25 0.14 0.079
Climate change, excl biogenic carbon kg COz eq 3.90 257 1.1 821 435 2
Climate change, incl. biogenic carbon kg COz eq 4.06 229 155 857 3.87 246
Freshwater ecotoxicity CTUe 3545 2641 17.40 74.81 4464 2760
Freshwater eutrophication kg Peq 0.00052 0.00047 0.00031 0.0011 0.00075 0.00050
Marine eutrophication kg N-Equiv 0.031 0.020 0.013 0.065 0.033 0.021
Terrestrial eutrophication Mole of N eq 0.49 040 020 1.02 0.55 032
Human toxicity, cancer effects CTUh 0.00000013  0.00000010 0.000000087  0.00000028 0.00000017 0.00000014
Human toxicity, non-cancer effects CTUh 0.00000075  0.00000050 0.00000034 00000016  0.00000085 0.00000054
lonizing radiation, human health kBg U235 eq 0.19 019 0.13 0.40 032 021
Ozone depletion kg CFC-11eq  0.00000010 0.00000013 0.000000062  0.00000023 0.00000027 0.000000099
Particulate matter{Respiratory inorganics kg PM2,5-Equiv  0.0086 0.0050 0.0035 0.018 0.0085 0.0056
Photochemical ozone formation, human health kg NMVOC 0.021 0.013 0.0088 0.043 0022 0.014
Water depletion m’ eq 0.44 042 030 0.94 on 047
Resource depletion, mineral, fossils and renewables kg Sb-Equiv 0.000020  0.000026 0.000015 0.000041 0.000043 0.000024

Furthermore, a study conducted in 2017 by Halloran et al found that poultry
production produces 89% higher greenhouse gas emissions than crickets, based on an
edible protein basis (Halloran et al., 2017). Halloran also conducted 15 other
environmental impact experiments using the International Reference Life Cycle Data
System (ILCD) method. Ozone depletion is one of the environmental impacts that
include climate change and global warming potential as well as human health hazards
such as cancer and radiation poisoning. The other environmental impacts include the
depletion of water resources and the depletion of mineral and renewable resources.
(Halloran et al., 2017). The results can be seen in Table 9 where cricket production
had a lower or similar impact on the environment in comparison to poultry
production. Cricket farming in Thailand is leading the way in terms of how advanced
the farms are. Cricket farming can be viewed as a ‘mini-livestock’ production system

that support many rural farmers in Thailand. There were over 20,000 cricket farms in
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Thailand in 2013 (Hanboonsong et al., 2013). There is currently not up to date data

as to how many cricket farms are currently in Thailand.

6.3 Feed Conversion Ratios

An approximate 80% of agricultural greenhouse gas (GHG) emissions are from
livestock production which includes emissions from land used for grazing, from the
resources used to produce animal cereals as well as from the transport of feed and
meat globally (Guiné et al.,  2020). This covers a wide range of sources of
GHG emissions. In this regard, alternative solutions depend on the provision of
insect-based protein due to the minor environmental effects of insect farming. In
comparison to conventional livestock animals, insects have a unique set of physical
traits and biological structures that allow for maximum efficiency in the conversion of
feed protein into animal protein and feed energy into food energy (Guine et al., 2021).
In contrast to homeothermic (hot-blooded) species, insect’s physiology does not
require energy to regulate their body temperature because they are poikilothermic
(i.e., their internal temperature varies widely). Therefore, the feed conversion ratio
(FCR), also known as feed conversion efficiency (FCE), is significantly higher in
insects. FCRs differ significantly dependent on the animal type and the specific

conditions of each production (Guine et al., 2021).

According to estimates based on statistics, the FCRs for conventional meat production
methods are 10 for beef, 5 for pork, and 2.5 for chicken, while the FCRs for edible
insects are substantially lower at about 1 (Guine et al., 2021). When compared to
crickets, Figure 23 shows the comparative input and output balance for beef and
cricket production, showing that to obtain 1 kg of beef, 3,000 times more water is
consumed, 12.5 times more feed is consumed, and the necessary land requirements

are much higher (Halloran et al. 2016).

58



A \
G )

24202 Lt 1 kg beer o B Crickey

&.. -."o

@ Extensive land

Figure 23: Comparative input and output of FCR balance in beef and cricket

Small cubicle ™

production.

When compared to other animal proteins, rearing edible insects has a lower
environmental effect. As shown in Figure 24, the environmental impacts of insect
production are significantly lower than those of other forms of livestock, such as
poultry, pigs, and cattle, when evaluating feed conversion, land utilization, and water
consumption. The graphs show the feed, soil, and water requirements for producing
an equal amount of insect, chicken, pig, and beef. Insects need the least amount of
feed, land, and water, followed by chicken, pig, and cows. Cows, on the other hand,
demand over five times the amount of feed, land, and water that insects do. Beef,
pork, and poultry have protein efficiency values of 190, 150, and 200 g protein/kg of
edible mass, respectively, while cricket nymphs and adults have protein efficiency

values of 154 and 205 g/kg, respectively (Guiné et al., 2020).
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Chapter 7 — Sustainability Developmental Goals (SDGSs)

By sealing energy and nutrient circuits, promoting food security, and mitigating
climate change and biodiversity loss, the edible insect industry may play a critical role
in achieving the Sustainable Development Goals. SDGs that may have an impact on
insects both directly and indirectly are included below. United Nations (UN)
"Transforming Our World: The 2030 Agenda for Sustainable Development" approved
17 Sustainable Development Goals (SDGs) in order to inspire engagement and
movement in important areas for mankind and planet Earth over the next 15 years.
SDG Goals 1, 3, 4, 5, and 10 relate to well-being, goals 2, 6, 7, 8, 9, 11 and 12 relate
to infrastructure and goals 13, 14 and 15 relate to the natural environment. The
relationship between edible insects and these SDG goals will be further explored

below.

SDGs directly affected by SDGs indirectly affected by | Other SDGs
edible insects edible insects
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Figure 25: Interaction map between insects and sustainable development goals.
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Employing new and sustainable food production systems, such as insect farming in
order to produce food for human and animal consumption, can help achieve several of
the Sustainable Development Goals (SDGs) authors (Dicke, 2018; Usman et al.,
2020; Dangles et al., 2019; Chia et al., 2019; Barragan-Fonseca et al., 2020). A
number of different authors (Dicke, 2018; Usman et al., 2020; Dangles et al., 2019)
have suggested that insect farming might help achieve various SDGs, both directly

and indirectly. This study's goal was to look at each of the Sustainable Development
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Goals in detail and see how edible insects fit into those goals, including both the
direct and indirect consequences (Figure 25). Associations connecting SDGs have
also been documented in order to enhance the results and efforts to achieving the
objectives better.

7.1 SDGs Directly Affected by Edible Insects

SDG 2. End Hunger, Achieve Food Security, and Improved Nutrition

and Promote Sustainable Agriculture

The inclusion of insects as a substantial proportion of animal feed might alleviate
small-scale livestock farmers' reliance on pricey and imported feed, which acts as a
bottleneck. Furthermore, by rearing insects on local waste streams, any surpluses
may be repurposed as bio fertilizer, allowing farmers to become more self-sufficient
in terms of externally purchased produced chemical fertilizers (Barragan-Fonseca et
al., 2020). Throughout many locations throughout the globe, other than in the
majority of Western countries, insects are greatly regarded as edible food and are seen
as a delicacy. Nevertheless, western societies have recently reassessed entomophagy
as a component of a more healthy and ecologically responsible diet. This has
contributed to the advancement of international research, technological advancements,
and development in this growing sector (Turck et al., 2021; Mancini et al., 2019a).
Consequently, insects have the potential to be a sustainable and healthy food and feed
replacement, stimulating proactive discussionsand operational initiatives
between wealthy industrialised, developing, and low-income nations. Insect
harvesting, rearing, and processing, in particular, have the potential to play a
significant role in ensuring access to healthy and adequate food, economic growth,
equitable market access, and social participation for underprivileged communities.
The legality side of the use of insects as food and feed must be improved, and the
legal status of insects as food and feed must be harmonized around the world, in terms
of facilitating the worldwide use of this sustainable source and to encourage
investments and interest in both residential and commercial manufacturing (Moruzzo
etal., 2021).
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SDG 3. Ensure healthy lives and promote well-being for all at all ages
Famine is a significant concern, with between 720 and 811 million people worldwide
facing hunger in 2020 (FAO IFAD and WFP, 2021). The global population impacted
by hunger grew in 2020, primarily dueto the COVID-19 pandemic. Despite
maintaining relatively stable between 2014 and 2019, the prevalence of
undernourishment (PoU) increased to roughly 9.9 percent in 2020, up from 8.4
percent in 2019 (Lakner et al., 2021). Using the predicted range's median (768
million), 118 million more people faced hunger in 2020 than in 2019 — or as many as
161 million using the estimated range's highest limit (Figure 26). The COVID-19
pandemic is expected to have driven an extra 119 million to 124 million people into
severe poverty in 2020 and 2021 (Laborde et al., 2021)

Animal proteins have a critical role in human growth and maintenance of a healthy
mind and body. However, the present high consumption of animal protein from
traditional farming methods in the developed countries are associated with a rising
number of health problems (Dicke, 2018). Therefore, reducing the consumption of
meat in developed nations benefits not just food security and moreover population
health and wellbeing. Additionally, agricultural production has an indirect impact on
human health, including climate change and the effect on of biodiversity. (Gasparrini
et al.,, 2017; Van den Bosch et al., 2017). Thus, addressing the different SDGs
outlined in Figure 26 is inextricably related to the task of supplying nutritious food for
humanity regardless of income. Thus, advancements in sustainable farming and food
production methods have established a strong connection between nutrition,
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the environment, and human health and wellbeing for people of all ages (Tilman et
al., 2014).
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Figure 26: The number of undernourished people in the world continued to rise in
2020. Between 720 and 811 million people in the world faced hunger in 2020.
Considering the middle of the projected range (768 million), 118 million more people
faced hunger in 2020 than in 2019, or as many as 161 million considering the upper
bound of the ranges. The projected values for 2020 are illustrated by the dotted lines
(FAO, 2021).

SDG 6. Ensure Availability and Sustainable Management of Water

and Sanitation for All

When insects are raised directly on human and animal faeces, insects can contribute to
enhanced water cleanliness. Numerous insect taxa, primarily flies, currently rely on
faeces as their primary dietary supply throughout both larval and adult phases. Insects
feeding on excrement can help to significantly reduce pollution while also improving
the sanitation of these materials (Mutsakatira et al., 2018). Additionally, research
conducted in South Africa demonstrated the usefulness of black soldier fly larvae in
faecal sludge treatment (Maleba et al., 2016). Several investigations revealed that the

black soldier fly can be raised on fresh human faeces (Nyakeri et al., 2017). Similarly,

64



animal manure from cows, chickens, and pigs have been examined and found to be
beneficial as a food source for insects (Rehman et al., 2019; Xiao et al., 2018; Chen et
al., 2019; Ur Rehman et al., 2017. This type of substrate might be used to raise insects
for feed or for the generation of energy including biofuel, and the faeces of these
insects could be utilized as fertilizer for agricultural land (Xiao et al., 2018).
Undeniably, sanitary and legal concerns may develop when using these waste
products as a raising substrate, particularly for insects meant for food and feed
therefore more research is necessary and regulations and hygiene standards must be
considered (Bosch et al., 2019). Several research investigations have even revealed a
reduction in infections or the absence of bioaccumulation of dioxins, polychlorinated
biphenyls, and polycyclic aromatic hydrocarbons, as well as selected pesticides,
medicines, and mycotoxins, in black solider fly larvae (Bosch et al., 2017; Purschke
et al., 2017; Charlton et al., 2015). On the other hand, bioaccumulation may occur in
BSF larvae in connection to the uptake of cadmium, lead, mercury, zinc, and arsenic
(Biancarosa et al., 2018; Van der Fels-Klerx et al., 2018).

A noteworthy point is that insects might be employed for energy generation, which
would help cut down on polluting activities. Furthermore, but feed-food products that
are created from insects have the potential to reduce the amount of water required in
traditional farming agricultural system when compared to an insects farming system.
Water shortage might be alleviated without harming feed—food productions because
of insects' low water requirements.in some circumstances, zero water is needed

as moisture is found in the feed given to the insects (Moruzzo et al., 2021).

SDG 9. Build Resilient Infrastructure, Promote Inclusive and

Sustainable Industrialization and Foster Innovation

Three methods exist for obtaining edible insects. This comprises of natural harvesting,
semi-domestication, which entails manipulating habitats to boost output, and fully
domesticated insect farming, which may take place on a small scale or in a
bigger factory setting (Yen et al., 2015). When only edible insects are considered for
entomophagy, wild gathering accounts for approximately 92%, whereas semi-
domesticated insects represent just 6%, according to Yen et al., 2015. As a result, just
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2% of edible insects are domestically farmed at present. However, owing to seasonal
and regional changes, insects are not always accessible year-round in the wild. Thus,
mass industrial scale edible insect cultivation, aided by responsible insect
reproduction, sustainable farming methods, and efficient processing technologies,
have the potential to alleviate supply restrictions and reduce the price of edible insects

to make this resource available to all.

As far as producing insects for food and feed goes, domesticated farming is perhaps
the most effective approach thus far (Van Huis, 2015), and this might lead to a major
novel economic sector on an industrial mass scale with standardized processes. Insect
farming in small and medium-sized enterprises (SMEs) might result in the production
of nutrient dense food for human consumptionin a short space of timeand
inexpensive innovative technology approach (Raheem et al., 2019). Due to affordable
investment costs (unit/protein produced), comparatively straightforward management
(i.e., no in-depth knowledge is required), short production cycle, and high feed
conversion efficiency, insect farming provides for swift investment and considerable
economic profits considering that there is minimal environmental impressions if
bred on waste side stream substrates (Figure 27). Increased economic activity due to
increased employment opportunities and the implementation of innovative
technologies may have a beneficial effect on developing communities that have a low
income (Chia et al., 2019). Additionally, as noted by Van Huis et al., 20173, edible
insect harvesting is a source of traditional income and plays a significant social role in

nations where edible insects are historically gathered.
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Figure 27: Insects can transform organic waste streams (‘biowaste’) into high-quality
animal protein for food and feed. (A) current situation; (B) future situation, where red

arrows indicate new biomass streams (Dicke et al., 2018).

