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Abstract

:

Simple Summary


This investigation was performed to establish an optimal feed for Hermetia illucens (black soldier fly) larvae (HIL) and to develop an oil extractor for biodiesel production. An optimal feed for HIL for biodiesel production was established using organic wastes such as dried-food waste, chicken manure, and waste cooking oil. In addition, an automatic oil extractor was developed that cost-effectively produced industrial biodiesel, livestock feed, and fertilizer from HIL. Consequently, this investigation can contribute to the establishment of industrial systems for biodiesel production using HIL.




Abstract


HIL are useful in agriculture because they can be used as feed for livestock or fertilizer and can bioconvert organic wastes, such as food waste and human and animal manure to usable fertilizer. In addition, HIL are being studied as a source of biodiesel because of their high-fat content. However, their use for biodiesel production has not been fully adopted. Here, the results showed that survival, weight gains, and total dried weight were significantly enhanced when HIL were fed dried-food waste (DFW)/chicken manure (CM). Furthermore, increased weight gain was observed in HIL fed DFW containing 5 mL waste cooking oil (WCO) per 100 g and 1.2% (v/w) fermented effective microorganism (F-EM). Based on these results, we prepared experimental feeds containing DFW, CM, WCO, and F-EM to establish an optimal feed for biodiesel production. We found that FT-1-2, a feed prepared with 60 g DFW, 40 g CM, 2 mL WCO, and 0.8% F-EM (v/w), significantly enhanced fat content, weight gain, and total dried weight of HIL. Our results indicate FT-1-2 is a suitable feed to breed HIL for biodiesel production. We then developed an automatic oil extractor for biodiesel production. The yield of the oil extractor was higher than that of solvent extraction. The study shows FT-1-2 is an optimal HIL feed for biodiesel production and that the developed oil extractor is useful for the extraction of crude oil from HIL and for the harvesting of defatted HIL frass for livestock feed and fertilizer. Taken together, we established an optimized low-cost feed for HIL breeding and developed an automatic oil extractor for the production of biodiesel from HIL.
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1. Introduction


Biodiesel is a renewable clean energy and is considered an environment-friendly alternative fuel for heavy duty trucks and farm tractors [1]. Many natural lipid components in vegetable oil, waste cooking oil, and animal fat can be used as sources of biodiesel. Although fungi, bacteria, algae, and microalgae can be used to produce biodiesel, oil-bearing plants are considered as main sources [2]. However, biodiesel is still not widely used as a primary fuel for engines because it is more expensive to produce than fossil fuels [3,4]. The production cost of biodiesel is mainly determined by the feedstocks and catalysts used. Almost all biodiesel (more than 95%) is produced from edible oil extracted from vegetables [5,6], but vegetable oil is no longer viewed as an economical option. Vegetables and their oils are widely used for cooking and in the food industry and the price of vegetables is increasing. Furthermore, the use of crops to produce biodiesel causes serious environmental problems, such as destruction of soil resources and forests [2]. Therefore, to prevent these environmental problems and reduce production costs, it is important to discover new feedstocks for biodiesel production.



The huge amount of municipal solid waste (more than 2.1 billion tons per annum) dumped by humans is a major cause of global environmental pollution, and food waste accounts for about 25–45% of total solid waste [7]. Therefore, strategies based on the treatment of food waste are viewed as potential means of overcoming environmental pollution. Food waste treatment using insects is considered an environmental and economically viable means of recycling. Insects can bioconvert food wastes and human and animal manures to fertilizers. Some investigators have shown that food wastes bioconverted by insects can be used as environmentally friendly fertilizer and can reduce pathogenic microbes and pesticides [8,9,10,11]. Insects are also being investigated as alternative feedstocks for biodiesel production because insect larvae have high fat levels (16–57.9%) [12]. Moreover, insects can convert organic waste into biomass, and thus, biodiesel production by insects is considered an attractive means of preventing environmental pollution and reducing the cost of biodiesel production [13,14,15]. In fact, many researchers have reported biodiesel can be produced from insects fed organic waste [1,16,17,18,19,20].



