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Abstract

:

The economic and environmental sustainability of aquaculture depends significantly on the nature and quality of the fish feed used. One of the main criticisms of aquaculture is the need to use significant amounts of fish meal, and other marine protein sources, in such feed. Unfortunately, the availability of the oceanic resources, typically used to produce fish feed, cannot be utilized indefinitely to cover the worldwide feed demand caused by ever-increasing aquaculture production. In light of these considerations, this study estimates how aquaculture farm economic outcomes can change by introducing insect meal into the diet of cultivated fish. Several possible economic effects are simulated, based on various scenarios, with different percentages of insect flour in the feed and varying meal prices using a case study of a specialized off-shore sea bass farm in Italy. The findings indicate that the introduction of insect meal—composed of Tenebrio molitor—would increase feeding costs due to the high market prices of this flour and its less convenient feed conversion ratio than that of fish meal. Therefore, the expected environmental benefits of using this highly promising insect meal in fish feed do not align with the current economic interests of the aquaculture industry. To our knowledge, this is the first study to investigate this theme, and it must be noted that our findings cannot be generalized widely because a specific case study was used. Nevertheless, our findings suggest that efforts should be made—at least at the farm level—to find profitable ways to encourage the introduction of this attractive alternative to guarantee both economic and environmental sustainability in the near future.
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1. Introduction


Fish is a primary source of protein, essential fats, minerals, and vitamins, and the demand for fish is rising dramatically due to population growth [1]. As a result, in order to keep the per capita consumption unchanged, the demand for fish will increase by more than 20 million tons over the next few decades [2].



Thus, it is clear that wild fishing alone cannot satisfy the demand for fish without jeopardizing the conservation of marine resources and the sustainability of fisheries; both objectives promoted by most international and national institutions [1,3]. In fact, fisheries are progressively causing the decline of the availability of wild aquatic organisms, and the need to limit the overexploitation of fish stocks is a crucial, global issue.



One solution for overcoming this problem and responding to the demand for fish is aquaculture, which is the practice of rearing, growing, or producing sea or freshwater organisms, thus reducing the overexploitation and misuse of the seas [1]. Today, aquaculture is the fastest growing food industry in the world [1]. According to the FAO, about 600 species are currently grown via aquaculture, the production volume amounts to more than 100 million tons, and the global value of production is about $170 billion dollars, which corresponds to about 45% of the global fish production; an amount predicted to grow by 62% by 2030 [1].



In light of these perspectives, there has been an increase in the number of studies focused on the economic and environmental sustainability of aquaculture [4]. Among other concerns, it is a fact that the sustainability of aquaculture depends highly on the nature and quality of the feed used in aquafarms, because such feed contributes significantly to fish health and is a possible source of water and ecosystem pollution.



From an environmental viewpoint, the huge amount of fish meal (FM), fish oil, and other marine protein sources in fish feed is a pivotal problem [5,6], because there are not enough currently existing oceanic resources to produce the fish feed needed to satisfy the continuously increasing global aquaculture production [6]. From an economic viewpoint, the increase of the global feed price, mainly caused by the increasing fish demand, has made the cost of feed a primary, industry-wide concern [1]. Against this background, researchers have been called upon to find—at the sector and farm level—alternative solutions to limit the environmental burden and to keep farming costs down, because these two sustainability dimensions of the industry cannot be assessed separately, but rather must be addressed in synergy.



To this end, research focused on the macro-level has aimed to design systems that facilitate the achievement of environmental objectives (e.g., the reduction of the consumption of resources and the environmental impact of aquaculture; the promotion of optimal development, growth, and reproduction of fish; the replacement of FM in feed with sustainable alternatives) that have a positive impact on productivity, profitability, and the long-term sustainability of aquaculture production [1,6,7,8]. Along the same lines, the few studies focusing on the micro-level have analyzed the ability of individual companies to be economically sustainable and to achieve a competitive business position with stable returns over time [9]. These objectives, however, have been undermined by the feeding cost—estimated to constitute 40%–70% of the total cost of production [10] and 75%–85% of the variable costs [11,12,13]—which has limited the sustainable development of this industry. Indeed, the rise in feed prices does not result in comparable rises in the final market prices of aquaculture products due to steep horizontal and vertical competition [14], having massive economic consequences on individual businesses [13].



The main proposed alternative to FM is soybean meal, which has been introduced into fish farms. However, soybean meal has been criticized for generating high land-use competition and significant environmental deterioration [6,8], as well as for containing anti-nutritional factors that inflame the digestive tract of fish, having low palatability, and contributing few sulfur (methionine and cysteine)-comprising amino acids.



On the other hand, a plethora of scientific data demonstrates that insects represent a valid substitute for FM, fish oil, and conventional protein meals. In feed trials, insects have been tested as is and in a processed form, and the results have depended on the insect species used, the level of processing, and the level of inclusion in the fish feed. Insect-derived products are characterized by a high protein content (ranging from 45% to 70%), a good essential amino acid profile, and good lipid content, which varies from 8% to 35%, depending on the lipid extraction process [6].