SDG 12. Ensure Sustainable Consumption and Production Patterns

The ultimate objective of a sustainable food production and consumption system is to
convert materials and energy in a mechanism that human well-being is maintained or
perhaps even improved while not adversely damaging natural resources and the
environment (Bengtsson et al., 2018). Inadequate food use and waste pose severe
concerns to the long-term viability of our food supply chains. As claimed by the Food
and Agriculture Organization of the United Nations (FAQO), approximately one-third
of worldwide food produced for human consumption (c.a. 1.3 billion tonnes per year)
is wasted or lost globally (Moruzzo et al., 2021). One of the Sustainable Development
Goals 12 targets is to half global per capita food waste at the retail and consumer
levels, as well as minimize food losses across the production and supply chains,
notably post-harvest losses. When applied to the food system, the idea of Circular
Economy (CE) may provide tools to improve and optimize the system's long-term
viability (Jurgilevich et al., 2016). Various researchers have emphasized the
significance of insects in CE, underlining the fact that insect agriculture is an ideal
illustration within the CE (Madau et al., 2020; Derler et al., 2021). To be specific,
employing food waste to raise insects for food production is a novel and appealing
method for completing the loop of the food value chain. Insect farming is a simple

method that may be accomplished via the repurposing of food and organic waste
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while not having significant consequences for production processes and quality of the
finished product (Ojha et al., 2020). Certainly, life-cycle evaluations may be used to
examine the direct and indirect impacts of insects in the context of CE (Halloran et
al., 2016; Van Huis et al., 2017b). Life-cycle evaluations often have both direct and
indirect repercussions, which may lead in a trade-off between both the impacts on
land use and the implications on combating climate change. It is necessary to consider
and seriously evaluate all of the elements involved, as reported by Dicke et al., 2018.
Furthermore, waste et streams might be employed in insect farming for feed and food
reasons, reducing land usage and losses, these resources could be diverted to other

types of environmentally friendly production, including bioenergy (Figure 28).
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Figure 28: Edible insects Fermentation Processing Technique and Insect-based

products (Castro-Lopez et al., 2020)

SDG 13. Take Urgent Action to Combat Climate Change and Its

Impacts

Livestock emissions, both directly and indirectly, have a significant impact on global
greenhouse gas (GHG) emission levels. According to the FAOQO's publication

on "Livestock's Long Shadow: Environmental Issues and Options,” livestock is
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responsible for approximately 9% of total co2 emissions, 37% of methane emissions
due torumen fermentation, and 65% of nitrous oxide emissions (Moruzzo et al.,
2021). According to this estimate, livestock contributes around 18% of the total CO2
equivalent of climate change to the atmosphere. The quantity of GHG emissions and
ammonia produced by insects is extremely modest. A cost-benefit study of five edible
insect rearing methods designed for GHG generation and its environmental
impact and food production as the benefit was carried out by Oonincx et al., 2010
(Moruzzo et al., 2021). There were fewer GHG emissions from four insect species
including Tenebrio molitor, Blaptica dubia, Acheta domesticus, and Locusta
migratoria as compared to those from pigs and ruminants, according to the study
determined on kg of mass gain (Moruzzo et al., 2021). Furthermore, insect farming
produced fewer quantities of ammonia than traditional animal production did. It is
vital to note that agricultural systems, both in terms of insects and traditional
livestock, have the potential to have an impact on GHG emissions. In contrast, insects
have the potential to be used as a robust mini-livestock production system in areas
that are now experiencing climate change. The minimal water needs, the ability to be
raised on side streams, and the capacity to develop successfully in warm climates are

all factors that might help to assuring insect production in hard environments.

SDG 15. Protect, Restore and Promote Sustainable Use of Terrestrial
Ecosystems, Sustainably Manage Forests, Combat Desertification,

and Halt and Reverse Land Degradation and Halt Biodiversity Loss

Insect farming has the potential to make a significant contribution to biodiversity
conservation in multiple distinct ways. Aside from the fact that most insects can be
raised in a near area employing horizontal and vertical farming space (Cortes Ortiz et
al., 2016), insect rearing also consumes a little portion of space. A further benefit of
using insects for insect rearing is that it does not need direct contact with the earth or
soil, and that it may be accomplished in anthropized land by taking utilisation
previously exhausted sites (Moruzzo et al., 2021). As a result, if insects are planned to
replace traditional agricultural animals, this will result in a reduction in land usage

and, in certain cases, a restoration of the ecosystem and will increase biodiversity.
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Additionally, insects have the potential to be utilized as feed in a variety of different
livestock production systems. Among the most major environmental consequences
associated with animal husbandry is the feed supply chain, lowering plant production
for animal feed, including soybean and maize, could perhaps lead to enhanced
biodiversity as well as the prevention of desertification (Moruzzo et al., 2021).
Notably, the possible use of waste products as insect feed will contribute to the
circular economy by lowering overall land usage. Furthermore, general knowledge,
awareness and understanding of the characteristics of insects may help raise people's
sensitivity to and appreciation for wildlife particularly insects, hence increasing

biodiversity conservation.

SDG 16. Promote Peaceful and Inclusive Societies for Sustainable
Development, Provide Access to Justice for All and Build Effective,

Accountable and Inclusive Institutions at All Levels

The creation of peaceful and inclusive communities is inextricably linked to the aims
of food security and hunger eradication. Conflicts may both generate and exacerbate
food poverty, since food costs rise during periods of social upheaval and decreased
food supply. Malnutrition, particularly protein deficits, are more prevalent in
marginalized groups of society, and smallholder farmers, who account for a section of
the global food supply, endure the most throughout times of conflict (Dicke, 2018).
Due to their nutritious components, accessibility, ease and low cost of raising, and
ability to be raised on organic waste streams by manufacturing biofertilizer, insects
are a vital instrument for advancing the peace process and combating food poverty
(Figure 29). As a result, the advancement of these maintainable proteins has the
potential to significantly improve the residing conditions and social reliability of
smallholder farmers and disadvantaged populations such as females and people
without land in urban and rural regions of developing countries, thereby contributing
to their economic independence and social assimilation (Usman et al., 2020;
Barragan-Fonseca et al., 2020). Thus, insects may help to the development of a
municipal CE and to the promotion and maintenance of peaceful and inclusive
communities, thereby diminishing the likelihood of violent riots and conflict.

However, it is crucial that diverse stakeholders and government bodies be included in
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the process of ensuring food security, since it is a communal obligation. In this
situation, authorities, as well as many other organisations, such as universities, should
be active in networking programs, by providing smallholder producers with education
and skills, in order to promote the insect-derived food and feed industry, particularly

in poor nations.
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Figure 29: Insect farmingthat uses black soldier fly waste as biofertilizer in
conjunction with black soldier fly production as feed can aid in poverty reduction,
food security, economic interdependence, and the sustainability of rural communities
by encouraging former conflict actors to get involved and be a part of the solution to

promote peace and justice (Barragan-Fonseca et al., 2020).
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7.2 Links between SDGs (Directly-Indirectly Affected by
Edible Insects)

As a novel agricultural industry, insect farming has the potential to significantly
contribute to the achievement of multiple SDGs. While not complete, the interaction
map (Figure 30) may aid in developing appropriate policies in the insect industry
within the context of the SDGs and their associated objectives. Creating a whole new
supply chain manufacturing might strengthen markets and boost revenues, while also
igniting interest in previously untapped markets within a specialised industry. As
previously stated, insect farming does not require a significant initial investment in
financial or knowledge terms. Establishing a successful insect farm is possible with
minimal start-up expenditures, low-cost supplies, and very little expertise. As a result,
with little education and guidance, this novel farming method might potentially be
applied in low-income nations. Producing insects for feed and food may undoubtedly
help alleviate starvation and assist to the promotion of peaceful and inclusive
communities. It can also help close economic inequalities and boost Gross Domestic
Product (GDP) which includes SDG 1: End poverty in all its forms everywhere
and, SDG 10: Reduce inequality within and among countries. A more prosperous
society is one that have less of animpact by financial disparity, would mitigate
vulnerability and promote equal rights globally. These may manifest themselves not
just in terms of financial resources, but also in terms of gender equality which
encompasses SDG 5. Achieve gender equality and empower all women and girls and
SDG 4. Quality education. Female's integration is a critical milestone that must be
achieved as soon as feasible in a number of nations, and it will have an even greater
effect in rural areas. Females may be better able to participate in insect farming since
it is less resource-intensive than other agricultural activities that are already
traditionally associated with male dominance. Insect natural collection is a prime
illustration of this, with women and children playing a large part in both collecting

and selling of edible insects.

A much more successful society with more economic capability will result in a
reduction in food insecurity and vulnerability and that well-being and public health
would be enhanced. Increased earnings (SDG 8. Promote equitable and sustainable
economic development, employment, and decent work for everyone) and the ability to
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obtain better (nutritional) foods might be a result of new commercial capacity (SDG
3. Ensure healthy lives and promote well-being for all at all ages). In these areas,
insect rearing has the potential to serve as both an economic stimulant through a
novel supply chain and a healthier food source in comparison to other animal
products. Education and training are thus important improvements in order to achieve
larger social objectives and community well-being in the long term which

encompasses SDG 4. Quality education.

Additionally, insect farming may aid to the responsible utilisation ocean conservation
and biodiversity (SDG 14. Conserve and sustainably use the oceans, seas, and marine
resources). Despite the fact that no aquatic insects are presently farmed, insects have
the potential to contribute to the decrease of overfishing by substituting (partially or
completely) fishmeal and fish oil in animal feed production. Moreover, a significant
number of ruminant diets are reliant on proteins and fats from aquaculture, resulting

in a significant environmental and sustainability problems.

SDG 7. Ensure access to affordable, dependable, sustainable, and modern energy is
another environmental goal that might be achieved by the use of insect farming as an
element in biofuel manufacturing. In this case, insect farming will not contribute
to food and feed production. Even so, it may still help to the reduction of waste
materials and will not interfere with the feed and food supply chains. There are a
variety of substrates that might be utilized to produce biofuel. SDG 11's goal of
reducing air pollution might be achieved through increasing the use of alternative
energies. SDG 11 includes making cities more inclusive, secure, robust, and long-
lasting, and putting an end to a number of conflicts and debates stemming from the

fuel economy.
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Figure 30: Interaction Map of Links between SDG’s and edible insects (Moruzzo et
al., 2021).
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Chapter 8 - The Circular Economy

8.1 The Theoretical Concept of a Circular Economy

Academics, policymakers, and industry leaders are bringing awareness to the circular
economy in order to restructure economic progress and promote cycle understanding
in order to create a waste-free economy. CE is considered an idea and an
ideal (Gregson et al., 2015). The literature on CE ideas is now in its infancy, with
numerous undiscovered domains, disparities amongst research groups, and holistic
methods absent (Korhonen et al., 2018). Academic lectures on CE concepts are still in
their infancy. The CE has been described as an "umbrella concept™ (Homrich et al.,
2018) that lacks a unified definition (Kirchherr et al., 2018). Among the
many definitions, the following four are most suited to this research thesis.
e The CE envisions a production and consumption system that makes substantial
use of, recycles, and recovers waste materials and energy (Haupt et al., 2016).
e An economic approach known as circular economy (CE) provides new ways
to go from a linear to a circular consumption system while still attaining
economic sustainability and making much-needed material savings (Madau et
al., 2020).
e Instead of focusing on eco-efficiency, the CE model adopts cutting-edge
principles like eliminating waste and achieving eco-effectiveness (Madau et
al., 2020).
e In order to safeguard the environment and minimise pollution, a circular
economy is a way of economic development that also facilitates sustainable
economic growth (Madau et al., 2020).

Through the multiple perspectives on the CE, there must be consideration for the fact
the most essential players in the process of converting waste into valuable resources, a
process that can be accomplished through the adoption of a new business model

regarding resource efficiency and thereby facilitating sustainable economic growth.

According to CE, there should be a comprehensive reorganization of the entire
structure of human activity, that involves both food production manufacturing

processes and consuming systems (Madau et al., 2020). The producers will be
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important players in creating an efficient, zero-waste production and distribution
system (Jabbour et al., 2019), because stakeholders have the ability to create goods
and business processes that decrease environmental consequences and are
legally required to do so. Conscious consumers have the ability to aid or impede the
smooth transition to a CE by making certain purchasing decisions. (Madau et al.,
2020).

A complicated and lengthy socio-technical transition is required for a paradigm
change in the CE. As a result of socio-technical transitions theory (Madau et al.,
2020), which examines how, why, and to what extent innovations influence society, a
socio-technical transition can be triggered by interactions between the micro level
innovation niches and meso level technological regime and macro level socio-
technical landscape. Furthermore, the previous technical regime is replaced by a
niche specialised technology, which then becomes the new dominant technological
regime. In order for this to occur, two conditions must be met which includes changes
occur at the landscape level that exert ample strain on the current regime to disturb it.
The second being an innovation niche is successfully developed, which can
be defined as a generator of radical innovations such as price and/or performance

advancements (Madau et al., 2020).

Circular niche developments have emerged as a result of environmental and
financial concerns caused by an expanding global population and depleting natural
resources. The urge for embracing CE philosophy in order to lessen humanity's
influence on the environment and dramatically restructure human—nature connections
(Corvellec et al., 2020) is becoming more vociferous in the Anthropocene landscape,
particularly in the agricultural industry. In response to rising food demand and
unstable resources and volatile resource prices, agriculture has emerged as the most
pressing issue of our era (Sufian et al., 2020), especially because agricultural wastes
have emerged as the most significant sources of pollution (Wang et al., 2016). In
order to stimulate a paradigm shift to waste recycling, it is critical to facilitate the

growth and implementation of innovative technologies (Homrich et al., 2018).

This calls for a conceptual shift in the way firms look at the future, since they are

typically focused solely on short term and relatively brief objectives, despite being
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aware of the long-term economic benefits of implementing CE technologies
(Ghisellini et al., 2020). Instead of focusing just on the environment, the CE is
developed as both an economic and resource-saving approach (Madau et al., 2020).
When designed according to the principles of cradle-to-cradle (Figure 31), the CE
eliminates waste by creating waste-free technological loops since the raw materials
and components are viewed as nutrients and recirculate in a closed-circuit cycle
(Madau et al., 2020).
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Figure 31: Cradle to Cradle Principles and Concept

CE must focus on eco-effectiveness, which strives to reimagine the way materials
circulate throughout industrial systems by establishing regenerative industrial
metabolisms which permit materials to retain their position as resources, instead of on
eco-efficiency, which is defined as minimizing the volume, velocity, and toxicity of
the material flow system while being unable of modifying its linear
development (Madau et al., 2020). Studies and further research on eco-effectiveness
might well be centered on a manufacturing system's need for cost-effectiveness to

guarantee economic viability.

The majority of research experts believe that the CE's primary goal is to promote
sustainable development, and that it is an essential aspect of the global sustainability
agenda. Sustainable Industry Restructuring (SIR) could be aligned with
the Sustainable Development Goal (SDG) 9 of Agenda 2030. Specifically, the

European Commission believes there is a link between Sustainable Development Goal
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12 (ensure sustainable consumption and production patterns), the CE, and the SDGs
in general. A number of other SDGs have been related to CE (Schroeder et al., 2019),
although there are no conclusive indicators as to whether or not CE supports social
equity. Nevertheless, the latter is contemplated to include inter-generational equity,
the CE is fitting to all sustainability dimensions, preserving resources that will be
valuable to the next generation. The SDG and their interconnected relationship to this

thesis will be further explored later.