Black soldier fly (Hermetia illucens) larvae (HIL) are known to biodegrade various organic wastes, such as livestock, human manure, food, industrial wastes, and produce biomass, and fat [1,21,22,23,24]. Some investigators have evaluated the fat contents of HIL fed different organic wastes and assessed the feasibility of extracting oil from organic waste-fed HIL [1,20]. In addition to the use of HIL as a feedstock for biodiesel production, they are considered to be a source of antimicrobial peptides [25,26,27]. Moreover, HIL and its frass can be used as feed for livestock and fertilizer [28]. Consequently, investigations suggest that HIL may be useful in a wide range of eco-friendly fields such as organic waste recycling, biodiesel production, and natural antimicrobial manufacture.



Li et al., (2011) showed that biomass, crude fat, and biodiesel yields of HIL are determined by the type of organic waste fed [1]. Therefore, we tried to develop a feed based on organic wastes that improves the growth, increases the fat and oil contents, and reduces the cost of breeding HIL. In addition, we developed an oil extractor to effectively produce crude oil from HIL that does not require chemical treatment.




2. Materials and Methods


2.1. H. illucens Larvae


HIL were gifted by the Department of Agricultural Biology at the National Instituted of Agricultural Sciences of the Rural Development Administration (Wanju, Korea). HIL were grown under controlled conditions (26 ± 1 °C and 60% relative humidity).




2.2. Preparation of Organic Waste


Dried-food waste (DFW), waste cooking oil (WCO), and chicken manure (CM) were used as feed sources for HIL breeding and a fermented effective microorganisms mix (F-EM): a fermented mixed culture containing mainly yeast, lactic acid bacteria, and photosynthetic bacteria) provided by local government was added additives to suppress the smell caused by decomposition. DFW was obtained from a food waste dump, WCO from a restaurant, and CM from a chicken farm. To test the effects of feeds on growth rate and body weight gain ratio, we prepared feeds, such as DFW/WCO, DFW/CM, and DFW/F-EM, and determined differences in HIL growth and fat contents according to DFW to organic waste or F-EM ratios. Compositions are presented in Table 1. To determine weight gains, the weight change of each group was first determined according to the following formula: weight gain (mg) = total weight (mg) of HIL at 11 days—total weight (mg) of HIL at 0 day. Then, weight gains were converted to percentages by dividing weight change of each experimental group by that of control group.



We then prepared DFW/WCO/CM/F-ME mixtures as experimental feeds and observed HIL growth rates, body weight gain ratios, and fat contents to determine an optimal feed composition (Table 2).




2.3. HIL Breeding


Six-day-old HIL (0.3 mg/larva) were inoculated into feed prepared using organic wastes, grown for 11 days, and then harvested to measure fat content, nutritional composition, total dried weight, and weight gain.




2.4. Extraction of Crude Oil From HIL


HIL were dried in a 700 W microwave for 8.5 min to extract crude oil, which was extracted using an expeller press or by solvent extraction. To extract crude fat using the expeller press, dried HIL were pressed at 120 °C and the extracted oil was collected as crude oil, which was then filtered to remove HIL biomass. Nutritional and fatty acid compositions of crude fat were determined. For solvent extraction, dried HIL were mixed with same volumes of hexane, stirred for 12 h at 50 °C and then filtered to remove HIL frass. The hexane was then removed using a rotatory evaporator.




2.5. Analysis of HIL Nutritional and Fat Compositions


HIL body compositions were measured after drying in a microwave for 6 min. Analyses of crude protein, crude fat, crude ash, and moisture in HIL were performed at the Foundation of Agricultural Technology Commercialization and Transfer (Iksan, Korea). Fatty acids in crude lipid were analyzed by gas chromatography/mass spectrometry at the Korea Quality Testing Institute (Suwon, Korea).




2.6. Performance Evaluation of Oil Extraction


The performance of the developed oil extractor was evaluated by comparing it with than of solvent extraction. To evaluate performance, we measured the extraction yields and acid values of extracted oils. Oil extraction yields are presented as percentages of total crude fat in HIL.




2.7. Statistical Analysis


Data were analyzed by one-way analysis of variance followed by Tukey’s post hoc test using SPSS Ver. 20.0 (SPSS Inc., Chicago, IL, USA). Statistical significance was accepted for p values < 0.05. Results are presented as means ± SDs.