The European Commission recognized the aforementioned environmental and economic sustainability issues in the aquaculture industry by enacting Regulation 893/2017, which permits the use of seven insect species in fish feed. Among the permitted species, the most promising are the yellow mealworm (Tenebrio molitor), the black soldier fly (Hermetia illucens), and the common house fly (Musca domestica). Their high potential as alternative feed ingredients is related to the potential of mass rearing them on byproducts, promoting the concept of a circular economy and zero waste [15]. Belforti et al. [16] found that including T. molitor (TM) in rainbow trout feed up to a proportion of 50% has no effect on weight gain. Other authors tested the substitution of FM with TM in the diets of different fish species (e.g., European sea bass, common catfish, tilapia) [17,18,19,20], and the findings suggest that TM can partially replace FM in the diet of many species [20].



From a market perspective, the insect business is a fast-growing sector, and several such companies or startups [21] have been founded in Europe (e.g., Ynsect, Protix, Mutatec, Hermetia Baruth GMBH) and outside Europe (e.g., Entofood, Agriprotein, Enviroflight, Enterra). So far, the Insect Platform for Insects as Food and Feed has 46 members [22].



Because of its inherent characteristics, insect meal could one day spark the intensification of aquaculture production and be the driving force for the growth of individual companies, reducing the cost of feed, even if the current market prices of insect meal are generally higher than those of FM (the Brabant Development Company [23] projects that the price of insect proteins will become competitive with that of FM by 2023).



In light of these considerations, this study estimates how farm economic outcomes can change by introducing insect meal into fish feed. The possible economic effects were simulated based on various scenarios with different percentages of insect meal—composed exclusively of Tenebrio molitor—introduced into fish feed and varying possible meal prices. A case study of a specialized, off-shore European sea bass (Dicentrarchus labrax) farm in Italy was used to simulate the possible economic effects. It must be noted that sea bass is “a major species culture in Mediterranean region” [17] (p. 35) with about 160,000 tons of production, primarily from the Mediterranean, in 2015 [24].



A case study approach was chosen because of the lack of empirical data about the real introduction of insect meal into fish feed, and the fact that only technical data are collected by some experimental results. First, balance sheet analysis was carried out to describe the baseline scenario (only FM use), followed by an assessment of the possible main economic effects derived from introducing Tenebrio molitor meal into the European sea bass diet.



This paper confirms previous studies on the cost structure of aquaculture enterprises and offers important information regarding the possible conflicts between the need for environmentally sustainable production—in terms of limiting the overexploitation of marine resources—and the need to ensure an aquafarm’s profitability. Thus, our study represents the first empirical attempt to investigate the economic effects of substituting FM with insect meal in fish feed.



Section 2 presents a literature review on the use of TM as an insect meal for fish and the cost structure of aquafarms. Section 3 describes our research methodology and the case study. Section 4 presents the results. The last section provides our conclusions and explains the implications of this study on industry practices, policymakers, and academia, as well as suggested avenues for further research.




2. Literature Review


Human efforts to produce ever-increasing amounts of food impact the environment, placing extreme stress on ecosystems. One serious consequence of the over-exploitation of ecosystems is the threat posed to fish production. Compounded by the continual growth of the world’s population, a global protein shortage is foreseen [25]. For these reasons, the increasing number of people require that future fish production be not only high yielding, but also sustainable.



Fish require quite a high quantity of high-quality protein. For this reason, FM, due to its optimal protein and amino acid composition, was, until now, the best protein source for fish feed [6], together with soybean meal. However, this formula does not meet specific criteria that go beyond the nutritional perspective, “such as regular availability in quantity, economic value, non-competition with resources for humans (water, land, or even the same source, as occurs with soy) and environmental sustainability” [18] (p. 1). Indeed, the fish industry’s sustainability is under threat from the rapid rise of aquaculture and the consequent increase in demand for FM, which is a limited resource [26]. Plant proteins are a possible solution, even though they have several limitations, such as anti-nutritional factors, the high levels of fiber and non-starch polysaccharides, inadequate fatty acid and amino acid profiles [27], low palatability, and the impairment of the integrity of fish intestinal enterocytes [6,26,27].



Insect meal has great potential to overcome the aquaculture sector’s problems. First of all, insects are part of the natural diet of freshwater and marine fish [10,28], especially in the juvenile stage [6]. Insects are also an excellent source of protein, with an average dry matter (DM) basis that varies between 45% and 75% [6] and a well-balanced essential amino acid profile, as well as a source of several other high-quality components, including appropriate levels of minerals (such as potassium, calcium, iron, magnesium, and selenium) and several vitamins [10].



Insect meal is also a highly environmentally friendly source of nutrients [29], in accordance with Goal 14 of the Sustainable Development Goals and the 2015 Chart of Milan.



Among the different candidate species to produce insect meal for aquaculture, Tenebrio molitor (TM)—commonly known as yellow mealworm—is considered to be one of the most promising protein sources for replacing FM in fish feed [6,20]. This is because (i) TM is a worldwide distributed coleopter belonging to the Tenebrionidae family [30]; (ii) the larvae of TM are rich in crude protein (53.2%) and fat (34.5%) [31], have an adequate amino acid profile, and are easy to breed and feed [32]; (iii) TM is rich in zinc, selenium, riboflavin, biotin, pantothenic acid, folic acid, chitin and antimicrobial peptide, isoleucine, leucine, lysine, and unsaturated fatty acids [32,33,34,35]; and (iv) TM is “currently produced on relatively large industrial scales as insectivorous pet food, fishing bait and even for human consumption” [36] (p. 215). Therefore, in light of its particular features and the feasibility of the mass production of TM, it is a convenient and appropriate substitute for FM in fish feed [36].