8.2 Categorisation of Circular Food Behaviours

There are three forms of circular food behaviours, or stages of development: linear,

transitional, and circular behaviours. Consumer roles, sustainability goals,

engagement, and technology can all be used to categorize these behaviour types
(Figure 32) (do Canto et al., 2021).
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Figure 32. Transition towards circular food behaviours: three types of behaviours and

their characteristics. (Do Canto et al., 2021).
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Linear, Transitioning, and Circular Behaviours

There are three distinct forms of circular eating behaviours: linear, transitional, and
circular. These behaviours are described and illustrated in Figure 32. In general, the
classification is a guide, and the examples are meant to illustrate the points made.
Categorising requires an in-depth analysis, such as techniques that combine life cycle
analysis (LCA) with behavioural sciences (di Sorrentino et al., 2016) or the theory of
social practice. When it comes to behavioural science, for example, Di Sorrentino et
al., 2016 argues that LCA may assist measure behaviour and assess potential as well
as methods for modifying behaviour. When it comes to behaviour-driven tool design,
combining LCA and BS is particularly useful because behavioural aspects play a
critical role in the decision to use a product over alternatives, the resulting behaviour
patterns of using the product, and the conscious choice about how to discard the
product at the end of its use phase. Consumer behaviour may be assessed by looking
at cognitive components of human decision-making that may point to specific ways to
influence consumer behaviour in terms of environmentally friendly and

sustainable new product design and and policy interventions.

While linear behaviours follow a linear logic of acquiring, manufacturing, and
disposing of materials, they contribute to the circular economy by generating
downstream environmental and social consequences. Purchasing products that
conserve resources (e.g., through eco-efficiency) and segregating waste are two
examples (do Canto et al., 2021). A systematic approach is lacking in transitioning
behaviours, which transcend beyond the linear logic. The transition phase is
characterized by a mixture of linear behaviours and newly developed, circular
behaviours in niches. Purchasing novel food products, such as insect-based foodstuffs,
repurposed food products, foods with edible films and packaging (Suski et al.,
2021), purchasing undervalued products including food with an atypical
appearance, purchasing seasonal and local food products (Reckinger, R.,
2018), engaging in various food supply systems, including packaging-free grocery
stores, short food supply chains (Pereira et al., 2018; Kiss et al., 2019), online food
shopping (Hebrok et al., 2019), returning food waste to be upcycled, and more radical

practices like dumpster diving are all examples of transitional behaviours.
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Circular food systems use products in a cyclical loop, such as biodegradable
packaging (Hebrok et al., 2019) or food waste from consumers and food
manufacturers as insect feed, which is then used as animal and human feed and food,
with animals reentering the loop as food for human consumption (Borrello et al.,
2017). Redesigning production processes and including consumers is required. It is
this integration into a systemic vision (Hebrok et al., 2019) that distinguishes circular
behaviours, with the objective of comprehensive, systemic, and economic changes as
the ambitious and overall aim. According to Holmes (Holmes, 2018) and Jurgilevich
(Jurgilevich et al., 2016), many circular economy activities are not novel and have
been used or acknowledged for a long period of time. Regarding Jurgilevich et al.
(Jurgilevich et al., 2016) view, the distinction is that circular economy offers a
methodology in which food producers and consumers may construct a strategy to
support various efforts in various parts of the circle with the overall purpose being
to gain independence first from the linear and then the transitional model to a much

more strategic sustainable mode of food manufacturing and consumption.

In addition to individual product choices, circular behaviours are ingrained in
consumers' everyday lives (Aschemann-Witzel et al., 2019), with food purchasers
taking a more active role in attempts to advance the circular economy. According to
Borrello et al. (Borrello et al., 2020), consumers' propensity to engage in novel
circular food loops can be influenced by lifestyle factors including coping with food
provisioning risks, controlling food provisioning dependencies, convenience, and
societal pressure toward recycling. Food intake should be seen as an integral element
of one's overall systemic thinking, according to our theory of circular food
behaviours. Consumers' choices are interrelated and take into account a myriad of
factors, with the entire management of food supply and diets being based entirely on

lengthy decisions that are environmentally responsible and sustainable.

8.3 Insect Farming from a Circular Fundamental Point of
View

Legislative limits on insect farming and food for human consumption are of

fundamental significance in the process of replacing the classic linear model of
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development with the Circular Economy Business approach. European policy papers,
such as those guiding the EC steering strategy, include the CE's objectives and can be
of great use when trying to develop a business strategy. The EU in 2014 provided a
consolidated framework to the supply chain from product manufacturing to interest of
various stakeholders with the publication "Towards a circular economy: A zero waste
program for Europe.” As part of the "Circular Economy Package," which was adopted
by the European Parliament in 2018, the goal is to "close the loop” on product
lifecycles by increasing recycling and reusing. This package, in addition to the EU's
aggressive recycling and landfill waste reduction objectives, specifies which foods
that are no longer meant for human utilization should be used in livestock feed, which

was previously prohibited by other legislation (Sogari et al., 2019).

It is possible to learn a lot about insect farming by examining the many studies that
have been published in recent years. However, there is a shortage of literature that
analyses the economic aspects of insect farming and suggests possible solutions to the
most pressing issues. Other aspects of the business viability also need to be
considered as there is a lack of research into the following areas. Insect farming's
cost-effectiveness and business viability are only two of the many economic aspects
to consider. Several European and affluent countries have found that perhaps the cost-
effectiveness of insect farming is far from satisfactory and viable, according to
research. When recognizing that methods of production vary from one another,
operational size greatly differs across farms, as well as the production system ranges
from small family farms to multinational corporations, it is unclear how and by how
much farms may maximize their potential. As a result, it is impossible to identify a
single manufacturing procedure that might help the growth of the insect. Furthermore,

insect producers are often restricted by regulation.

In addition, further study is needed on the organisation that manages insect farms. The
structure of insect farms organisations is not detailed in any of the published peer
reviewed research papers. A deeper investigation into this is needed to better
understand how this kind of organization may be more cost-effective and profitable
and this thesis will delve further into these aspects to ensure viability within the edible

insect enterprise.
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Production costs are generally believed to be decreasing dramatically when looking at
them through the lens of CE, which has favourable implications for insect farm
structures (Gasco et al., 2020; Borello et al., 2017; Gahukar et al., 2016). Reducing
the usage of natural resources and maximizing protein conversion efficiency via the
employment of insects is a key part of the equation. Insects get the water they require
from their diet, which also provides them with the nutrients they need. This implies
that they naturally have a lower water need than other species of livestock (Schlup et
al., 2018). Insect breeding has a high feed conversion ratio, hence the amount of feed
needed is minimal in comparison to traditional farming methods (Mancini et al.,
2019b). When it comes to digesting organic material and turning it into protein,
insects have the ability to do so in a highly efficient manner (Borello et al., 2016). In
this regard, insect farming exemplifies a typical CE approach. Through the recycling
of food and organic waste, this type of insect farming may be simply implemented
and has no significant influence on the performance or quality of the finished products
(Figure 33). A growing number of studies have demonstrated that saprophagous
insects have the ability to feed on any organic substance, including organic waste, in
order to recycle nutrients and create usable raw materials for supply to other farm

animals or for human sustenance (Borello et al., 2016).
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Figure 33: The reduce, reuse, recycle concept for food waste and the inclusion of
insects (Ojha et al., 2020).

In most of these studies, it was shown that recycling feed does not negatively impact

output and has a favourable impact on the environment. Natural resources have been
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overexploited as a consequence of an increase in animal protein production,
particularly in tropical nations (Herrero et al., 2016). As fishmeal is the primary
source of protein in fish diets, environmental destruction of ocean biodiversity is a
growing problem on a global scale because of this important mechanism (Arru et al.,
2019).

The usage of feed generated from bio-products may thus significantly restrict
increased crop yield as a consequence of this. Savings in feed production imply that
less water and energy are needed, which in turn has a positive impact not only on land
usage, but also on waste production and greenhouse gasses (Madau et al., 2020).
Despite the fact that crops comprise no upwards of 14% plant protein and insects
provide up to 75% high-quality animal protein, a significant economic attempt is
made to preserve the world's crops by eradicating insects (Madau et al., 2020).
Behind this paradox is an attractive opportunity for those who are ready to rethink
food production methods and strengthen the CE's movement. Circular and sustainable

insect farming may help mitigate dependence on natural resources significantly.

Gahukar et al., 2016 revealed that insect farming consumes far less water, land, and
some other environmental assets than traditional meat production strategies based on
these considerations. Insect farming, as a result, will be much less expensive in the
future because of its potential to conserve land, water, energy, and feed, as well as
achieve high production with economic advantages for farms contrasted to other high
protein-based livestock producers. For this reasoning, the CE viewpoint may be of
interest, given that many of the insects that may be utilized to recycle waste are

routinely employed in the production of animal feed.

An effort to include insect farming into the CE model and demonstrate the economic
elements of this activity was performed by Chia et al., 2019. In addition, Roffeis et
al., 2018, found that organic waste may be used to feed farmed fly larvae. The authors
concluded that infrastructure costs such as vessels and space are the most significant
factor driving up the overall cost. In comparison to other livestock methods, however,
this expense is relatively low. Labour, energy, water, as well as larval food substrates,
are additional expenses. Research on fly larvae farming reveals the minimal economic

burden associated with insect breeding, especially when conducted in its natural
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habitat where the larvae thrive and with a defined objective and targeted market i.e.,

the animal feed market.

Globally, in order to shift the planet onto a more sustainable and resilient journey, the
United Nations General Assembly adopted the 2030 Agenda for Sustainable
Development in September 2015, which calls for collective action to ensure food
security and adequate human nutrition and well-being, encourage sustainable
agriculture, and combat global warming. The Sustainable Development Goals (SDGs)
are a set of goals that are significant to the subject of entomophagy and are closely
related to the CE paradigm (Chia et al., 2019; Dicke et al., 2018).

Globally, in order to shift the planet onto a more sustainable and resilient journey, the
United Nations General Assembly adopted the 2030 Agenda for Sustainable
Development in September 2015, which calls for collective action to ensure food
security and adequate human nutrition and well-being, encourage sustainable
agriculture, and combat global warming. The Sustainable Development Goals (SDGs)
are a set of goals that are significant to the subject of entomophagy and are closely
related to the CE paradigm as confirmed by Chia et al., 2019 and Dicke et al., 2018.

The primary goals are to eradicate poverty (SDG 1) and hunger (SDG 2), since
resource-poor individuals may establish modest insect farms to generate income
at local markets, therefore alleviating poverty and hunger (Chia et al., 2019). SDG 13
(climate action) emphasizes the need of insects as a replacement to
traditional livestock production in order to meet the goal of reducing greenhouse gas
emissions. Increased insect-feed production could benefit biodiversity by substituting
for fishmeal and trying to reverse deforestation to agricultural land, which is
consistent with SDGs 14 and 15 and the CE pillar of the ecological perspective
(Madau et al., 2019). Thisentails thinking with a comprehensive and holistic
view paying close attention to the entire approach and examining the cause—effect
relationships between the various components, beginning with resource conservation,

particularly environmental assets.
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Figure 33: Insect farming for feed in the context of a circular economy can generate
income and create employment: innovation, activities, outcome and impact (Ojha et
al., 2020).

Sustainable consumption and production patterns must be pursued in accordance with
SDG 12 in order to meet these objectives. Additions to the CE model include the use
of insect waste as biofertilizer. SDG 6, clean water and sanitation is one of the
environmental pillars that has a significant connection to CE practice (Schroeder et
al., 2019) because of its direct influence on food production. Several studies have
shown that insects play a significant part in this endeavour (Mutsakatira et al., 2018).
The CE is closely tied to SDG 8 which aims to foster inclusive and sustainable
economic development, employment, and stable employment for individuals around
the globe (Figure 33). Insect farming is seen as a promising new industry that has the

potential to boost the economy and create jobs (Chia et al., 2019).

Insect farming is seen as a promising new industry that has the potential to boost the

economy and create jobs (Chia et al., 2019). EUs participation in Agenda 2030 and
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the Common Agricultural Policy's (CAP) continuous revision have been essential in
fulfilling the three pillars of sustainability. Agricultural growth in an ecologically,
culturally, and economically beneficial direction is a primary goal of this strategy,
which has a significant influence on both the consumption and production of food
(Madau et al., 2020). The European Commission (EC) produced a new declaration on
the destiny of food and agriculture on November 29th, 2017, that includes the CE as
one of the key areas of emphasis. Packaging, food, water, and nutrition are
factors included in the new Circular Economy Action plan since they are some of the
most resource-intensive and circular-potential industries in the world today (Figure
34). Insects have been shown in the past to play an important role in these industries

as demonstrated by Gasco et al., 2020.
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Figure 34: The SDGs 1, 2, 5, 6, 8, 9, 12, 14 and 15 may be achieved in through the
production of insects, their usage in animal feed, the creation of a circular economy,
and the implementation of inclusive business models incorporating small scale
farmers (Chia et al., 2019).
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8.4 Circular Business Model Innovation Adoption and Economic

Strategy

There are a number of important aspects that must be taken into account when
adopting a CE strategy from an economic standpoint, such as the ones stated in
Theoretical Circular Economy Concept. The CE should be seen primarily as an
economic approach that prioritizes economical and ecological efficiency (Madau et
al., 2020). According to CE thinking, short-term commercial objectives must be
sacrificed in order to implement an entire novel industrial and business system
transformation that includes significant technology and non-technological
breakthroughs (Heyes et al., 2018). Particularly, enterprises must embrace and
implement a business model innovation tailored to CE in order to guarantee that
innovations are effective on the marketplace and to move the whole entire system

towards a CE model and mindset.

Modifications to one or more elements of the business model are at the core of
business model innovation (BMI), a new way to create and capture value and conduct
business (Madau et al., 2020). Circular Business Models (CBM) are those in which
the logic of creating value is built on recycling items and using the residual economic
worth of those products to innovate and create further (Figure 35) (Madau et al.,
2020). Ultimately, the goal of CBM is to meet the demands of consumers while also
producing value for them and resolving their difficulties (Madau et al., 2020) that are
connected to rational and non-rational causes of their behaviour at a cost that is
below the value of the problem that was originally addressed (Planing et al., 2015).
Through the use of the economic and environmental value that products contain,
CBM is able to create commercial value (Nuf3holz, 2017). It includes elements that
delay, constrict, and shut resource loops, reducing resource input, waste and emission
output from the organization and its value network. Due to its role in environmental
protection, CBM benefits not only the companies that use it but also the environment

and therefore, civilization overall.
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Figure 35: Concept of an ideal insects production and processing system integrated in
the food chain: the waste from food production, processing and consumption is
utilized for insect rearing; reared insects entering the food chain as whole or a nutrient
source in food production and processing; the residues from insect rearing and
processing serves as natural fertilizer for agricultural crop production (Ojha et al.,
2020).