3. Results


3.1. Effect of DFW/CM on HIL Growth


Several investigators have reported that HIL growth and nutritional composition are determined by feed composition. Li et al. demonstrated the highest crude fat content in HIL was obtained when HIL were fed chicken manure. Therefore, we assessed the effect of DFW/CM on HIL survival, body weight gain and total dried weight. The results obtained showed highest weight gains for DFW/CM-2 (Figure 1B) and greatest dried HIL weights for DFW/CM-2 and -3 (Figure 1C). The lowest total dried HIL weights, survival numbers, and weight gains were observed when HIL were fed DFW/CM-5 (0 g DFW/100 g CM; Figure 1A,B).




3.2. Effect of DFW/ WCO on HIL Growth


Some investigators have reported that HIL fat profiles and contents and growth depend on lipid profiles in feed. Therefore, we estimated the effect of DFW/WCO on HIL survival, body weight gain and total dried weight. The results showed that the survival numbers of all HIL fed DFW/WCO were similar to that of control (Figure 2A). In contrast, total dried HIL weight and weight gains were higher for HIL fed DFW/WCO-4 and -5 (Figure 2B,C). However, DFW/WCO-1, -2, and -3 did not affect weight gains or total dried weight as compared with control.




3.3. Effect of DFW/F-EM on HIL Growth


Although organic waste is a useful feed for HIL breeding, it can be easily decomposed and has an unpleasant smell. To prevent the decomposition and suppress the smell, we used F-EM solution, which is a well-known eco-friendly material, and evaluated its impact on growth and weight gains of HIL fed DFW/F-EM. We found DFW/F-EM did not affect HIL survival (Figure 3A), but that DFW/F-EM-3 significantly increased HIL weight gain and total dried weight (Figure 3B,C).




3.4. Effect of DFW/CM/WCO/F-EM on HIL Growth


Based on the above results, we assessed the effect of DFW/CM/WCO/F-EM on HIL growth to optimize organic waste feed for HIL breeding. As shown in Table 2, we prepared three different types of feeds. Initially, we assessed the effect of feed type-1 (FT-1) on HIL growth. As shown in Figure 4B,C, higher weight gains and total dried-HIL weights were observed in HIL fed FT-1-1, FT-1-2, FT-1-3, or FT-1-4, but not FT-1-5, than in HIL fed DFW-only (control). HIL survival was unaffected by FT-1 feeds, except FT-1-5, which reduced HIL survival by 10.4% (Figure 4A). Highest weight gain (179.5%) was observed in HIL fed FT-1-2. FT-2 feeds, except FT-2-6, increased dried HIL total weight and weight gains without reducing HIL survival, and weight gain was highest for HIL fed FT-2-3 (169.2%; Figure 5). FT-3 feeds, except for FT-3-5, increased total dried-HIL weight and weight gain (166.1% in FT-3-4) (Figure 6).




3.5. Analysis of Nutritional and Fatty Acid Compositions of HIL


Based on the above results, we chose five different HIL fed DFW (the control), DFW/CM-3, DFW/WCO-5, DFW/E-FM-3, or FT-1-2, and analyzed nutritional parameters. As shown in Table 3, highest crude fat content was observed in HIL fed FT-1-2, which suggested FT-1-2 was the more suitable feed for biodiesel production. Then, we analyzed fatty acid compositions in crude fat extracted from HIL fed DFW or FT-1-2. The results showed that all fatty acids in FT-1-2-fed HIL, except myristoleic acid and plamitoleic acid, were higher than in DFW-fed HIL (Table 4).