Based on the evidence above and given that the European Union (EU) suffers from significant protein deficiency and imports over 70% of its consumed proteins (European Parliament motion 2010/2111(INI)), the EU Commission recently regulated the use of insect-derived proteins in animal diets (Commission Regulation (EU) 2017/893).



However, today, despite the prominent thinking about the potential key role of insect meal in protein production in terms of constant quantities, high quality, the stability of supply and price [18], and price reduction [37], the current price of insect meal is still not competitive with other protein sources [38]. Additionally, given the current cost structure of the aquaculture farm, as reported above, the most urgent challenge for the aquaculture sector is the cost of FM and fish oil. Moreover, economically sustainable aquaculture development is slowing down due to the price of fish feed, the continuous price increase of which is not reflected in the final market price of the cultivated fish. All these factors, together with the need for ever-increasing investments in fixed capital, significantly affect the economic feasibility of the individual fish farm [13,14].




3. Case Study


A case study is a methodology that applies a multidimensional approach to analyze a phenomenon in depth within its real-life context [39]. This method is frequently employed in business research, giving a voice to successful business experiences, providing theoretical objectives, and suggesting concrete routes of action. Moreover, even though such qualitative research prioritizes the particulars of a case rather than its representativeness [40,41] and makes the generalization of the results difficult, it provides useful theoretical propositions that can be tested in larger quantitative research projects.



In this work, the qualitative case study method [39,42] is useful, because this research is one of the first to inquire into the problem of the profitability of aquaculture enterprises and aims to fill the gap in the literature about the economic effects related to the possible use of insect meal.



3.1. Data Collection


Here, we analyzed a small-sized, off-shore fish farm located in Sardinia, Italy. The farm was set up in the early 2000s and specializes in the production of sea bass. The fish production of this farm, similar to any other aquaculture farm in the territory, is exclusively based on FM as the fish feed. Because of this, this farm does not provide us with real data to precisely estimate the economic effects derived from the use of other meals, such as insect meal, which is the matter in question here. However, given the farmer/manager’s inclinations to introduce innovative feed to potentially reduce costs and improve product quality, this fish farm was considered suitable for our research goals.



The case study information was gathered in 2017, through both a semi-structured interview conducted with the farm director and the analysis of the budget and internal documentation relating both to the variable and fixed costs of the farm. These two connected investigation tools described the status quo of the sea bass farm, particularly regarding feeding costs and their contribution to the overall costs. Starting from this status quo condition, a simulation was performed to evaluate the main economic effects associated with the introduction of insects into fish feed, based on different economic scenarios and technical solutions.




3.2. Sea Bass Production and Feeding Cost


The primary information about the sea bass production process and plant dimension of the farm is shown in Table 1. The specimens grow in two cages, which after an 18-month cycle, produces about 260,000 sea basses, amounting to an annual output of approximately 175,000 specimens. Given that the commercial size of a specimen corresponds, on average, to 0.40 kg, the yearly production is about 66 tons, which is mostly intended for the domestic market, especially to big retailers. The price at the farm gate varies from €5.5 to €6.5/kg.



As mentioned above, the farm exclusively uses FM as a protein source. The sea bass eats a meal formula composed of about 50% FM (the percentage depends on the type of formulation, which is determined by the age of each specimen). The feed conversion ratio (FCR; i.e., DM basis intake (kg)/live mass gain (kg)) amounts to 2:1. The weight of a sea bass juvenile is about 0.02 g, with an average weight gain of 0.38 kg, resulting in 0.76 kg of feed for the specimen. The average price paid for the feed formula is €1.85/kg. Thus, the cost for the fish feed for the length of the biological cycle is about €366,000, and the annual feeding cost is close to €244,000.




3.3. Balance Sheet Analysis


The balance sheet makes up the basis of the estimation of the cost structure of the sea bass farm, from which the proportion of the feeding cost to the total cost and the profit is calculated. Table 2 reports the balance items and their descriptions.



Some clarifications of these items are provided below.

	(i)

	
All the fish farm revenues are generated by the value of the marketable sea bass produced.




	(ii)

	
Capital mainly consists of the two cages for the livestock, the machinery for feeding, and the headquarters, whereas the boat used for movement is annually rented. This item is also included in the capital interests.




	(iii)

	
The labor—both manual and directive—is chiefly done by permanent employees, including the farmer who works as an employee, even though, especially during the harvesting of the specimens, there may also be seasonal workers.










3.4. Simulations on Use of Insect Meal


The simulation of the effect of using TM in the sea bass diet on the structure of the company costs was made based upon the possible outcomes derived from this inclusion. Its starting point was based on some recent works in the scientific literature. In particular, this analysis was based on the empirical evidence data of Gasco et al. [17], who conducted a study on the effects of replacing different percentages of FM with TM in the diet of the European sea bass. According to the findings of Gasco et al. [17], the sea bass registers a feed conversion ratio (FCR) that differs on the basis of the replacement percentage of FM with TM, i.e., a FCR equal to 0.90, 0.91, and 0.99 in the 0%, 25%, and 50% substitution scenarios, respectively.