Circular supply chain management (CSCM) is critical to the business model of an
organization because it enables the creation of new value throughout the supply
chain. Supply chain management (CSCM) can be defined asthe design and
synchronization of the entire supply chain in order to reduce resource input, restrict,
delay, intensify, and dematerialize resource loops, reduce waste and GHG emissions
whilst  simultaneously increase its operating quality and efficiency, lead

to competitive advantages reaching some of the SDGs (Geissdoerfer et al., 2018).

Organizations are being challenged to analyse how and where value is created,
consumed, or can be recovered bearing the CE in mind. Environmental integrity and
protracted economic development can only be achieved if the whole value chain and
life cycle of a good or service is built with a relationship between environmental
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sustainability and economic viability. These hurdles include those in the form of
legalities, social acceptance, the markets vulnerability, financial viability
and technical advances (Ghisellini et al., 2020; Planing et al., 2015; Bosman et al.,
2016) in achieving corporate objectives of the CBM and combat the propensity

toward the edible insect industry.

When redefining the insect feed and food business, the CBM  strategy
certainly appears to be an appropriate option. First and foremost, this is a
methodology which is well matched for application to the whole edible insect supply
chain, from the procurement of raw materials to the final customer. As a result, the
concepts of the CE can be fully grasped on an operational level, particularly in
industries such as insect feed and food production, which are confronted with crucial
difficulties at every stage of the supply chain. Furthermore, according to the CBM
method, the CE's economic component should be highlighted since its implementation
is essential to the development of new value at both edible insect farm and supply

chain levels.

As a way to examine the whole supply chain and the most key challenges that define
it today, this comprehensive approach may be valuable for increasing the cost
effectiveness and eco-effectiveness of insect agriculture. Using a CBM in agriculture,
Zucchella et al., 2019 examined the installation and engagement strategies of a
focal actor in the deployment and engagement of a circular business model.
Focal actors in a manufacturing and food consumption system encourage eco-
innovation in places where the largest environmental consequences are generated
(Dewick et al., 2018). Rather than a major corporation, as in other research literature,
the focal actor in this instance is an organization that manages both small and large
organizations exceedingly successfully. When it comes to leading, it relies on a
disruptive technology's ability to be both inventive and to gain a competitive
advantage (Zucchella et al., 2018). Given that the worldwide movement from one
economic model to another affects smaller organizations on a microeconomic scale,
this research suggests that small enterprises may promote a CSCM model
also (Lewandowski, 2016).
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Consumers should be included in this discussion because they're a critical weak link
in the supply chain owing to their aversion to eating insect-based food or goods
containing insects. As a result of consumers' acceptance of revolutionary
developments, such as incorporating insects or their by-products into their diets or
ingesting livestock and marine animals raised on insects, the involvement of
consumers in this situation is apparent. Moreover, for example, a novel economic
system based on material restoration and sustainable dietary habits might be built
around reverse business models as discussed by Imathiu et al., 2019.

There are a number of researchers that are looking into how people react to eating
insect-based food products. There is still a lot of research to be undertaken in the area
of consumer acceptability of insect-based foods and their desire to consume it. A
greater understanding of these concerns will help insect growers and the whole supply
chain make better decisions. Consumption is one of the most powerful tools for

achieving a CE.
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Chapter 9 - Economics of Insect Farming

9.1 Economic Viability

There must be an understanding of the profitability and fundamental economic
statistics of insect farming in order for farmers to become established. Food producers
are unlikely to move to insect farming if it is not viable. Banks are similarly unlikely
to be willing to give funding, and stakeholders throughout the value stream are
likewise unlikely to invest if the industry does not generate a profit (Hillier et al.,
2016). For government initiatives and additional empirical research, policy makers
and research scientists require an understanding of farm costs and potential margins
involved. A species-specific strategy is required because every insect species has its
own distinct farming demands (Heckmann et al., 2019). Table 10 shows the projected
growth in the edible insect market over the five-year period from 2018 to 2023: from
$400 million in 2018 to over $1.2 billion in 2023, or a 25 % yearly growth rate.
According to future projections, this industry might reach a value of around $8 billion
by 2030. Despite the fact that Asia-Pacific and Latin America make up more than half
of the market, it is projected that North America and Europe will see the greatest
growth (Goldstein 2018; Bombe 2019).

Table 10: The expected value of the edible insect market is expected to rise in various
parts of the world. 2018 to 2023 is represented (Guine et al., 2021).
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Insect production’'s economic viability and profitability are still mostly unknown. It is
the goal of this chapter of the thesis to give readers a comprehensive picture of the
economic viability of insect production and the factors that drive that profitability.
Acheta domesticus (house cricket), Tenebrio molitor (yellow mealworm), Alphitobius
diaperinus (lesser mealworm), and Hermetia illucens (black soldier flies) are included
in this thesis because they have garnered the most attention in recent years from the

perspective of insect production in Western countries (Van Huis et al., 2020).

The European insect sector is the primary subject of this thesis because to its
tremendous potential for environmentally friendly protein production and its
burgeoning commercial insect business (Aiking et al., 2019). A business's economic
structure may be separated into three distinct components: Operations, investments,
and finance through debt and equity. Gross margins are critical indicators of operating
expenses, while capital expenditures are critical indicators of the economic structure
of investments. This study concentrates on the financial aspects of insect farms
including operational expenses, which were broken down into manufacturing material
costs and labour costs.
For example, for each tonne of larvae, we used the following equation.
Margin per tonne of larvae = sales price per tonne of larvae — average operational
costs per tonne of larvae

Margin calculations were made regarding sale prices and average operating expenses
for the various insect species considering sales prices ranged greatly amongst end
markets. Three distinct margins for insect production were established based on the
availability of operational cost information: energy, feed, and labour margins. A range
of margins was established for several insect species, with the spectrum mostly
reflecting the wide range of sales prices associated with various end markets.
The three prospective markets for insect mass production in Europe up to this point
were:

o Pet feed

e The release of sterile insects into the wild to manage populations

e The manufacture of biological control businesses such as predatory mites for

the purpose of pest control (Van Huis et al., 2017b).
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There was no need to perform extensive study on the financial viability of insect
farming since the market was small, niche, and specialized. Moreover, the market for
insects as food, which is projected to take some time to develop, is another potential
market. Flexibility within restrictions opens a fifth possible market for sales, namely
insect production for animal feed. Insects are now the most probable source of food
for livestock, and this trend seems certain to continue (De Carvalho et al., 2019; Van
Huis, 2020).

Insect farmers must be able to generate substantial quantities and ensure consistently
high-quality products in order to be a viable alternative to traditional animal based
traditional protein sources (RDA, 2018). In order to achieve these thresholds, insect
farmers must invest in the ability to produce sufficient quantities at prices that are
competitive with those of traditional animal products. The fact that about 80 percent
of the animal meat production process is automated is critical to the success of these
large-scale industrial farms. This will reduce the amount of human labour required
while simultaneously improving the operational efficiency, which will in turn can
directly contribute to uniformity in terms of both quality and volume of product
produced (Cortes Ortiz et al., 2016). Since there are so many variables, significant
degrees of automation in insect farming cannot yet be achieved. A side effect of this is
that quality varies from batch to batch since operations that utilize a significant
proportion of human labour have wider margins for feed, weighing, and management
practices than those that do not. Products that are available for purchase are more
expensive because of the significant quantity of labour required and hence the greater
expenses associated with their production (Cortes Ortiz et al., 2016).

In March 2017, it was predicted that there were more than 200 new businesses
globally in this fast-growing industry (Van Huis et al., 2017a). It's not clear how
many insect-based start-ups have been formed since 2017. When it comes to a start-
up, there are a number of distinct qualities that can be found, such as how they are
formed, their development strategy, or their finance structure. Because of this, the
ability to make operational choices is often constrained, debt and financial issues are
among them (Kooistra, 2020). Smaller enterprises and start-ups face significant
obstacles to success. The majority of new businesses fail within five years. When

considering the long term, this figure may even reach 90% (da Silva et al., 2015).
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When PIPs are permitted to be incorporated in animal feed, there will be a massive
growth in market potential that can't be met by present manufacturers. According to a
research by Hilkens et al., 2016, the Netherlands generated around 500 tonnes of PIP
in 2016. There will be an additional 70,000 tonnes of demand in 2021 if just 1% of
the standard poultry feed is substituted with insect-based animal feed. According to
industry research, the insect feed market is expected to reach $1.07 billion in 2022

with an annual growth rate of more than 100 percent (Van Huis et al., 2017Db).

Evidence on the profitability and financial practicability of insect farming is critical
for legislators, investors, financial institutions, and other stakeholders to be able to
evaluate credit risk and establish guidelines and legislation for this expanding sector
that aspires to supply new markets. Insect farming is a growing industry with a lot of
potential. Banks and investors are wary of lending to small and medium-sized
enterprises (SMESs) because of the little data available and the industries in which they
are engaged. A spread is the difference in price, rate, or yield between two different
investments. As a result, financing businesses will price spreads excessively, either
directly or indirectly, in such situations, despite the fact that credit availability is very
vital for entrepreneurs in order to establish a new company or build up an existing
business under these circumstances (Gabbi et al., 2020). Credit risk affects the
propensity of financial institutions to lend money to small businesses at a specific
interest rate. Among other things, the danger of a company falling into default is taken
into consideration, which is estimated using a framework that includes reference data
from similar current firms, pertinent industry information, and the business plan. The
availability of trustworthy economic data for insect enterprises is restricted at the
moment, and as a result, reliable economic data is required to support the
development of an effective structure for the edible insect industry. Insect producers
will benefit from better risk assessment and financing availability as a result of this
(Kooistra, 2020).

Novel growing sectors must collaborate since there is limited financial information
available on large-scale insect production. Cooperative efforts might include
exchanging good manufacturing practices (GMP) and forming research organizations
specifically for insect production. According to interviews carried out by Marberg et

al., 2017 collaboration among insect farmers is amongst the most significant aspects

94



in the insect production chain. Insect feed and food research, according to Makkar et
al., 2014, should include an assessment of the financial viability of insect production
on a large scale. However, an impediment exists in that insect farming enterprises are
prone to conceal the information and data they acquire in an attempt to uphold a
competitive and strategic edge (Marberg et al., 2017; Van Huis et al., 2017a). There
are several ambiguities along the insect value chain, in part owing to the absence of

information exchange and cohesiveness.

Profitability of Individual Insects

9.2 Profitability of Hermetia illucens (H. illucens)

Mass raising H. illucens (Black Soldier Fly) is advantageous since this species is very
effective at turning food waste into high biological value (HBV) protein. In
comparison to other insects ideal for mass raising, the period required for H. illucens
larvae to be harvested is very rapid. Prepupae development takes between 15 and 52
days (Figure 36), depending on the temperature, humidity, and density of the
environment wherein the H. illucens larvae are raised (Niyonsaba et al., 2021).
Additionally, larvae of H. illucens were shown to minimize the amount of microbial

contamination in the substrates (De Smet et al., 2018).
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Figure 36: Lifecycle of H. illucens (Black Soldier Fly)
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Additionally, larvae of H. illucens were shown to minimize the amount of microbial
contamination in the substrates (De Smet et al., 2018). Even while the H. illucens has
a number of advantages over other insects, there are also some drawbacks. Based on
the composition of the substrate streams, the performance of H. illucens is affected.
The amount of protein and easily digested carbohydrates is crucial (Gold et al., 2018).
The process of maintaining the larvae population through mating is essential is
considered as a vital and problematic one. H. illucens necessitates a unique set of
parameters for light and space, compared to other insects. As a result, mating for H.
illucens is a highly time-consuming, labour intensive and technically challenging
operation (Ortiz et al., 2016; Oonincx et al., 2016). Bioactive substances found in H.
illucens may be isolated and processed into lipids, proteins and chitins for medicinal
and dietary application (Jantzen et al., 2020). By-products from insects, such as frass,
which may be used as fertilizer, have the potential to be very lucrative, and their
extraction might drastically alter the economic sustainability of insect enterprises in

general (Houben et al., 2020).

Table 11 contains the pricing and expenses of H. illucens cultivation. Variation in the
data may be noticed, as can be shown. In order to understand the variance in financial
data, it is necessary to understand how insects are effectively raised and how the
business can be run. The ideal circumstances for raising H. illucens vary widely in the
literature. Cost and income are both affected by several technological elements.
According to Niyonsaba et al., 2021, the ideal temperature ranges from 25 to 35
degrees Celsius (Salomone et al., 2017). In addition, 60-70 percent humidity is
recommended for raising insects (Niyonsaba et al., 2021). In addition, the number of
larvae per square centimeter might range from 0.1 to 5. (Barragan-Fonseca et al.,
2017). While businesses may have similar aims and target the same insects, there are
significant variances in technical elements that may have a significant impact on
financial costs (Niyonsaba et al., 2021). According to the literature, H. illucens' price
varies greatly. Prices for H. illucens larval meal in Egypt's local market in 2020 will
be much lower than the price found by Ferrer et al., 2019, for H. illucens larvae in
2016. (Abdel-Tawwab et al., 2020). Although there is no explanation for this
discrepancy in the literature, it is possible that the variances may be attributed to the
quality of the product as well as the disparities in economic situations between Egypt

and Spain, among other factors.
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Table 11 examines the financial data governing the development of H. illucens based
on the chosen research. The price per tonne of dried H. illucens larvae is reported to
range from € 1,816 to € 18,900. Pricing for all of these items is based on retail prices
from approximately 2018, however they varied depending on the sort of final market
in which they have been placed. Small-quantity pet food (€ 18,190 per tonne) from H.
illucens larvae are offered at an extremely high premium compared to other products
in the pet food category. The writers characterize this pricing as unrealistic in
comparison to another sale described in the article and are attributable to the limited
amount sold (lItes et al., 2020). Larvae meal is sold for between € 427 to € 5,091 per
tonne. Low operating expenses in Egypt and Kenya might be a factor in the low sales
pricing there. For example, in research by Ferrer Llagostera et al., 2019, they explain
a decrease in sales prices between 2016 and 2018 by increasing competitive prices
from other insect producers. Prices for fresh larvae (non-dried or processed) may be
found in one study, which shows that they can sell for between €2,000 and €3,000 per
tonne of product (Hilkens et al., 2016). Due to the fact that they do not need any extra
processing procedures, it is possible that fresh larvae will have the cheapest sales

price, contradictory to previously recorded data.