3.6. Development of the Crude Oil Extractor Used to Extract Crude Fat from HIL


Oil extraction using organic solvents is a well-established method of improving oil recovery [29]. However, the organic solvents used must be removed to produce biodiesel, and residual organic solvents in defatted HIL frass must also be removed to produce livestock feed or fertilizer, because that can damage human and animal health, and the additional processing involved incurs costs. Therefore, we developed a crude oil extractor to extract crude fat from HIL for industrial biodiesel production. A schematic of the extractor is shown in Figure 7. Extraction yields obtained using the extractor and nutritional contents in extracted oils and HIL frass were evaluated. We found that the extraction yields were higher than those achieved by organic solvent extraction (Table 5). Furthermore, we confirmed the crude oil yield at 120 °C was higher than at 150 °C (Table S1). Nutritional composition analysis showed that crude fat contents in oil were around 90% and that frass had a high crude protein content (64.00 ± 4.62%; Table 6). We also assessed the effect of the dry system on the extraction of crude oil. The result showed that higher crude fat content in the crude oil was observed when extracted microwave-dried HIL (Table S2).





4. Discussion


Many investigators have concluded that HIL are useful for recycling food wastes and organic wastes and that HIL and their byproducts can be used as eco-friendly fertilizers, animal feeds, and protein sources [30,31,32,33]. Furthermore, we showed in a previous study that HIL powder infected with Lactobacillus casei can be used as a natural antimicrobial in feed and foods [25]. Recently, investigators have also shown HIL is a potent feedstock for biodiesel production [21,22,23,29]. However, no process has been established for producing biodiesel from HIL. Here, we established an optimal feed and developed an oil extractor for industrial biodiesel production from HIL. Some investigations have reported a relationship between fat content in HIL and feed composition [1,34,35,36], and that organic waste is a useful feed for breeding HIL and for producing biodiesel. Li et al. reported that HIL fat content was significantly increased when HIL were fed CM [1] but did not report the effect of CM on HIL survival or weight gain. In this investigation, we found that HIL fed CM-only had the lowest weight gains, survivals, and total dried weights regardless of whether WCO and/or F-EM (Figure 1 and Figure 4, Figure 5 and Figure 6), and that HIL fed DFW/CM showed the highest weight gains and total dried weights without any reduction in survival (Figure 1). These results show DFW/CM-based feeds are more suitable for breeding HIL than CM-only for biodiesel production.



In addition, we examined whether WCO and F-EM feeds increase HIL fat content. Although DFW/WCO-5 enhanced HIL weight gains (Figure 2), fat contents were unaffected (Table 3). In contrast, DFW/F-EM-3 increased HIL fat contents and enhanced weight gains and total dried weights (Table 3, Figure 3B,C). However, DFW/WCO and DFW/F-EM feeds, except DFW/WCO-5 and DFW/F-EM-3, did not affect weight gains or total dried weights. These results demonstrate that DFW feeds containing 1.2% F-EM increase HIL body fat contents over those of DFW-only but that DFW containing WCO does not.



Although DFW/WCO and DFW/F-EM feeds, except DFW/WCO-5 and DFW/F-EM-3, did not significantly enhance HIL weight gains or total dried weights, we consider that WCO could be used as a source of fat in HIL and that F-EM can be used to prevent the decomposition of organic wastes and reduce malodors. Interestingly, highest weight gains (191.9 ± 20.3%) and total dried weight (17.0 ± 1.8 mg) were achieved when HIL were fed FT-1-2 (Figure 4B,C). Furthermore, crude fat content in HIL fed FT-1-2 was the highest observed (Table 3). Although HIL total dried weights and crude fat contents were not significantly affected by DFW/WCO and DFW/F-EM, except DFW/WCO-5 and DFW/F-EM-3, our results indicate that WCO and F-EM enhance weight gain and dried weights in HIL fed FT-1-2. Furthermore, as shown by Table 4, almost all fatty acid contents were increased by feeding FT-1-2. Consequently, the results indicate that FT-1-2 is the optimal feed to breed HIL for biodiesel production.



Solvent extraction is generally considered the most effective means of biodiesel production from HIL, but as mentioned above these solvents must be removed from HIL frass to produce livestock feed and fertilizer, and this involves further costs. In contrast, mechanical extraction does not require further processing, although reported extraction yields are lower than those of solvent extraction [37]. In the present investigation, we established a high yield extraction method based on a high-performance extraction unit (Figure 7). As shown Table 5, when we extracted oil from microwave dried HIL, the yield obtained (37.23%) was greater than that of solvent extraction (26.97%). Furthermore, the mean fat content in extracted oil was 86.66 ± 1.54% and had a low moisture content (0.57 ± 0.15%) and the frass produced contained a low level of crude fat (7.17 ± 0.73) and had a high crude protein content (64.00 ± 4.62; Table 6). Also, fatty acid composition in crude fat extracted by expeller press was similar to that of chemical extraction reported by Surendra et al. (Table 4) [38]. These results indicate that the devised oil extractor provides an optimal means of extracting crude oil from HIL and for producing HIL frass for livestock feed and fertilizer.