The experimental trials were realized by replacing FM (which, in the status quo scenario, is equal to 50% of the whole formula) with TM meal as the feed basis in five increasing levels: 5%, 10%, 15%, 25%, and 50%, respectively. The FCR in the simulations was decreased based on the progression reported in Gasco et al. [17] and was applied at a starting point of 2.00 in the status quo scenario (see Table 1).





4. Results


The findings of the balance sheet analysis are shown in Table 3 and are presented from two perspectives: budget year and biological cycle length. The analysis demonstrates that sea bass production is profitable. With regard to this, it is important to point out that the value obtained by the fish farmer from business activity is higher than the farm profit, because the farmer, also being a worker, receives a salary in addition to profit. Nevertheless, the analysis demonstrates the extremely high feeding cost, which corresponds to more than 63% of the total cost. This data is in line with previous studies on the cost structure of fish farms [10,11,12,13,43,44], in which over 60% of farm costs are feeding costs.



These findings underline the urgent need to adopt measures to limit the magnitude and incidence of this item.



Starting from these results, and as reported above, estimates were computed considering the change in the feeding cost caused by the increasing the levels of TM meal in the fish feed and the different prices for purchasing this alternative meal. Table 4 shows the findings of the simulations that used the level of production of the status quo scenario (104,000 kg) as a reference point.



Some clarifications about the FM and TM prices are provided below.

	(i)

	
Usually, aquaculture enterprises do not buy pure FM, instead purchasing feed formulas containing FM percentages. These feed formulas vary depending on both the feed mill supplying the farm and the fish growth stage. The analyzed company does not differ from this practice, and the price of the formula indicated in Table 4 (1.85 €/kg) is an average price paid for the entire biological cycle/budget year production;




	(ii)

	
Based on the average market price, the price of fish meal is around 1.48 €/kg, plus VAT;




	(iii)

	
We hypothesized two TM flour price scenarios that may occur in the near future given the forecasts of price decrease: 5.00 €/kg and 2.50 €/kg. These prices represent one-third and one-sixth of the current TM price as indicated by the Brabant Development Company [23]. Compared with the current scenario, characterized by higher TM prices than FM prices, we adopted a precautionary approach, setting more affordable levels of price for fish farms.









Furthermore, it is necessary to make some clarifications regarding the Feed Conversion Ratio (FCR). The objective of feed mills is to process and produce feeds that optimize the use of the nutrients contained in them (e.g., raw materials with high digestibility, technological processes that increase digestibility, use of probiotics or prebiotics or other additives that allow fish to better use nutrients, etc.) with repercussions on growth and conversion rates (FCR). In this case under examination, the FCR detected by Gasco et al. [17] was used. Therefore, in the alternative scenarios, the FCR was estimated based on the values reported by Gasco et al. [17], i.e., the FCR would increase by 0.5%, 1%, and 10% with the inclusion of TM meal at 15%, 25%, and 50%, respectively. Hence, the quantity of the meal tends to increase with the increasing percentage of TM meal in the fish feed.



Figure 1 shows the isoquant that describes the set of points at which the farm output quantity is produced while changing the amounts of the two types of meals. The isoquant curve is asymmetric, due to the tendency of the FCR to increase slowly before and more dramatically afterwards, implying that the total quantity of feed useful for producing 1 kg of sea bass would increase concurrently with the substitution of FM with TM.



As illustrated in Table 4, in the case of the complete replacement of FM with TM meal at a price of €5.00, the estimates suggest that the change in the feed cost compared with the status quo is close to 200%, and the contribution of the feeding cost to the total cost tends to increase dramatically (to about 82.2% in the case of TM50% and a TM price equal to €5.00/kg). These findings occur, because both the quantity of feed derived from the increased quota of TM meal and the market prices related to insect meal in the European market would tend to increase. In addition, three prices were calculated.



First, the buy price per kg of feed formula (BPF), considering the different scenarios of the price of TM meal and the replacement of FM with TM meal (third row of Table 4), was calculated.



Bearing in mind that the farm buys a feed that includes FM mixed with other compounds, the assumptions are as follows:

	
According to Gasco et al. [17], the percentage (in kg) of the total of the other compounds (TOC) of the feed formula comprising the total formula (reference value of 1 kg) remains unchanged in all the scenarios.



	
The percentage (in kg) of the TOC is equal to 50% of the total feed formula.



	
The buy price of pure FM does not change, due to the changes in the scenarios.



	
The buy price of the TOC is estimated based on the rate of substitution between FM and TM (the weighted buy price of the two meals for their quantity). Therefore, in the TM0% scenario, the buy price of 1 kg of pure FM equals the price of 1 kg of the entire feed formula, and in the TM50% scenario, the buy price of pure TM meal equals the buy price of the total feed formula.



	
Given the objective of estimating the feeding cost incurred in the budget year (and in the entire biological cycle) by the buy price of the formula and that the formula’s price changes according to the different stage of growth of the fish, the buy price of the formula is determined by an average price (see the Appendix A).