It is estimated how much it would cost to produce H. illucens in Germany in a
hypothetical scenario using an insect production facility design. In addition, the other
research proposes a hypothetical (modular) design framework for use in the German
setting (Ites et al., 2020). The substantial discrepancies in operating expenses per
tonne of product between the two products will be discussed. Initially, the expenses
per unit of water, energy, and labour are vastly different. This might be due to the fact
that the design with the lower operating expenses per tonne of output has a greater
production volume. Furthermore, the designs vary in terms of the expenses associated
with feeding the animals. A possible price for the management of food waste, in
combination to transportation and collection expenses, is what Pleissner et al., 2020
indicate their reduced feed expenses entail. To the contrary, in contrast to other
studies, Ites et al., 2020, account for all expenses associated with feed. The quality of
the feed is not specified. However, the ideal circumstances and kind of food waste
used to produce H. illucens have a significant influence on aspects that affect both
profitability and the overall quality of the finished product. For example, the length of

time that larvae spend developing (Law et al., 2018).
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Table 11: Economic figures, source, and context for H. illucens production
(Niyonsaba et al., 2021).

Operational
costz (€ftonne of

Source Reszearch context Price (€tonne of product) dried larvae)?
Refereed Country Study method Underlying gource of Targeted Dried Larvae Fresh
literature: economic figures end-market  larvae' meal larvae
Abdel-Tawwsb ef  Egypt Feeding trial to Local market prices 2020 feed nia 427 nla n'a
al, 2020 implement larvas mes
Crizetal, 2019  Kenya Feeding trial to Local market prices 2019 feed nia 84 nfa n'a
implement larvae mea
tes ef af, 2020 Germany  Modularsystemdesign  Retail price llucens GmbH  pet food 18,1908 nia nla n'a
and economic analysis  {2018)
of three diffierent types
of food wastes for insect
production, applied 1o
German conditions
Estimated price basedon~ nla nla nla nla 1,760c; 31720
hypothetical farm design 1,274 4768
(2451 tomnes of dry
larvaelyear)
Retail price llucens GmbH  pat food 6500° nia nla n'a
(2018)
Llagostera efal,  Spain Dizceete choice Personal communication nia nla 5091 nfa n'a
2019 experment to sssess (2016)
preferences of 215
Spanish consumers
on the incorporation
of insect meal into fish
fead
Personal communication nia nla 2203 nfa n'a
Entomb Agrolndustrial
Platform (2018)
Mancuso et af, Italy SWOT analysis of Personal communication feed nla 2000 nfa n'a
2019 28 European insect with an EUl company
companies Nextahm
Based on personal nia 2500 nia nlz n'a
communication
(L. Gasco, 2018)
Pleizsner and Germany  Economic feasibility Retall market price (place nla 1816  nia nlz n'a
Smetana, 2020 analysis of hypotheical — and year n'z)
design for insect
produchon
Estimated price basedon nla n'a nia nlz 215 1600 1262
hypathetical farm design 1356m- 1 0Ogen
(1,092 tonnes of dred
larvae per year)
Other
Hilkenz ef al., Metherands Market-analysis repot  Company data pet food a3 nla 2.000- n'a
2016 (Pratix, 2015) 3,000

"230|d in small quantities; "sold in bigger quantifies.

2 Dperational costs: “ead; Ywater, Eelectrcity, Tabour, Sgas:

ne 00528/ Wh.

calculation basis: " 34/m*:
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International markets for insect products tend to be more regional and localized than
those for other traditionally traded agricultural goods, as documented in the academic
literature (Duc Huynh et al., 2020). Market demand for insects, as well as factors like
the quantity withinthe order, the processing methodology and the stakeholder
involved may all affect H. illucens' pricing in the marketplace (Ferrer et al., 2019).
For Pleissner et al., 2020, just one variable was excluded in the results. According to
this article, linoleic acid could be extracted from H. illucens and would be worth
€6,848,000 per ton, which is what they mentioned in this publication's fatty acid
extraction section. Financial feasibility would be greatly impacted by this, thus it's
crucial to keep this in mind for future studies and business prospects. Moreover,
linoleic acid has a reasonably high rate of return, although this extraction needs
extensive downstream processing. Within figure 37, turning H. illucens waste into

value multiple downstream options can be seen.

~ Insect use as a protein
source is estimated to
Quality standards for Compunding animal feeds reduce the protein cost of To substitute 50% of the animal protein additive
with Dry Insect Product was approved and launched feed production by at least in feeds with insects based prateins, 45,000
in Kenya and Uganda in 2017. This has enabled small-, 25-37.5%. i MT of dry insects will be required per year

medium- and large-scale feed producers to integrate " for Kenya alone. At USs 0.2 per kilogram insect

insects into feed production and create a market for prateins will have a value of US$ 36,000.
women and youth entreprenuers.

o O
Nile tilapia fed with BSF- The production of BSF in a screen house ‘h

based feed were 23% of 5mx 10 myields 2 tonnes fresh
heavier than those fed with BSF per month. At an average productivity of 2 MT
conventional feed. of dry insect/ year/entreprenuer there is potential for

creating 22,500 new jobs in Kenya alone.

Performance studies in catfish 5

fingerlings revealed that a 37% higher

” ﬂ Replacement of 20% fishmeal in

conventional poultry feed with BSF resulted in

growth rate and 23% higher weight Performance studies on pigs revealed 25%, 50%, ) ’

gainwas achieved from BSF-based 75% and 100% fishmeal replacement by BSF provided higher (53%) egg production and improved

feed, compared to conventional feed. similar growth rate, weight gain and blood profile quality compared to conventional feed

compared to 100% fishmeal.
E 1,294 (Men =922 and Female = 372) Insect rearing is a sustainable practice that can be
Institutional and scientific capacities farmers, young entrepreneurs, policymakers carried out from home with minimal required inputs and
for insect use & food and feed assures [ X X X W  and scientists were trained on insect rearing is, therefore, ideal for women farmers who are often
{ continued research and sustainability. '.'. for integration into animal feed. constrained by limited access to agricultural resources.

Figure 37: Turning H. illucens waste into value multiple options (The Rockerfeller
Foundation, 2021).

9.3 Profitability of A. diaperinus

Spilled feed and animal manure in poultry farms are a breeding ground for A.
diaperinus. Due to its propensity to transmit several infections that cause major

illnesses to animals has given A. diaperinus a poor reputation (Rumbos et al., 2019).
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When A. diaperinus was added to the EU's list of protected species in 2017/893, the
perception of A. diaperinus transformed from a nuisance to a new food source. Insects
are often utilized in pet food for birds, reptiles, fish, and including aquafeed meal.
Table 12 shows the economics of A. diaperinus production. Despite the fact that there
are few research studies in which A. diaperinus has been utilized for feed purposes,
the sales prices that have been recorded reflect a variety of processing forms. Dry
matter content is a factor in the three-fold price differential among fresh larvae and
larvae meal in comparison to the fresh product. Added processing processes are
required to generate larval meal, which is an additional cost. In his study, Meuwissen
et al., 2011, noted that he obtained the strong sale price for freeze-dried A. diaperinus
by advertising such commodities as gourmet specialities for human consumption.
These goods were likely marketed in miniscule amounts but with standard of
high quality.

Table 12: Economic figures, source and context for A. diaperinus production
(Niyonsaba et al., 2021).

Source Research context and set-up Price (€/tonne of product) Operational
costs (€/tonne
of dried larvae)

Other Country Study method Underlying source  Targeted end- Dried  Larvae Fresh
of economic figures  market larvae'  meal larvae
Hilkens et Netherlands Market-analysis report  Company data pet food nia 15000 nfa nia
al, 2016 (Protifarm, 2016)
Meuwissen,  Netherlands Market-analysis report  Retail price human 112,000° nfa nia nia
2011 (Netherlands, 2011} consumption
Repart on protein Price analysis nfa nia nfa 4,750 nia
transition Wordbank 2011

" *Processing format: freeze-dried.

Supplementing turkeys’ diets with A. diaperinus has been shown to be beneficial in
comparison to traditional feed in several experiments (Rumbos et al., 2019).
Protifarm's 2016 selling price was €15,000. A pricing discrepancy for fresh A.
diaperinus was identified (Niyonsaba et al., 2021). Due to the 10-25 percent yearly
growth of the insect feed and food business, in 2016 market conditions differed
significantly from those of 2010 (Hilkens et al., 2016).
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9. 4 Profitability of A. domesticus

A. domesticus may be fed on food waste from the food sector, particularly grain
waste (Sorjonen et al., 2019). Individuals in rural and urban regions in Latin America,
Asia, and Africa are familiar with locusts, grasshoppers, and crickets, which are
common in their diets (Van Huis et al., 2013). Locusts are renowned as a serious
nuisance globally. Crops and other forms of crops will be consumed by these massive
dense populations of locusts. Up to ten billion insects and a combined weight of
30,000 tonnes may be found in these swarms (Makkar et al., 2014; Van Huis et al.,
2013). These enormous swarms make it quite simple to capture them. A. domesticus
are consequently collected for food, notably in Africa (Van Huis et al., 2013). In
contrast to the other insect species, A. domesticus is gathered at a different stage of its
life cycle. Whereas the other insects (e.g., T. molitor and H. illucens) are harvested in
the larval stage, A. domesticus does not have a larval stage (Figure 38). As a result,
when ground, it is unsuitable for processing as meal as the other insects, which is
related to a large percentage of exoskeleton (i.e., chitin) present (Brynning et al.,
2020).

Unfortunately, the usage of pesticides is a big concern. Due to their position as a pest,
A. domesticus may indeed be treated by farmers and by government officials as part
of their pest management programs, depending on the situation. when A. domesticus
is captured from the wild and ingested, they can contain high quantities of harmful
and toxic compounds (Makkar et al., 2014; Van Huis et al., 2013). Due to A.
domesticus' ease of farming and wide range of organic streams, it is a very
prospective species for commercial insect breeding in the United States (Makkar et
al., 2014). It's just been a few years, but cricket powder is gaining popularity in the

culinary ingredient industry as a new and environmentally friendly source of protein.
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Table 13: Economic figures, source and context for A. domesticus production
(Niyonsaba et al., 2021).

Article Rezearch context Price (€/tonne of product) Operational
costs
{€/tonne of
larvae meal)
Refereed Country Study method Underlying Targeted Dried A domesticus Fresh
literature source of end-market A domesticus meal A. domesticus
economic figures
Halloran ef Thailand Aszessmentof actors Sales prices human niz 26,363 1,867-3,952 nia
af, 2016 inthe cricketindustry  Thailand consumption
Halloran &f Thailand Aralysis impactof  Sales prices from  human nia nia 20182950 nia
af, 2017 cricket farming on five Morthern consumption
livelihood provinces
Thailand
Hanboonsong  Thailand Review of primary  Sales prices from  human nia nia 2.363-3272 nia
efal, 2013 and secondary Thailand consumption
interview data
Morzles- USA Feeding trial with Auerage saks Ala nia &4 590 nla 5,914ab
Famos ef different feed price of nine
af, 2020 formulations companies; feed
costs bazed on
intemst prces
Reverber, Carada Review on the CrcketFarmlnc.  nla nia 18,182 nla nia
2020 development of
cricket farming
USA Founder of Aspire  nla nia 36,364 nla nia
Food Group
Usa LS cricket human nia 30,000 nia nia
farming consultant  consumption
Belgium Foundsr of the nia 45 455 nia nla nia
Ezlgian edible
ingect association
Other
Meuwwssen,  The Market-analyze Retail prce human 200,000 nia nia nia
2011 Metredands  report {The Netherlands,  consumption

1)

' 30perational costs are based on an average calculation of five different feed formulations; Yfeed costs: “fresze-dned.

Table 13 summarizes the economics of A. domesticus production, with a focus on the
meal and fresh product sales prices. Compared to other processing forms, dried
product has the highest selling price. The price per tonne of A. domesticus ranges
from € 18,182 to € 84,590. Thailand is primarily responsible for the reduced pricing,
since operating expenses are often lower due to the reduced labour costs. This species
is well recognized in Thailand, and the Thai market has grown significantly since it
was first introduced there and is a part of their culinary culture. Although Reverberi,
2020, also contains sales prices from the America, Morales-Ramos et al., 2020, sales

prices are much higher than those provided by Reverberi, 2020. A study by Morales-

102



Ramos et al., 2020, established its findings on the average selling price of crickets in
the form of powder sold by nine American firms. Crickets were raised on four distinct
substrates, and four potential income sources are explored as a result. The costs in the
study of Morales-Ramos et al., 2020 varied between €68.05 and €82.71 per kilo since
the researchers examined at a final consumer level on the internet, which has a
significant impact on the price differences. The study by Reverberi, 2020 focused on
wholesale prices, therefore larger quantities. The product quantities are relatively
modest in these sales forms, and as indicated in the research paper by Pippinato et al.,
2020, the lower the sales quantity, the greater the pricing is when converted back to

price/tonnes.
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Furthermore, according to Morales-Ramos et al., 2020, labour and diet mixing
expenditures are not included in their study's costing. Feed costs are the only variable
and indirect expenses that have been analysed. It's still expensive to mass-produce A.
domesticus due tothe labour-intensive methods used to raise the insects.
Technological advancements in the form of automation are necessary to reduce the
labour costs. In addition, commercial feed formulae are costly if the insects are not

raised on waste materials (Morales-Ramos et al., 2020).
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Sales prices for fresh A. domesticus marketed in Thailand range from € 1,867 to
3,952 per tonne, according to three independent publications (put in 3 REFS). As a
result of growing competition, these prices have dropped, according to the authors.
Moreover, the researchers found that A. domesticus costs in rural regions are greater
than in urban areas, due to variations between small and big farms. According to
Morales-Ramos et al., 2020, the cost of operating a cricket farm is € 5,914 per tonne
of crickets produced. A rise in feed costs does not always translate into a rise in
pricing. Feeding substrates that cost the most to feed have the lowest income.
Furthermore, it should be emphasized that the costs of four identical feed
formulations are quite inexpensive compared to a specific formulation. Feed was the

only operating expense that could be determined from these studies.

9.5 Profitability of T. molitor production

Table 14 shows the economics of T. molitor production. T. molitor larvae have been
sold for values ranging from €5,727 to €97,000 per tonne. An evolved marketplace in
China may justify the reduced pricing of T. molitor products sold in China, where T.
molitor is manufactured on alarge - scale production for both local and export
purposes (Ferrer Llagostera et al., 2019). The large s cale may also play a role in why
the T. molitor prices are reduced. A large manufacturing operation often means more
automation and reduced labour expenses (Cortes Ortiz et al., 2016). Reverberi,
2020 pricing for defatted powder in China is the outlier on the lower end of the scale.
Furthermore, the lower price could be due to the variations in legislation between
China and the rest of the globe. This data cannot be validated since the source only
discusses market pricing, and prices cannot be traced back to the manufacturing
methods or substrates T. molitor is nourished with.
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Table 14: Economic figures, source and context for T. molitor production (Niyonsaba
etal., 2021).