5. Conclusions


In the present study, we established an optimal feed composition for breeding HIL for biodiesel production and developed a high yield oil extraction system. The study shows that FT-1-2 is an optimal feed for HIL breeding and biodiesel production and that the oil extractor provides a means of industrializing HIL for biodiesel, livestock feed, and fertilizer production, without the additional costs associated with solvent extraction.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ani11092573/s1, Table S1: The effect of press temperature on the oil extraction yield of the developed extractor, Table S2: Nutritional components in crude oil extracted from HIL dried by microwave and drying oven.





Author Contributions


K.-S.L. and E.-Y.Y. performed the experiments, analyzed the data, and prepared the manuscript. T.-W.G. directed the study and was involved in all aspects of the experimental design, data analysis, and manuscript preparation. All authors critically reviewed the text and figures. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the Bio-Industry Technology Development Program (321096-2), Korean Ministry for Food, Agriculture, Forestry and Fisheries, and by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Korea government (MSIT) (2020R1F1A1075607).




Institutional Review Board Statement


Insects are characterized as replaceable individuals for vertebrate experiments by the Animal Experiment Ethics Committee in Korea Government. Dongguk University’s Institutional Animal Care and Use Committee reviews and approves vertebrate experiments. Therefore, this insect experiment does not require the approval of the Institutional Animal Care and Use Committee of Dongguk University.




Conflicts of Interest


The authors have no conflict of interest to declare.




References


	



Li, Q.; Zheng, L.; Cai, H.; Garza, E.; Yu, Z.; Zhou, S. From organic waste to biodiesel: Black soldier fly, Hermetia illucens, makes it feasible. Fuel 2011, 90, 1545–1548. [Google Scholar] [CrossRef]

	



Mishra, V.K.; Goswami, R. A review of production, properties and advantages of biodiesel. Biofuels 2018, 9, 273–289. [Google Scholar] [CrossRef]

	



Graboski, M.S.; McCormick, R.L. Combustion of fat and vegetable oil derived fuels in diesel engines. Prog. Energy Combust. Sci. 1998, 24, 125–164. [Google Scholar] [CrossRef]

	



Park, J.-Y.; Kim, D.-K.; Lee, J.-P.; Park, S.-C.; Kim, Y.-J.; Lee, J.-S. Blending effects of biodiesels on oxidation stability and low temperature flow properties. Bioresour. Technol. 2008, 99, 1196–1203. [Google Scholar] [CrossRef]

	



Atabani, A.E.; Silitonga, A.S.; Badruddin, I.A.; Mahlia, T.; Masjuki, H.; Mekhilef, S. A comprehensive review on biodiesel as an alternative energy resource and its characteristics. Renew. Sustain. Energy Rev. 2012, 16, 2070–2093. [Google Scholar] [CrossRef]

	



Soltani, S.; Rashid, U.; Yunus, R.; Taufiq-Yap, Y.H. Synthesis of biodiesel through catalytic transesterification of various feedstocks using fast solvothermal technology: A critical review. Catal. Rev. 2015, 57, 407–435. [Google Scholar] [CrossRef]

	



Kim, C.-H.; Ryu, J.; Lee, J.; Ko, K.; Lee, J.-y.; Park, K.Y.; Chung, H. Use of Black Soldier Fly Larvae for Food Waste Treatment and Energy Production in Asian Countries: A Review. Processes 2021, 9, 161. [Google Scholar] [CrossRef]

	



Salomone, R.; Saija, G.; Mondello, G.; Giannetto, A.; Fasulo, S.; Savastano, D. Environmental impact of food waste bioconversion by insects: Application of life cycle assessment to process using Hermetia illucens. J. Clean. Prod. 2017, 140, 890–905. [Google Scholar] [CrossRef]