The estimates are reported in the third row of Table 4. The feed price (BP0) showed in Table 4 represents the price that the farm would have to pay to buy 1 kg of feed containing incremental quantities of TM meal in place of FM at a fixed price of €1.85. The data show that the buy price of the formula per kg would increase by 35% and 170% if the price of TM is €2.50/kg and €5.00/kg, respectively, if FM is wholly substituted with TM meal (scenario TM50%) (see also the Δ Feeding cost with respect to the status quo).



The other two calculated prices (last two rows of Table 4) refer to the prices that make the choice between FM and TM indifferent. These prices have been calculated both for the different percentages of substitutions and in the scenarios of the presence and absence of profit (see Appendix A).



The indifference buy price in the case of no change in profit (BPπ) remains the same in the case of the substitution between the two meals at the 5% proportion, which tends to decline slightly up to a 25% substitution and drastically collapse in the scenario of total replacement of FM with TM meal. In the extreme scenario, to maintain the same profit as the TM0% scenario, the formula price decreases by 9.2% (the formula price should decrease from €1.85 to €1.68). The exponential decrease is attributable to the worsening of the conversion rate recorded in the transition between the TM25% and TM50% scenarios (from €2.02 to €2.20).



For the same reason, in the scenario of equality of revenue with the total costs (TMP0), the price of the TM meal undergoes a decrease to €1.74.



Figure 2 shows how the profits—calculated as the difference between revenues and total costs —vary by the increase in the meal prices for each scenario considered. In other words, it shows the feeding price that makes the choice indifferent (from a merely economic viewpoint) between the TM0% scenario and the other five scenarios, respectively.




5. Discussion and Conclusion


Aquaculture contributes to almost half of the total fish production in the world, with a value of $232 billion in 2016 [1]. This development—driven by the huge increase in the demand for fish due to the rise in population that cannot be satisfied by wild fish—demonstrates the clash between two important issues that are linked to each other.



The first issue embodies the environmental concerns related to the sustainability of using FM and fish oil as the major component of the feed used in aquaculture [2,26]. Indeed, the supplies of these commodities are finite, but the expansion of aquaculture production has resulted in an increase in their consumption, which results in the overharvesting of the sea and the future destruction of such resources. As a consequence, there is an increasing demand for alternatives to stop the overexploitation and misuse of the seas, which have caused declining wild fish stocks [2,45].



The second issue encompasses serious concerns about the economic sustainability of aquaculture farming, i.e., its ability to be profitable in the long run. What emerged from the few studies focusing on the economic performance of aquaculture at the farm level [46] is the current critical state of the cost structure of aquaculture firms, in particular, due to high feeding costs, which have caused the failure of many such companies. Indeed, the increasing fish demand has resulted in the growing demand for feed, leading to a rapid rise in the price of fish feed [2]. Moreover, concerning sea bass production, this industry, which is often classed as capital intensive, today requires large initial investments and financial resources.



Economic and environmental dimensions of sustainability are interconnected as follows: (i) profit maximization should be pursued using resources efficiently and minimizing environmental impact, meaning that aquaculture should offer a more environmentally friendly fish production process than sea fishing; and (ii) achieving environmental goals depends on economic sustainability, which, in turn, depends on the ability of aquaculture enterprises to bear the burden of new eco-friendly production techniques or feed, which are often more expensive than those used in the present state of affairs.



In agreement with Nidumolu et al. [47], who argued that “there’s no alternative to sustainable development” [47] (p. 57) and given the awareness that aquaculture has the potential to be environmentally sustainable, it is crucial to understand how to increase the economic performance of this type of production.



Insect meal is one of the potential solutions to the problems of aquaculture companies regarding the stability and reduction of feeding costs [18,37] and environment protection [48].



In light of these considerations, this study aimed to overcome the environmental and economic issues of the aquaculture sector, evaluating the economic viability of the introduction of insect meal into the sea bass diet, which is one of the most cultivated species in the Mediterranean.



To this end, first, the fish farm enterprise cost structure was analyzed, confirming the findings of previous studies [10,11,12,13], according to which feeding costs represent the main concern in the fish farm cost structure, especially with respect to small-scale farms.



Second, an estimation of the economic effects caused by TM inclusion in the sea bass diet was conducted. Being the first such empirical application in this field, the lack of previous empirical results regarding the cost effects of the introduction of insect meal into fish feed does not allow for a comparison of the current findings. However, an estimation of the economic consequences of such an innovative diet is pivotal to address the current problems in the aquaculture sector and suggest possible solutions for the near future.



Nevertheless, at present, insect meal is not a competitive protein source for use in aquaculture fish feed [38]. Indeed, according to the Brabant Development Company [23], the commercial price of TM flour is 15 €/kg and the price of insect proteins will only become competitive with that of FM in 2023. One possible way to make this scenario feasible is to increase the scale of production in the insect industry, which could encourage an increase in the price competitiveness and production stability of insect feeds over other protein sources [22].



The findings obtained in the current study confirm the low competitiveness of TM as it stands today and demonstrate that profitability would decrease if insect meal were partially introduced into fish feed in today’s market. The analysis estimated the effects on the cost structures of two price scenarios that might reflect the decreasing prospects of insect flour, i.e., one-third (5 €/kg) and one-sixth (2.50 €/kg) of the price indicated by the Brabant Development Company [23]. The findings showed that the replacement of 50% FM with TM entails an increase in feed costs of 49% and 197% in the TM price 1 (2.50 €/kg) and 2 (5.00 €/kg) scenarios, respectively.