Source Research context Price (€/tonne of product) Operational
costs (€ftonne
of fresh larvag)

Refereed Country Study method  Underlying source of  Targeted Dried  Larvae Fresh
literature economic figures end-market  larvae meal  larvae
Mancuso et taly SWOT analysis ~ Company data - pet food nia na 10,850 nia
al., 2019 of 28 European  Krecafeed (Proti-farm,
insect companies  2019)
Company data - nia nia na 17,0008 nfa
Krecafeed (Proti-famm,
2019)
Ortiz et ai,, European Union  Literature review  Retail prices ofinsects  human 45404 nia nia n'a
2016 for food {2015) consumption
China human 5,727 n/a nfa nia
consumption
Rumpold and ~ Germany Literature review  Commercial website human 32330f nia nfa nia
Schitter, consumption
013
Other
Meunwissen, Metherlands Market-analysis  Retail price (The human 97,0000 nfa 15,800 nia
2011 report Netherlands, 2011) consumption
(De Bakker and nia nia na nia 1,000¢; 2,1404

Dagevos, 2010)
1 3Frozen; Mreere-dried; Sfeed costs; dlabour.

Only dried larvae for human food are included in the European retail price from Ortiz
et al., 2016, which may explain the higher pricing in Europe. The higher sale value of
€ 97,000 per tonne of dried larvae might be justified by the excellent quality of the
product supplied in retail stores in the Netherlands. Sales prices for fresh T. molitor
larvae vary from € 10,850 to € 17,000 per tonne of product, according to research by
Niyonsaba et al., 2020. Competitiveness and technological advancement in insect
farming may be to responsible for the pricing discrepancy between 2011 (Meuwissen,
2011) and 2019 (Mancuso et al., 2019). Mancuso et al. (2019) found that the higher-
priced larvae are sold in frozen form due to the price disparity between the different
processing formats. The reduced dry matter content of freeze-dried T. molitor might
explain these pricing discrepancies. Prices in the traditional feed sector are typically
adjusted to account for the quantity of dry matter in the product. There is no mention

of this adjustment in the literature investigation.
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Only feed and labour expenditures for fresh T. molitor were available, and only from
a single study in the Netherlands. Low mechanization in insect production is
responsible for the € 2,140 per ton of product labour costs cited in this paper, which in
turn suggests lower productivity (Niyonsaba et al., 2021).

T. molitor may be used as a protein supplement in animal feed and food products,
despite its reputation for causing food contamination (Elahi et al., 2020; Ji et al.,
2016). Along with its balanced flavour when mixed with flour, high biological
value protein content, favorable amino acid profile, unsaturated fats, and mineral
content, T. molitor meal has a great deal of capability to be used as a supplement in
Western diets (Brynning et al., 2020). Supplementing poultry diets with T. molitor
not only improves nutrition, but it also boosts probiotic bacteria which
is advantageous to the poultrys health therefore reducing the need for antibiotics as a
result (Grau et al., 2017; Islam et al., 2017).

The performance requirements of growth and quality greatly rely on feed substrate
and breeding circumstances for mealworms, as they do for other insect species. Under
the most favorable conditions, the development cycle takes 26 days, whereas under
the most adverse conditions, it can take up to 730 days (Niyonsaba et al., 2021).
Larvae thrive quickest at 70 percent relative humidity and hardly grow at 13 percent
relative humidity or below. Furthermore, a rather simple and inexpensive breeding
technique for T. molitor may be set up to optimise conditions. T. molitor meal has

considerable promise as an aquaculture feed ingredient.

9.6 Variation in financial outcomes of T. molitor farming

According to Table 15, it is necessary to analyse the differences in financial results
between T. molitor farming operations. Rearing and reproduction are two
fundamentally distinct business concepts that cannot be paralleled due to their major
differences. Table 15 shows the two business models side-by-side. However, this is
purely for table layout reasons and for ease of following. The comparison of these
two, according to Kooistra et al., 2020, does not make any sense. Furthermore,
Kooistra et al., 2020 explained a poultry breeding farm is quite different from a
poultry hatching farm in terms of business approach and strategy.
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A confidence interval (Cl) is a range of possible estimates for an unknown parameter
used in statistics. There is a degree of certainty attached to the interval. The most
often used degree of confidence is 95 percent, however other levels, such as 90
percent or 99 percent, may also be employed. The intended degree of confidence,
sample size, and sample variability all have an impact on the Cl's width. Once all
factors are equal, a bigger sample will tend to yield a better estimate of the parameter.
Confidence intervals tend to be wider when there is a greater degree of confidence
(Khare at al., 2020).

A noteworthy conclusion was the absence of any debt at either the reproduction or the
raising farms. Most insect farming activities are self-funded by the farmers
themselves. The inherent danger and unpredictability of this new industry is a major
motivator for this approach as farmers these entrepreneurs want to avoid debt. Small-
scale farmers are wary of involving outside parties like investors and banks. Owing to
the fact that there is such little financial data on which to base an evaluation of credit
risk, investors and banks are wary about becoming engaged in this novel market. As
previously indicated, accurate financial data is needed to help alleviate this fear. It's
more probable that the insect industry, and particularly small farms, will become more
widespread as certainty grows.

Table 15: Simulation results for two different T. molitor business models, rearing and

reproduction

Rearing® Reproduction
Qutputs
Gross margin (€/tonne fresh produce)
Mean 3,352 1,631
5% 2,912 1,529
95% 3,771 1,741
Cost price (€/tonne fresh produce)
Mean 3,586 995
5% 2,822 754
95% 4,347 1,235
Operating profit (€/tonne fresh produce)
Mean 886 780
5% 66 579
95% 1,719 983
Probability {Operating profit <0) 0.031 n/a
Return on assets (ROA)
Mean 5086 289%

5000@Risk iterations
2: farm that rears T. molitor needs to reproduce them by itself or buy from a reproduction farm.
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In Table 15, these two different business models are compared in terms of their
simulation and experimental outcomes. Rearing firms charge an average of €4,472 per
tonne of fresh T. molitor, with a 90% confidence range ranging from €4,000 to 4,822
per tonne. Variable expenses are calculated by subtracted from revenue to arrive at
gross margin which can be viewed in figure 39. The mean gross margin for raising
farms is €3,352, with a 90% confidence range spanning from €2,912 to €3,771. With
a 95% confidence range ranging from €1,529 to €1,741, the average gross margin of
reproduction farms is €1,631. It is impossible to compare the outcomes of the
combined raising and reproduction farms because of the various end product and due
to the fact that there are price and volume disparities. For the reason that costing
constituents and technical measures at both farms are equivalent, the same table is
utilized in both instances.

The variable and intangible expenses are combined to arrive at the final cost pricing.
Figure 39 provides a definition of these costs. With a 95% confidence range spanning
€2,822 to €4,347, the average cost for raising farms is €3,586 which can be seen in
Table 15. The mean cost price for reproduction farms is €886 with a 90% confidence
interval ranging from €66 to €1,719 for the reproduction farms. Rearing farms make
an operational profit of €780, with a 90% confidence interval that ranges from €66 to
€1,719, after removing the cost price. There is a 3.1% chance that this operational
profit will be negative. With a 90% confidence range of €579 to €983, the

reproduction farm's mean operational profit is €780.

Return on Assets (ROA) is computed at 50% for a raising farm and 289% for a
reproduction farm according to, Kooistra et al., 2020. Operating profit is divided by
total assets to provide a measure of a company's overall performance (Figure 40). To
ensure traceability and anonymity, these additional factors are not included in this
report to protect the privacy of those who voluntarily agree to part take in the research
study. Asset intensity in proportion to operational profit is low compared to other
farms within Europe. The ROA of agricultural enterprises in the EU varies from -8.2
percent to 7.33 percent on average (Klepac et al., 2017). That is, in comparison to the
typical agricultural company in the EU, an investment in a T. molitor farm, whether
for a business model that focuses on raising or reproduction, or both, will provide a

good return on investment. For reproduction farms, it is well known that there is a
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limited supply of technological equipment due to the novelty of consuming
insects concept, there is a limited supply of this product. Due to the fact that
entrepreneurs in reproduction are pioneers, they have been forced to create their own
apparatus and invent novel machinery that work efficiently. These assets are difficult

to value, according to those involved in the reproduction of T. molitor,

TYPES OF COSTS

DIRECT Costs related to the product, traceable, total cost change in proportion to
& the change in total output. Eg : Direct matenal costs like tones of sand
 VARIABLE ] | in preparation of tiles

DIRECT Costs related to the product, traceable, total cost does not change in
& proportion to the change in output. Eg : salary of supervisor of tilesin
the factory.

([ INDIRECT )
&
| VARIABLE

Costs not directly related to product, not traceable, total cost changes in
proportion to the change in total output. Eg : Power cost at tiles factory

( INDIRECT )| Costs not directly related, traceable to product, total cost does not
& change in proportion to the change in the output. Eg : Salary of

9 FIXED ) supervisor who looks after production of tile X & tile Y

Figure 39: Different types of costs

Return on Assets (ROA)

Return on Operating income
Assets

Total assets

Figure 40: Return On Assets Formula
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9.7 Energy, Feed and Labour Margin Ranges

Two coinciding research studies were conducted by Niyonsaba et al., 2021 and
Kooistra et al., 2020 on the estimated margin ranges and empirical perspective on
financial feasibility in relation to insect farming production. Both studies were carried

out in the Netherlands.

As indicated in Table 17 in the research conducted by Niyonsaba et al., 2021, H.
illucens, A. domesticus and T. molitor production costs, average pricing, and average
operating expenses are used to compute the profit margins for each of the three
species. A. diaperinus' profit margin couldn't be calculated because of an absence of
financial data on the rearing costs of this insect species. H. illucens dried
larvae production costs range from €798 to 15,576 per tonne in the context of energy,
nutrition, and labour. T. molitor fresh larvae production has a feed and labour margin
of € 7,620 to € 13,770 per tonne which can be viewed in table 17. A. domesticus had a
large feed margin ranging from €12,268 to €78,676 per tonne of larval meal produced.

Due to the price differentials between the defined end-market alternatives, distinct
market margins are determined. When it comes to manufacturing expenses, T.
molitor-specific costs comprise both feed and labour whereas for A. domesticus-
specific costs, only feed is taken into consideration as the labour data is not available .
For the purposes of estimating sales costs, certain price points, including retail
pricing, correspond to prices within the supply chain. In terms of sales pricing,
human food has the largest overall margins which is expected due to the increased
sales price, following by feed for pets, while aqua feed has the lowest margins. Due to
specialised markets tending to sell in relatively small numbers, pricing in such
marketplaces tend to be more expensive. Prices are also different across Western and

non-Western nations which can be seen in table 17.

As indicated in Table 17 in the research conducted by Kooistra et al., 2020 many
various types of tasks are involved in scientific study, and these operations can
be divided into two categories: empirical investigations and theoretical investigations.

There is a wide spectrum of empirical work, from merely observational field research
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to hypothesis-driven experiments, which may be described as empirical

investigations.

Table 17: Energy, Feed and Labour Margin Ranges

Targetedend  Country or Operational Sales price  Average WMargin' Margin range?
market Region (prices) costs include operational
costs
Hermetig ifiicens  pet food (small  Germany feed, water, £18,190 £2614 £ 15,5767 £-T03-€ 15,5767
(dried larvae) quantities) electricity,
[abour, gas.
pet food (bigger  Germany feed, water, €6,500 € 3,862
guantities) electricity,
labour, gas
nia European Union  feed, water, £2,500 £-1147
electricity,
labour, gas
n'a European Union  feed, water, € 1816 £ -T98%
electricity,
[abour, gas
Tenebrio molfor  n/a European Union  feed, labour £€17.000 £€3.230 £ 137700 £7,620€ 13,7700
(fresh larvae) human The Netherlands  feed, labour £15.800 £ 125700
consumption
nia European Union  feed, labour £10,250 76200
Acheta domesticus nia UsA feed £ 84,590 £5,914 £ 78,676° £ 12,268 78 876°
(larvae meal) nia USA feed £454585 £ 30,450°
na UsA feed £30,000 € 24,086°
n'a Canada feed £ 18,182 £ 12, 268°

1 3Energy, feed, and [abour margin; *feed and labour margin; “fzed margin.
2 ¥Energy, fead, and |abour margin range; Mead and labour margin range; “feed margin range.

Table 18 lists the costs associated with raising and reproducing T. molitor, as well as
some general information on raising H. illucens and L. migratoria. Fixed and variable
expenses make up the majority of the costs. T. molitor raised at a feed cost of €807
per tonne (SD: €257).

These expenses are based on the substrate feed being present at the region where it is
required, and thus include transportation costs. There is a standard deviation of €132
in energy and water expenses per tonne and a mean expense of 314 per tonne. The
overall indirect expenses are comprised of labour at a mean of €1,225 and standard
deviation of €261, pest control at a mean of €17 and standard deviation of €7, and
costs for tangible assets at a rate of 10% of replacement value for depreciation with

a mean of €265 and standard deviation of €221 and 5% for maintenance and insurance
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(mean of €132 and SD of €111). Building and facilities are depreciated at a lesser rate
than land, however there is no devaluation on land. Both renting and owning land and
structures are included in the table of expenses, as previously explained with a mean
of €429, with a standard deviation of €142. Transportation and fuel expenses have a
mean of €149 and a standard deviation of €88. Each tonne of product is broken down
and charged €2, €30, and €11 in consulting and insurance fees and miscellaneous fees,
respectively. Long-term assets are excluded from this insurance since the replacement
value of these assets is already taken into account. A Research and
Development budget was not established by any of the T. molitor raising farmers as

there was not a budget or any expense spent on this indirect cost.

Table 18: Financial results from an empirical perspective from different farms

Bearing T. Reproduction T. H.illucens A. diaperinus L. migratoria
molitor mealitor [m=2) {n=1) {n=1)
(n=3) =2}
Wariable Default Default Default Defzult Default
Revenues [£/tonne produce)
Sales price fresh 4472 1,771 <3,500 n/a 40,000
Warizble costs (€/tonne produce]
Feed 207 54 nfz n/fa n'a
Energy & water 314 45 nfz n/fa n'a
Total variable costs 1,121 128 nfz n/fa n'a
Gross margin 3,351 1,632 n'z n/a n'a
Indirect costs [£tonne produce)
Labour 1,225 E45 nfa nfa nfa
Pest control 17 3 nfa nfa nfa
Tangible zssets"
Depraciztion (105 265 41 nfa nfa nfa
Mzintenance & insurance [5%) 132 21 nfa nfa njfa
Land & buildings® 425 32 nfa nfa nfa
Transport/fuel 145 43 nfa nfa nfa
Conzultancy 2 14 nfa nfa nfa
Insurance 30 7 n/a nfa nja
Accountancy £ 5 nfa nfa nfa
R&D nfa 32 n/a nfa nfa
Others (2.2, waste, marketing) 11 4 nfa nfa nfa
Total indirect costs 2,300 250 nfa nfa nfa
Operating profit 1,051 782 nfa nfa nfa
Probability [Operating profit <0) 3.1% nfa nfa nfa nfa
Cost price 3421 959 >3,500 nfa nfa
Technical data
HFTE/tonne produce 0.04 0.02 0,15 n/fa n'a
Assets [£/tonne produce) 2,580 411 nfa nfa nfa
Batches per year 43 6.3 nfz n/fa n'a

S000@ Risk iterations

" standard devistion

b replacemeant value

= in case land and buildings are owned there iz 5% caloulated for depreciation of the buildings and 1,5% calculated for maintenance and
inzurance.