	



Choi, Y.-C.; Choi, J.-Y.; Kim, J.-G.; Kim, M.-S.; Kim, W.-T.; Park, K.-H.; Bae, S.-W.; Jeong, G.-S. Potential usage of food waste as a natural fertilizer after digestion by Hermetia illucens (Diptera: Stratiomyidae). Int. J. Ind. Entomol. 2009, 19, 171–174. [Google Scholar]

	



Zahn, N.H.; Quilliam, R. The Effects of Insect Frass Created by Hermetia illucens on Spring Onion Growth and Soil Fertility. Bachelor’s Thesis, University of Stirling, Stirling, UK, 2017. [Google Scholar]

	



Lalander, C.; Senecal, J.; Calvo, M.G.; Ahrens, L.; Josefsson, S.; Wiberg, K.; Vinnerås, B. Fate of pharmaceuticals and pesticides in fly larvae composting. Sci. Total Environ. 2016, 565, 279–286. [Google Scholar] [CrossRef]

	



Nguyen, H.C.; Nguyen, N.T.; Su, C.-H.; Wang, F.-M.; Tran, T.N.; Liao, Y.-T.; Liang, S.-H. Biodiesel production from insects: From organic waste to renewable energy. Curr. Org. Chem. 2019, 23, 1499–1508. [Google Scholar] [CrossRef]

	



Manzano-Agugliaro, F.; Sanchez-Muros, M.; Barroso, F.; Martínez-Sánchez, A.; Rojo, S.; Pérez-Bañón, C. Insects for biodiesel production. Renew. Sustain. Energy Rev. 2012, 16, 3744–3753. [Google Scholar] [CrossRef]

	



Pleissner, D.; Rumpold, B.A. Utilization of organic residues using heterotrophic microalgae and insects. Waste Manag. 2018, 72, 227–239. [Google Scholar] [CrossRef]

	



Čičková, H.; Newton, G.L.; Lacy, R.C.; Kozánek, M. The use of fly larvae for organic waste treatment. Waste Manag. 2015, 35, 68–80. [Google Scholar] [CrossRef]

	



Bowling, J.J.; Anderson, J.B.; Armbrust, K.L.; Hamann, M.T. Evaluation of potential biodiesel feedstock production from oleaginous insect Solenopsis sp. Fuel 2014, 117, 5–7. [Google Scholar] [CrossRef]

	



Yang, S.; Li, Q.; Gao, Y.; Zheng, L.; Liu, Z. Biodiesel production from swine manure via housefly larvae (Musca domestica L.). Renew. Energy 2014, 66, 222–227. [Google Scholar] [CrossRef]

	



Zheng, L.; Hou, Y.; Li, W.; Yang, S.; Li, Q.; Yu, Z. Exploring the potential of grease from yellow mealworm beetle (Tenebrio molitor) as a novel biodiesel feedstock. Appl. Energy 2013, 101, 618–621. [Google Scholar] [CrossRef]

	



Yang, S.; Li, Q.; Zeng, Q.; Zhang, J.; Yu, Z.; Liu, Z. Conversion of solid organic wastes into oil via Boettcherisca peregrine (Diptera: Sarcophagidae) larvae and optimization of parameters for biodiesel production. PLoS ONE 2012, 7, e45940. [Google Scholar] [CrossRef] [PubMed]

	



Leong, S.Y.; Kutty, S.R.M.; Malakahmad, A.; Tan, C.K. Feasibility study of biodiesel production using lipids of Hermetia illucens larva fed with organic waste. Waste Manag. 2016, 47, 84–90. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, L.; Hou, Y.; Li, W.; Yang, S.; Li, Q.; Yu, Z. Biodiesel production from rice straw and restaurant waste employing black soldier fly assisted by microbes. Energy 2012, 47, 225–229. [Google Scholar] [CrossRef]

	



Zheng, L.; Li, Q.; Zhang, J.; Yu, Z. Double the biodiesel yield: Rearing black soldier fly larvae, Hermetia illucens, on solid residual fraction of restaurant waste after grease extraction for biodiesel production. Renew. Energy 2012, 41, 75–79. [Google Scholar] [CrossRef]