Given these results, we wanted to estimate the price of TM at which the choice between TM and FM for all percentages of replacement between the two flours becomes moot. This indifference price was calculated according to two scenarios: (i) the company records a profit (equal to €613,600), which is a price that naturally also reflects the company’s ability to fetch a good price from its clients and therefore is a very specific price for the analyzed company; (ii) non-profit, in which the estimated price is less influenced by the ability of the entrepreneur to sell effectively the products in the market place. The findings show that the indifference price decreases as the percentage of FM replacement with TM increases due to the increase in the FCR. In the extreme scenario, the price of TM must be lower than that of FM by about 9%, if we consider the profit of the company being analyzed, and lower by about 11% in the absence of profit.



This study suggests that the highly acclaimed introduction of insect meal into fish feed is currently not economically viable for small- to medium-sized aquaculture businesses. At present, insect flour cannot be considered to be an alternative for the troubleshooting of economic sustainability problems of aquaculture enterprises. Although insect flour is currently a more environmentally friendly alternative compared with FM—in that the production of the raw material does not affect fish stocks—in light of both these results and the fact that FM and fish oils will maintain or increase their prices until the price of insect meal becomes significantly lower than the price of the FM that is currently used in aquaculture, the fish farm—to continue operating in the market—should find alternative solutions to reduce feeding costs, especially small-scale and specialized farms, such as the enterprise considered in our case study.



One solution may be to change the production scale of fish farms, which could reduce waste from an economic perspective, due to the possible presence of an increasing return to scale and the ability of the farm to increase its bargaining power with suppliers and organized large-scale distribution systems. The increasing of the production scale is affected by institutions and authorities’ pivotal roles, which can actively promote training paths able to fill the lack of experience and knowledge of entrepreneurs, the lack of technologies used in fish production and extension services, and poor management. An entrepreneur’s increasing professionalism could motivate the decision to extend the production scale and risk making new investments in the farm.



More generally, however, the high price related to insect meal would today limit the economic performance of most aquaculture farms, including large-scale farms. This is because the current insect meal and food production are not sufficient to ensure a constant supply. Several small- and medium-sized European start-up companies have emerged in recent years, but the major constraint limiting their growth is legislative barriers [49]. A recent report drawn up by the market and consulting firm Arcluster [50] estimates that the animal insect production market is worth half a billion dollars, with a growth forecast of over $1 billion by 2022, meaning that insect feed could account for up to 3% of the entire production of the feed market within the next 4 years.



On the other hand, revenue streams are directly linked to the market price of European sea bass, and the final price of the fish does not reflect the rising price of feeding costs [13,14]. However, there is an ever-increasing demand for improving standards of quality and assurance in the sustainability process of fish production [1], and consumers are willing to pay a sustainability market price. Indeed, such consumers are less sensitive to price and thus are more willing to pay a premium for products that embody social and environmental attributes.



The use of insect meal in fish feed responds to such requirements, and recent research has shown a satisfactory level of its acceptance [30,37,51,52,53,54]. In this study, we did not simulate the economic effects related to a possible fish price increase derived from the introduction of insect meal due to the lack of empirical evidence that confirms this possibility. However, as such, consumers sensitive to the problem of the environmental sustainability of fishing could be willing to pay more for this type of fish. Also, because consumers afford great importance to the country of origin of fish [55], considering domestic fish to be of higher quality than imported fish [56,57], a local aquaculture farm will benefit from a more significant advantage and, therefore, could propose a higher sales price. A further solution could be the introduction of eco-labels, because, as suggested by previous research, their adoption can justify a premium price for food products [58]. The quality and the attention to the environment, along with certification standards, can generate increased confidence in consumers regarding the environmental responsibility and food safety of aquaculture products [59], further increasing the demand for such products.



Another aspect of interest is the consumer propensity to consume fish on the basis of, among other reasons, the attribution of positive health benefits and nutritional beliefs [60] and their disinclination to do in the case of a suspected health risk or the lack of information on the selection and preparation of fish [37]. Even in this instance, institutions and authorities’ contributions can be useful for increasing consumer knowledge [61] and pushing them to search for high-quality products and to pay a premium to have them. Given the power of consumers to determine the success or failure of the use of insect meal, their awareness about the benefits of eating fish products derived from fish farms and the absence of risk related to eating fish fed with insects is crucial to encouraging both economic and environmental sustainability.



Finally, to better respond to future challenges and support the aquaculture sector and decisionmakers, more research in this field is required to improve knowledge on this issue. Future research could test the economic effects on the aquafarm cost structure of the use of other eco-friendly fish feed (i.e., other species of insects, poultry meal, or feeds derived from circular economy processes) both in sea bass production and that of other fish species, evaluating the effects by taking into account the different FCRs. Moreover, future research could investigate the use not only of the protein part of insects, but also of other “products” with high added value [see 6]. In other words, researchers could investigate not only using insects as a protein source, but also as “additives” (small quantities), able to modulate microbiota and in general to affect animal health (i.e., oil for antibacterial properties and chitin for pharmaceutical properties and immunostimulants, as well as anti-microbial peptides) [62].