* Mo costs or revenues for frass are taken into account in the stochastic model as it has no value at the moment of research.
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Mean feed costs per tonne for T. molitor reproduction are €94, with a standard
variation of €34, according to reproduction farms. The energy and water cost category
has a mean of €45 per tonne of product, with a standard deviation of €10. Gross profit
of €1,631 as a consequence of this Labour expenses, at €646 on average and a
standard deviation of €105, pest control costs, at €6 on average and an SD of €1, and
the replacement value of physical assets, at 10%, calculate the overall indirect costs.
There is a standard deviation of €14 in these depreciation costs. 5 % asset replacement
value is compensated for in maintenance and insurance costs. The average cost of
maintenance and insurance is €21, with a standard deviation of €7. The standard
deviation for land and buildings is €16. The mean cost of transportation and fuel is
€42, with a standard deviation of €18. A distribution with a mean of €14 and a
standard deviation of €2 has been assigned to the consulting firm's engagement with
the insect raising farms. As for insurance, a mean of €6.62 and a standard deviation of
€1 per tonne of production are reported. There is a standard deviation of €2 in
accounting expenses. Expenses for R&D have a mean value of €33 and a standard
deviation of €14. Finally, the 'others' cost component, which includes refuse disposal

and advertising and promotion, has a mean of €4 and a standard deviation of €1.
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Discussion
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Entomophagy is possible in the future, but there are several obstacles that must be
overcome before the sector can be feasible on a large or perhaps even a worldwide
level. Efforts should be made to improve food safety and food production methods in
order to scale up the industry to meet potential demand. Currently, the economic
sustainability of a future edible insect industry is quite dubious due to relatively low
market demand, but this thesis has delved deeper to reveal the economic viability of
this sector. Scalability and economic viability of insect production and processing will
play a role in determining if edible insects will become a viable food source in the
future. As can be seen in the results, insect farming is a viable source of income for

farmers and has many nutritious, health and environmental benefits.

Many studies within the results section prove that farmed insects ecological impact is
substantially less than that of meat from conventional protein sources. In contrast to
this, most people don't consume “protein,” they consume food, and they desire the
food to taste good and fulfil them. Providing that insect-based foodstuffs can be made
palatable, economical, and legally compliant, there is no logical evidence to contradict
that an edible insect enterprise will arise in the near future and remain feasible and
viable. In terms of commercial expansion, the edible insect industry for human
consumption may be divided into two different markets: one for niche gourmet foods,
and one for the comprehensive protein component market. In addition to this, the
market for edible insect use within feed for agricultural livestock and aquaculture has

massive potential.

Alternative proteins are being sought as a result of rising meat consumption and a lack
of land for raising cattle. Insect farming generates less GHG and ammonia emissions
than conventional farming. Furthermore, there are several health and nutritional
advantages to raising insects on organic waste streams. As a result, the use of insects
as food and feed has seen a dramatic rise in popularity. According to the amount of
scholarly articles on edible insects and the number of start-ups engaged in making
insect goods, this trend is becoming more commonplace. Dietary requirements and
environmental circumstances may be adapted to the nutritional requirements of the
more than 2000 edible insect species that are available. Antimicrobial peptides, which
are found in abundance in insects are responsible for the some of the health

advantages. Chitin and its deacylated derivative, chitosan, found in insect
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exoskeletons, may act as prebiotics and improve the human gut microbiome.
Antioxidant properties of insect extracts and other bioactive substances need to be
studied further. Food safety is concerned with chemical and biological pollutants, and
attention should be used while using organic side streams, even if some of these

toxins are decreased in the insect gut (van Huis et al., 2020).

The fundamental insight from this thesis is that edible insects seem to occupy a
plausible niche in the future food market share due to its economic viability, high
protein content, health benefits and sustainable nature within the CE. There is a wide
variety of settings and scenarios in which edible insect-based foods and feeds are
likely to be developed. In fact, as shown in this thesis, product innovations of this
kind are currently available and emerging. Additionally, insects as a source of protein
are no longer only a notion but are now poised to compete with other sources of
protein, such as fishmeal and grain, in the feeds market. The ability of these insect-
based feeds to fulfil the quality, quantity, and pricing needs of the livestock feeds
industry is a critical concern. As shown within the results, the need for automation
and technical advancements are important as labour is one of the biggest costs the

industry is facing.

Insect-based foods are predicted to have a feasible market based on the study
conducted in this thesis. As previously discussed, a premium foods notion on one
side, and a mass-produced protein replacement on the other that are two distinct
concepts that could compete within this sector. Given various circumstances, the
magnitude and relevance of these two markets could fluctuate. The economic viability
of the eventual market and the destiny of traditional agriculture seem to be the most
important considerations here. Due to a lack of popularity, rise of vegetarianism and
veganism and associated health concerns, conventional meat sources based on
intensive livestock-rearing have fallen in the developed Western world. It is now
reserved for the affluent middle class or the wealthy elite. We can distinguish between
scenarios in which a large portion of the population rejects conventional meat for
ethical or health or environmental reasons, and scenarios in which conventional meat
remains a desirable commodity despite factors such as climate change and resource
scarcity making the product a scarce luxury item. Insects might one day be used as a

replacement for animals as suggested in the results.
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It is common practice in many nations like Thailand to produce and consume insects
as a means of livelihood as well as to sell the insects for profit. A significant change
to entomophagy in the western world is possible, although it's difficult to assess how
consumers will react and explore the possibility. These possibilities aren't forecasts,
but rather exploratory ideas. When it comes to insect-eating, customer attitudes and
preferences are often cited as a hindrance. Despite this, we are aware that eating
choices and habits may and have changed significantly over time. For example, sushi
was originally deemed unpleasant by many consumers in Europe and North America,
but now sushi comprising of raw fish, seaweed and rice can be found in
restaurants, supermarkets, and convenience stores all over the world. Perhaps in 35
years' time, consumers in the Western world will be accustomed to consuming insects

on a consistent basis in replacement to more traditional protein sources.

In order to delve deeper into this subject, it may be beneficial to examine an intriguing
conflict that emerges in part of the narrative that has been developed to pique interest
in entomophagy as a possible contribution to the sustainability of the global food
system. In the following manner, the conflict is stoked. As the developed
world become more affluent, we can anticipate those consumers to desire more meat
since they are already consuming a lot of it. This is a tendency that civilization must
deal with since individuals are compelled to consume meat whenever and wherever
they can afford it. As a result, we need to take action, and consuming more insects
may be the best way. While it is possible to persuade people to eat insects instead of
traditional animals, it is worthwhile to do this in order to reduce our meat
consumption and make our planet more sustainable. When it comes to conventional
meat, we are told that it will always be in demand. When it comes to changing our
meat-eating habits, however, we are given the opportunity to use the same argument
that could be used to convince us to reduce consumption: that consuming insect is an
ethical and environmentally friendly feasible alternative. Cutting out meat from
conventional animals and substituting it with an appropriate replacement are two
distinct notions, so there is no confused conflict here. The tension, on the other hand,
illustrates a crucial aspect of the case for entomophagy. On the assumption that
edible insects can be substituted for traditional meat and that a rise in
entomophagy might help decrease the use of traditional livestock that is damaging the

environment.
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In order to feed the globe, technocrats and innovators are encouraging the growth of
the entomophagy industry as a long-term solution that is environmentally,
nutritionally, and economically possible. There is a pressing need to increase demand
in order to match supply. Two primary approaches are discussed by entomophagy
advocates in order to achieve this goal. The first approach is to create insect-based
food items that are so enticing to customers that they are willing to accept them
deliberately on the basis of like-for-like substitutions for traditional meat-based meals.
As long as insect-based replacements can compete on price, traditional meat products
may be forced out of the market. When it comes to making general insect protein
flour or meal, this scenario emphasizes employing whichever species can be grown in
the most quantity and at a reasonable price. An alternate strategy is to encourage
people to switch to a new product. This might involve eating entire insects, but it
doesn't rule out using processed insect components in pies, burgers, and cakes in a
clear manner as a marketing feature. Legislation now stands in the way of this
strategy since EU rules prohibit the ingestion of entire insects for human
consumption. In order for the product to be sold as an alternative food choice, it must
be desirable in its own right. A specialized market for edible insects might be foreseen
in this viewpoint, in which certain individuals would prefer to consume insects
because they have acquired a liking for them. Even yet, it seems that conventional
meat's displacement from insect-based food items is no longer crucial to the narrative
unless substantial numbers of people opt to consume insect-based food products
instead. Insect-eating may not be enough to drive traditional meat products out of the
market on its own, so there needs to be an awareness of this. Consumers' willingness
to eat conventional meat or choose an alternative may be heavily influenced by the
ability of producers to keep providing it at an affordable price. The issue of whether
insects will take market share from algae, fungus, vegetable protein or laboratory

grown meat remains an unresolved one within the context of this thesis.

A request for additional study on consumer motivation to engage in circular solutions
has come from studies on the circular economy. The findings reveal that consumers
were not included in the early concepts of the circular economy, and that circular food
consumption was not examined in any depth. A reversal in this tendency can been
seen in the results. There has been an increase in the number of research on circular

food habits in recent years, as shown by this thesis. Despite the rise in publications,
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there is still a lot of space for development in the field of edible insect integration into
the circular economy. The vast majority of empirical papers evaluated focus on
Europe, with just a few publications focusing on developing economies. Similarly,
this problem has been raised in prior assessments of consumption within the circular
economy. In the reviews of Ghisellini et al., 2016 and Merli et al., 2018, China has

the most papers on the circular economy.

A systematic approach to food consumption may need a shift in eating patterns.
Multi-stakeholder collaboration is required for this new food-related culture. Studies
have shown a link between the food-related lifestyle and edible insects and food waste
in recent years (Suski et al., 2021; Aschemann-Witzel et al., 2021). Future study
might enhance this notion to include circular food habits by building a lifestyle
paradigm that incorporates circular food habits. Consumption of foods that have a
detrimental effect on the environment will be avoided or reduced in circular food-
related lifestyles, according to the findings of Hebrok et al., 2019. Protein substitution
is a common theme across the publications chosen for inclusion in this thesis.
According to recent research, lowering the amount of red meat consumed and
produced may help reduce the environmental effect of food systems and facilitate the

transition to more sustainable food consumption habits.

Additionally, it may be agreed that engaging consumers on a much more
philosophical level is critical. Although many people are aware of environmental
problems, it is possible that they lack the skills or information necessary to make
behavioural changes that would lead to a more sustainable future. It is also
astonishing how little customers in many European nations are aware of the
environmental and health consequences of meat production, although this knowledge
is increasing all the time thanks to education. Developing instructional materials that
are relevant for various situations is critical for the adoption of edible insects and
circular food practices. As a consequence of the increased demand, the insect industry
will see a boom in interest and sales. The findings support the idea that consumers
may have to make trade-offs in order to maintain sustainable habits. Acting in the
interest of the environment is often more time consuming and expensive, as well as
less enjoyable and practical (do Canto et al., 2021). However, whether it comes to

sacrificing flavour, ease of preparation, or health, consumers tend to put other
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considerations ahead of their own desire to make environmentally friendly food
choices. As a result, it is critical to identify strategies to assist customers in adopting

more sustainable behaviours without jeopardizing their prerogative.

In addition, this thesis provides current statistics on the economic viability of insect
farming and an explanation of the financial figures that underlie it. Figures and their
interpretation are discussed in detail before we the findings are reached. Relevant
edible insects farming unique economic data is difficult to seek because of a lack of
practical data sources. Some of the included papers employ a variety of research
methodologies and approaches, although most of them concentrate on aspects that
aren't the economics of edible insect farming. In particular, retail prices, not sales
prices, are the primary focus of pricing research in feeding trials and consumer
acceptability studies. Only the analyses conducted by Niyonsaba et al., 2021 and
Kooistra et al., 2020, contain farm data on operating expenditures. Such information
is based mostly on hypothetical designs (in the case of H. illucens) and is presented in
the framework of experimental feed trials (for A. domesticus). As a result, the
results don't necessarily represent what's really going on in the insect farms. These
considerations also complicated the process of converting economic data into profit
margins due to the lack of factual based data. A farm's profitability is more
complicated than just sales prices and operating expenses since many other aspects in

the chain play a major role.

Capital expenditures and Financing costs (FC) such as interest, fees, and other charges
are not included in any of the studies and must be taken into account when calculating
ROI. This is a further limitation of this thesis study. Rather than reflecting specific
farms, costs and price results may indeed offer an analysis of data ranges that are
accessible for comparison. In addition, the vast majority of the research shown in the
study are based on sales or retail pricing. According to the thesis findings, the usage
of retail pricing is likely to overestimate margins, which is a critical issue to highlight.
This price disparity was seen in the end markets as well, with human consumption
insect products costing the most, trailed by pet food and feed. In addition, the
estimation of average operating costs among references was hindered by the lack of
operational cost data available. Two sources of data were needed to compute the

average operating expenses for H. illucens production, whereas only one source was
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provided for T. molitor and A. domesticus. For operating expenses, however, the
numbers varied depending on the kind of insect. Again, it is crucial to highlight that
edible insects cannot be all viewed the same as they vary greatly due to their different
needs and potentials. Literature on T. molitor and A. domesticus focuses on the
expenses of feed and/or labor, but not on the costs of power, water, or gas. Insects
need high temperatures for growth and reproduction. Therefore, these expenses may
be prohibitive. Insect species were not able to be compared because of the disparities
in operating costs across studies. Margin ranges and individual margins are shown.
Theses aspects should be considered while evaluating these margins, and their

respective ranges in particular.

Prices and costs for A. domesticus meal must be taken into account. The prices and
costs for H. illucens, A. diaperinus and T. molitor meal are a lot higher than the prices
and costs for A. domesticus meal. This discrepancy is consistent with the findings of
Brynning et al., 2020, who conducted a "Investigation of consumer acceptability of
insect-based foods and the development of non-snack insect-based cuisine.” Brynning
et et al., 2020, stated that A. diaperinus and T. molitor larvae are less expensive than
A. domesticus larvae, which may be one of the reasons they are more appealing to
food and feed producers to incorporate in their products. Most of the economic data
for H. illucens, A. diaperinus, and T. molitor emerges from Europe and China, while
the data for A. domesticus emerges from Northern America and Thailand. A broad
range of sales prices for equivalent outputs may be found in the literature reviewed,
with a few outliers. Investigators could compare the same processing format used to
process the same insects, which made the study fairer. Following that, the final sales

pricing will be addressed in further detail, as well as the reasons for any discrepancies.

Mancuso et al., 2019, found that a wide range of variables influence sales pricing,
such as the quantity of the goods for sale, the actual insect species, the product type,
and the process stage and final product format (i.e., whole insect or thermally
processed and dried) of the product. an interesting outcome from the investigation of
this thesis that was noticed is that, with one exception (the publication by Morales-
Ramos et al., 2020), the majority of edible insect research do not include data on the
feed quality and composition or dry matter content, both of which are documented in

peer reviewed papersto impact the composition of the insectand hence the
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desirability and profitability of the end product, as validated by Law et al., 2018.
Moreover, this thesis presents the latest assessment of the financial viability of insect
production and the economic data that underpin it. Economic studies on edible insects
are expected to increase in number as the industry expands.

The resultant margins are calculated using retail pricing and average operating
expenses and are given as defined margin ranges for three insect species (H. illucens,
T. molitor, and A. domesticus). For A. diaperinus production, it was not possible to
calculate credible margins because of an absence of economic data on operational
expenses in the publications. It is impossible to compare margin ranges across
different insect species since they have contrasting processing methods and contain
various cost components that are distinct for each insect species. When the labour,
energy and feed are incorporated into the equation the margins vary greatly as can be
seen in the result section. Each tonne of dried H. illucens larvae costs between €798
and €15,576 to produce, while the cost of fresh T. molitor production larvae are
between €7,620 and €13,770 to produce, and the cost of meal for A. domesticus is
between €12,268 and €78,676 to produce. Across all three insect species, the margins
are quite variable. This is a result of a large number of different product variations and
pricing disparities. It is dependent on the geographical region and kind of market
where sales prices are determined. As previously noted, the three major end markets
are feed, pet food, and food for human consumption, with the amount sold in niche
markets determining the ultimate market size as well. It is possible that future markets
will include the pharmaceutical, waste-treatment, and medical industries, although no
research have been conducted in these areas so this information could not be included
within this thesis. Sales prices in non-Western nations are generally lower as
compared to those in Western countries, which may be due to a variety of factors,

including reduced operating and labour expenses.

There are many more factors that influence the pricing of the product, such as the kind
of market and the size of the outlet. Generally speaking, the cost of goods meant for
human use is greater than the cost of goods designed for animal consumption. Smaller
volumes and stricter standards for food production for human consumption might
explain the disparity in the margin range. H. illucens meal prices have fluctuated over

time, which might be due to a rise in rivalry or technological advancement. There is a
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variation in information obtainable on operating expenses which is dependant on the
species in question. For example, the cost of labour is affected by the rate at which it
is charged per hour. These labour expenses are considered to be a significant cost
component when considering the labour-intensive operation involved in insect
production, which is connected to the low degree of automation seen on the majority
of insect farm operations. Despite the lack of conclusive evidence, it has been
proposed that expanding the degrees of mechanization and using low-value feed
substrates would lower labour costs and overall operating expenses therefore

increases profitability and making insect farming more economically feasible.

For insect farmers looking to increase their revenue from their agricultural produce,
the commercialization of insect frass as a fertilizer might be a lucrative new source of
income. The extra costs and potential implications of larger-scale insect farming still
need to be studied further. In addition, increased study into the financial
viability aspect of insect farms is strongly suggested in order to make a positive
contribution to the growth of the insect industry and to expand the provision of
economic data on insect farmingin general. To get an overall picture of the
profitability of farmers, it is necessary to gather data from real farms that are currently
in operation. One on one interviews with insect farmers who are willing to share
information on the financial aspect of their business may prove difficult but would
provide a valuable insight. Moreover, insect rearing enterprises must first determine
farm outlet pricing in order to compute an accurate gross margin. The incorporation of
capital expenses and finance costs in the profitability calculation would allow for a
more precise estimate at the corporate level. Farmers would be able to rely on this
data more confidently when establishing new insect farms, and banks and authorities
would be better equipped to give loans and other services to those inneed of

additional money to either start an insect business or for the purpose of expansion.

With an emphasis on economic, nutrition and environmental concerns, this thesis
presents an insight into current research in insect farming. Insect farming has gained
considerable attention as a key player within the CE business model. This study
revealed that, despite an expanding body of knowledge, economic uncertainties

remain about the use of insects as food and feed.
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According to the CE perspective, there are certain economic research problems that
need to be addressed and a conceptual economic framework called the business
innovation model has been proposed. Value creation for businesses, customers, and
society as a whole is essential if we want individuals and companies to adopt a new
business model in place of the outdated, unsustainable model. To be viable,
companies must make a profit and not suffer a loss, while also focusing on the social
and environmental aspects of sustainability. Insect based businesses must be capable
to commercialize products that are both practical, feasible and lucrative. Studies on
the nutritional and environmental benefits and viability of insects as food have been
conducted, but studies on the economics of insect farms are lacking. There should be
further research on the structure and profitability of insect farms, as well as case
studies that encourage other farmers to follow suit from a CE perspective.

Agquaculture feed for example must be re-examined from the CE viewpoint,
particularly in the search for more sustainable options to traditional fishmeal. Insect
food has been shown to be a suitable alternative in many studies. Also possible is the
incorporation of insects into the CE via waste recycling, which is an attractive
solution to today’s massive waste problem. These sub-sectors require additional

economic analyses that may help them grow sustainably.

Consumers' readiness to ingest insects or insect derivatives was explored, as well as
their desire to consume animals and fish raised on insects. However, this thesis found
that customers' willingness to pay for edible insect food productsare sparse.
Consumer research in the future must include economic elements, which may assist
farmers in adopting this new CE framework. Farms that want to use the CE to boost
their development and competitiveness must price their goods appropriately in order

to gain and keep consumers within the market.
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Conclusion

This dissertation presents an overview of current research in insect farming with an
emphasis on the feasibility of incorporating insects into the CE. Despite a growing
number of studies, economic uncertainties remain over the use of insects for food and
feed. Economic research issues must be solved and presented using a conceptual
economic methodology and a business innovation model. H. illucens, T. molitor, and
A. domesticus production profitability is examined in this thesis, as well as the
related fundamental economic figures. Insect species have vast margins, which may
be traced back to the great diversity and disparities in the price of their products.
However, it has been argued that growing degrees of mechanization would lower
labour costs and that low costing feed substrates will decrease operating expenses,
even though there could not be any conclusions on cost reduction or profit growth in
insect production. In addition, more study into the profitability of insect farms is
strongly suggested in order to make a positive contribution to the growth of the insect
industry and to expand the provision of economic data on insect production. The
primary objective should be to gather accurate farm data in order to provide a picture
of the profitability of active farms. A product's viability and profitability must be
considered before it is introduced to the market. A feasibility study was conducted to
determine the viability of utilizing insects as feed and human food, as well as the
associated costs and profitability.

It is possible to incorporate sustainability into food systems using the circular
economy paradigm. In light of the continuing pandemic, promoting circularity in food
systems is more important than ever, since the food system is a critical component of
the sustainable supply chain. It is critical to feed the expanding human population in a
sustainable manner, and edible insects may be able to assist. It's a big problem for the
future of humanity if we don't use circular economy concepts to produce food that is
not harmful to the environment. Redesigning the food supply chain necessitates the
systematic reuse of by products, co products, and agricultural waste in compliance
with applicable laws. Farming techniques will need to be upscaled in order to fulfil
market demand, cut product prices, and generate interesting new commaodities for
worldwide export. The edible insect industry will assist to enhance food supply

networks throughout the globe at a time of changing climates, food shortages, and
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developing health problems by increasing resilience. Reduced waste and increased
circularity might be achieved by using edible insects as a source of nutrient-dense and
sustainable animal feed and food for human consumption. As demand for food rises,
it is possible to reduce environmental concerns while boosting output via the
commercial breeding of insects. Numerous studies have proven that the ecological
impact of insect meat is substantially less extensive than that of meat from

conventionally raised animals.

The insect industry will need to customise their marketing tactics, business models,
and consumer knowledge in order to convince individuals to accept edible insects as
part of their diet. Efforts will be made to educate people about the health and
nutritional advantages of eating insects, such as their usage in preventing poverty and
other dietary-related disorders, through favourable media campaigns and research
studies. To build a genuinely sustainable and novel protein supply chain with
distinctive insect-derived nutrients that need the least amount of energy, water, and
land in comparison to today's traditional food production methods, insect farming will
be essential. Insect enterprises will be able to expand their value propositions and
produce new goods, processes, and services to contribute to a growing, diversified,
and successful market through cooperation, research, and additional investment. In
order to build a successful edible insect industry, we need to work together, get
funding, and plan intelligently.

Providing that insect-based meals can be made palatable and economical, there is no
logical evidence to contradict that an edible insect business will arise in the near
future and replace traditional protein sources. Many obstacles must be overcome
before the entomophagy sector may grow to a significant competitive size. There is a
great deal of uncertainty about the future economic sustainability of an edible insect
industry. The magnitude of the future edible insect market and the economics related
to the scale in insect farming and processing will be key factors in determining the

industries viability.

Despite the fact that circular economy literature explicitly promotes a systematic
approach, incremental adjustments are more prevalent at the consumer level. It is

difficult to shift the established worldwide view to consuming insects, since certain
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beliefs are deeply ingrained. According to the findings of this thesis, recognizing the
many behaviours that may be promoted may make the shift to circular food systems
smoother. The anticipation of a speedy transition from linear to circular
food behaviours is unreasonable. It should be acknowledged that the restricted
quantity of accessible economic-based peer-reviewed articles has made this thesis
difficult to complete. However, the purpose of this thesis is to analyse the feasibility
of introducing insects into the circular economy in the future. Developing the issue
further in future study may, for example, include the use of meta-analytical designs,

which allow for statistical examination of the findings of several investigations.
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Future Studies

Certain criteria must be evaluated from the perspective of food safety because of the
growing consumer demand for edible insects and the potential inclusion of this new
food source. It is estimated that just a small percentage of edible insects are being
studied since there are over 2,100 different kinds of insects that may be consumed
(Costa-Neto, 2020). Consuming insects raises the possibility of allergic reactions and
other  important  factors, such as how  microbial  contamination
could affect productivity and health. Further investigation on the fungi and
mycotoxins present throughout the insect population necessitates. Insect spore
populations should be reduced, and spores prevented from germination while yet
retaining the nutritive value and structure of the insects. The examination of edible
insects for safety from chemical pollutants, such as agricultural pesticides and heavy

metals, is another area of safety where research effort has been modest.

Research in the edible insect area should focus on the impact of various processing
techniques on nutrient quality and the incidence and measurement of process
pollutants. There has been a lack of progress in evaluating insect fractions as food
components in the food business. Nutraceutical and pharmaceutical research on
insects in general are still in its infancy. As a result, additional study is required to
isolate bioactive components in edible insects to analyse and validate their medicinal

properties.

Also, it's evident that a lot of the study is centred on the high protein concentration
found in insect proteins. There are only a limited number of research evaluating the
lipid and other nutritional contents of foods. Research into the separation of insect
components to be used as substitutes in processed foods is also needed. Extraction and
purification of certain substances, such enzymes, are not the subject matter of any
research that have been uncovered (Jantzen et al., 2020). It's interesting that when
insects are studied as a new food or feed source, they're often perceived as all being
the same. While T. molitor and A. domesticus vary from each other as pigs and
poultry differ from each other, this is the case. It is critical to concentrate your efforts
on a single species while continuing further studies. So much more information is still

required, and so further research is necessary.
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Although insect-based products are still a reasonably niche value chain, they are
becoming more and more popular. As a consequence, individual researchers won't be
able to address issues like market rules and laws for edible insects. Since stakeholders
need to work collaboratively, they must raise their negotiating power, and they must

obtain support for their initiatives.

Research into the technological and economic ramifications of this increase in
intensity is warranted. The need for greater financial information relating to the insect
farming industry is also pressing. Farm data is essential to achieving maturity in the
industry. To help the primary sector, there is a need for entrepreneurs who can learn
from one other and share their experiences. Financial difficulties may be improved via
consulting and accounting. Government subsidies and other incentives are also
available to encourage economic and social policy implementation to aid in
the transition to a more prosperous future. It is critical to examine the present subsidy
situation and to look at the ideal condition for the whole value chain. Incentives
provided by the government may play an important role between a business that is
financially viable and one that is not. As a potential policy input, this is a worthy issue

for future study.

Smaller family run farms are concerned about the rise of large-scale insect farming. In
the near future there will be and already is a distinct divide separating firms that are
owned by investors and those that are owned by families or small enterprises. The
disparity in finance and ownership results in a disparity in vision and strategy, which
may be deduced from their respective short and long term aims and goals. The
dilemma is whether smaller SME's with a heavy labour component can survive with
highly automated food businesses. Insect rearing and reproduction farms have long
advocated a collaborative concept. In this strategy, a variety of smaller farms work
together to produce a greater quantity and a much more constant high quality finished
product. Increasing supply assurance and scalability will spur innovation and

adoption lower down the value chain, making this a worthy subject for future study.

The financial data discovered in the study by Kooistra et al., 2020, needs to be

validated with accounting records, which would be an intriguing further research
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subject. The reliability of the data collected by the interviewer is in dispute since he or
she had no access to the financial accounts of the business. All of the entrepreneur's
financial information was gleaned during the interview. The interviewer could not
verify whether the entrepreneurs intentionally or unintentionally provided accurate
or inaccurate information. This might lead to skewed data and findings, which could

have a negative impact on the study's credibility and future research.

The insect industry might benefit from a study of frass's economic viability. An
attractive future income source for insect farms might be the sale of insect frass, the
waste that can be utilized for soil fertilization. Additional attention is being paid to the
use of frass as a fertilizer. A potential income stream may emerge if the advantages of
insect frass are widely recognized and embraced across the supply chain whilst also
reducing waste. Frass was only given a price in one source (€690/tonne) in the
previous studies (Houben, et al., 2020). The potential for frass is being studied

extensively by scientists currently.

The study of the genetics and activity of edible insects is expected to facilitate mass
production and offer a better knowledge of the variables influencing their population,
which is needed to devise methods for preventing declining harvests and species
extinctions. In order to prevent the spread of invasive pests from mass-reared edible
insects, biosafety precautions and laws should be actively studied. Further study is
needed to better understand how to raise insects with particular nutritional and
environmental characteristics by altering the rearing substrate, especially for regularly
used edible insects that have a great deal of potential for use in food and feed.
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