Although it has some limitations (being based on simulations, only on sea bass production, and on a case study approach), this study is the first to attempt to explore the inclusion of insect meal in fish farming from an economic perspective. It shows that, in the future, the economic dimension of sustainability must go hand in hand with the environmental one, which is an essential condition pursuant to Goal 14 of the Sustainable Development Goals of 2030.
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Appendix A


Cost–volume–profit (CVP) analysis was used to determine the feeding cost required to achieve the target profit and revenue. CVP analysis is a method of cost accounting that looks at the impact that varying levels of costs and volume have on the operating profit and allows for the determination of the breakeven point for different sales volumes and cost structures. The CVP makes several assumptions, including that the sales price, fixed costs, and variable cost per unit are constant. Running CVP analysis involves using several equations for price, cost, and other variables.



The CVP formula can be used to calculate, for example, the sales volume needed to cover costs or the variable costs and breakeven point (in accordance with the unknown variable).



The basic formula is quite simple:


Profit=Total revenue−Total costs



(A1)






Profit=Selling price×Number of unit−Total fixed costs−Unit variable cost×Number of unit



(A2)







In this case, the total fixed costs (TFC) account for the wages and salaries (WS), the depreciation of capital (DC), and the taxes (TX), whereas the variable costs account for the cost of energy and water (EW), fuel (FU), rent for boat (RB), livestock (LC), salaries (SA), other variable costs (OVC), interests (I), and feeding cost (FC).



Moreover, the sum of the LC, SA, FU, EX, RB, and OVC is identified with the acronym PVC (partial variable costs), and the %FM is the percentage of pure FM in terms of the ratio between the FM and TM meal within the feed formula:


%FM=FMg/kg/Fish in feed formulationg/kg



(A3)







Based on the assumption that (i) the FC is determined by the result of the multiplication of the price of 1 kg of feed formula (BP0) by the total feeding distributed (FD), and (ii) the interest rate (r) derives from the application of a coefficient equal to 4.54% of the PVC and FC, the average buy price (BP0) of the pure FMkg in the scenario TM0% can be determined:


BP0=[TR−π−TFC−PVC−r×(PVC)]%FM×FD+r×%FM×FD



(A4)




where


π=TR−P0×FD×%FM−PVC−I−TFC



(A5)




and


I=r×PVC+BP0×r×%FM×FD



(A6)







Using the BP0 as a value that remains fixed regardless of the different percentage ratios between FM and TM meal, the second step consists of the estimation of the buy price per kg of feed formula (BPF) in all scenarios:


BPF=BP0×%FM+TM Price 1×%TM



(A7)







Secondly, we estimated the buy price of TM meal that allows farmers to achieve in all scenarios (different prices of TM meal and different ratios between the TM meal and FM) the profit realized in scenario TM0% (TMPπ). In other words, the buy price of TM meal that permits bearing the same feeding cost, employing a different quantity of FM, and ensuring the given level of production (given that all the scenarios show the same revenue) was obtained:


TMPπ=[TR−π−BP0×FD×%FM−PVC−TXC−r×PVC](FD×%TM)+(r×FD×%TM)



(A8)




where the “%TM” is, respectively, the percentages of pure TM meal in terms of the ratio between FM and TM meal within the formula


% TM=TMg/kg/Fish in feed formulationg/kg



(A9)







Finally, an estimate was made on the buy price indifference related to theoretical scenarios characterized by any profit achievement (possible feed cost increase, to determine the profit equal to zero, i.e., TMP0):


TMP0=[TR−BP0×FD×%FM)−PVC−TFC−r×PVC](FD×%TM)+(r×FD×%TM)



(A10)
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Figure 1. Estimated isoquant curve between fish meal (FM) and Tenebrio molitor (TM) meal. 
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Figure 2. Indifference buy price (with respect to profit) (€/kg). 
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Table 1. Main technical characteristics of the fish farm analyzed regarding the sea bass production process.






Table 1. Main technical characteristics of the fish farm analyzed regarding the sea bass production process.





	Cages, N
	Specimen (by Cage), N
	Specimen (total), N
	Biological Cycle
	Size of Marketable Sea Bass
	Weight Gain (WG)
	Feed for Specimen (FS)
	Feed Conversion Ratio (FCR)
	Feed Distributed (total) (FD)





	2
	130,000
	260,000
	18 months
	0.40 kg
	0.38 kg
	0.76 kg
	2.00 (2:1)
	197,600 kg
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Table 2. Balance sheet items considered and their description.
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Item

	
Description






	
Revenues

	
Value of Production (TR)

	
Value of Sea Basses Produced (€)




	
Variable Costs

	
Cost for energy and water (EW)

	
Cost for the use of energy and water (€)




	
Cost for fuel (FU)

	
Cost for the use of fuel (€)




	
Rent for boat (RB)

	
Cost for the use of boat (€)




	
Cost of raw materials: livestock cost (LC)

	
Cost for purchasing juveniles and other raw materials for livestock (€)




	
Cost of raw materials: feeding cost (FC)

	
Cost for feed (€)




	
Salaries (SA)

	
Cost for salaries of seasonal workers (€)




	
Other variable costs (OVC)

	
Other variable costs (€)




	
Interests (I)

	
Interests on variable costs (€) for 18 months




	
Fixed Cost

	
Wages and salaries (WS)

	
Cost for wage and salary for permanent employees (€)




	
Depreciation of capital (DC)

	
Annual quote of depreciation of capital (€)




	
Taxes (TX)

	
Cost for taxes (€)
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Table 3. Balance sheet analysis results.
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Item

	
Biological Cycle (18 months)

	
Budget Year (12 months)

	
% of Total Cost






	
Revenues

	
Total

	
613,600

	
411,430

	




	
Quantity (kg)

	
104,000

	
69,700




	
Average price (€/kg)

	
5.90

	
5.90




	
Variable Costs

	
Total

	
497,644

	
333,405

	
82.8%




	
Raw materials: feeding cost

	
365,560

	
244,925

	
60.8%




	
Raw materials: livestock cost

	
70,070

	
46,947

	
11.7%




	
Salaries

	
15,035

	
10,073

	
2.5%




	
Fuel

	
5346

	
3582

	
0.9%




	
Energy and water

	
3505

	
2348

	
0.6%




	
Rent of boat

	
11,880

	
7960

	
2.0%




	
Other variable costs

	
4613

	
3091

	
0.8%




	
Interests

	
21,635

	
14.495

	
3.6%




	
Fixed Cost

	
Total

	
103,218

	
69,156

	
17.2%




	
Wages and salaries

	
60,618

	
40,614

	
10.1%




	
Depreciation of capital

	
6300

	
4221

	
1.0%




	
Taxes

	
36,300

	
24,321

	
6.0%




	
Total Cost

	

	
600,862

	
402,577

	
100.0%




	
Profit

	

	
12,738

	
8,535
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Table 4. Results of simulations based on different technical and market scenarios.
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Item

	
TM0%

	
TM5%

	
TM10%

	
TM15%

	
TM25%

	
TM50%






	
Diet Composition (%)

	
Fish meal

	
50.0

	
45.0

	
40.0

	
35.0

	
25.0

	
0.0




	
TM meal

	
0.0

	
5.0

	
10.0

	
15.0

	
25.0

	
50.0




	
Feed Used (kg)

	
Weight gain (WG)

	
0.38 kg

	
0.38 kg

	
0.38 kg

	
0.38 kg

	
0.38 kg

	
0.38 kg




	
FCR

	
2.00

	
2.00

	
2.00

	
2,01

	
2.02

	
2.20




	
Feed/specimen

	
0.76

	
0.76

	
0.76

	
0.76

	
0,77

	
0,84




	
Total feed for cycle

	
197,600

	
197,600

	
197,600

	
198,588

	
199,576

	
217,360




	
Total feed—annual

	
131,733

	
131,733

	
131,733

	
132,392

	
133,051

	
144,907




	
Feed Price (€/kg)

	
TM price 1 = 2.50 €/kg

	
1.85

	
1.92

	
1.98

	
2.05

	
2.18

	
2.50




	
TM price 2 = 5.00 €/kg

	
1.85

	
2.17

	
2.48

	
2.80

	
3.43

	
5.00




	
Feeding Cost—18 Months Cycle (€)

	
TM price 1 = 2.50 €/kg

	
365,560

	
378,404

	
391,248

	
406,112

	
434,078

	
543,400




	
TM price 2 = 5.00 €/kg

	
365,560

	
427,804

	
490,048

	
555,053

	
683,548

	
1,086,800




	
Feeding cost—Budget year (€)

	
TM price 1 = 2.50 €/kg

	
243,707

	
252,269

	
260,832

	
270,742

	
289,385

	
362,267




	
TM price 2 = 5.00 €/kg

	
243,707

	
285,203

	
326,699

	
370,036

	
455,699

	
724,533




	
Δ Feeding Cost with Respect to Status Quo

	
TM price 1 = 2.50 €/kg

	
-

	
3.5%

	
7.0%

	
11.0%

	
18.7%

	
48.7%




	
TM price 2 = 5.00 €/kg

	
-

	
17.0%

	
34.0%

	
51.8%

	
87.0%

	
197.3%




	
Feeding Cost Impact on Total Cost

	
TM price 1 = 2.50 €/kg

	
60.8%

	
61.6%

	
62.4%

	
63.3%

	
64.9%

	
69.8%




	
TM price 2 = 5.00 €/kg

	
60.8%

	
64.5%

	
67.6%

	
70.2%

	
74.4%

	
82.2%




	
Indifference Price TM (with Respect to Profit) (€/kg)

	
1.85

	
1.85

	
1.82

	
1.80

	
1.68




	
Indifference Price TM (no profit) (€/kg)

	
2.47

	
2.16

	
2.02

	
1.94

	
1.74
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Scenarios (% of TM meal incorporated into the diet)






media/file3.jpg
o6t
awt
st
P
ot
st
e
ot
wt
w

o8t
ot
st
P
ozt
st
w1
et
wt
wt
ot
P
o1
o
90
ot
i
wt
wt
wr
ot

—TMO% ——TM5% ——TM10% ~——TM15% ——TM25% ——TM50%





media/file1.jpg
‘Scenarios (% of TM el incorporated no e i)