	



Li, W.; Li, Q.; Zheng, L.; Wang, Y.; Zhang, J.; Yu, Z.; Zhang, Y. Potential biodiesel and biogas production from corncob by anaerobic fermentation and black soldier fly. Bioresour. Technol. 2015, 194, 276–282. [Google Scholar] [CrossRef] [PubMed]

	



Meneguz, M.; Schiavone, A.; Gai, F.; Dama, A.; Lussiana, C.; Renna, M.; Gasco, L. Effect of rearing substrate on growth performance, waste reduction efficiency and chemical composition of black soldier fly (Hermetia illucens) larvae. J. Sci. Food Agric. 2018, 98, 5776–5784. [Google Scholar] [CrossRef] [PubMed]

	



Lee, K.-S.; Yun, E.-Y.; Goo, T.-W. Antimicrobial activity of an extract of Hermetia illucens larvae immunized with Lactobacillus casei against Salmonella species. Insects 2020, 11, 704. [Google Scholar] [CrossRef]

	



Lee, K.-S.; Yun, E.-Y.; Goo, T.-W. Evaluation of the Antimicrobial Activity of an Extract of Lactobacillus casei-Infected Hermetia illucens Larvae Produced Using an Automatic Injection System. Animals 2020, 10, 2121. [Google Scholar] [CrossRef]

	



Choi, W.H.; Choi, H.J.; Goo, T.W.; Quan, F.S. Novel antibacterial peptides induced by probiotics in Hermetia illucens (Diptera: Stratiomyidae) larvae. Entomol. Res. 2018, 48, 237–247. [Google Scholar] [CrossRef]

	



Dörper, A.; Veldkamp, T.; Dicke, M. Use of black soldier fly and house fly in feed to promote sustainable poultry production. J. Insects Food Feed 2020, 1–20. [Google Scholar] [CrossRef]

	



Ravi, H.K.; Vian, M.A.; Tao, Y.; Degrou, A.; Costil, J.; Trespeuch, C.; Chemat, F. Alternative solvents for lipid extraction and their effect on protein quality in black soldier fly (Hermetia illucens) larvae. J. Clean. Prod. 2019, 238, 117861. [Google Scholar] [CrossRef]

	



Wang, Y.-S.; Shelomi, M. Review of black soldier fly (Hermetia illucens) as animal feed and human food. Foods 2017, 6, 91. [Google Scholar] [CrossRef]

	



Nguyen, T.T.; Tomberlin, J.K.; Vanlaerhoven, S. Ability of black soldier fly (Diptera: Stratiomyidae) larvae to recycle food waste. Environ. Entomol. 2015, 44, 406–410. [Google Scholar] [CrossRef]

	



Diener, S.; Solano, N.M.S.; Gutiérrez, F.R.; Zurbrügg, C.; Tockner, K. Biological treatment of municipal organic waste using black soldier fly larvae. Waste Biomass Valorization 2011, 2, 357–363. [Google Scholar] [CrossRef]

	



Cullere, M.; Tasoniero, G.; Giaccone, V.; Miotti-Scapin, R.; Claeys, E.; De Smet, S.; Dalle Zotte, A. Black soldier fly as dietary protein source for broiler quails: Apparent digestibility, excreta microbial load, feed choice, performance, carcass and meat traits. Animal 2016, 10, 1923–1930. [Google Scholar] [CrossRef] [PubMed]

	



Liland, N.S.; Biancarosa, I.; Araujo, P.; Biemans, D.; Bruckner, C.G.; Waagbø, R.; Torstensen, B.E.; Lock, E.-J. Modulation of nutrient composition of black soldier fly (Hermetia illucens) larvae by feeding seaweed-enriched media. PLoS ONE 2017, 12, e0183188. [Google Scholar] [CrossRef]

	



St-Hilaire, S.; Sheppard, C.; Tomberlin, J.K.; Irving, S.; Newton, L.; McGuire, M.A.; Mosley, E.E.; Hardy, R.W.; Sealey, W. Fly prepupae as a feedstuff for rainbow trout, Oncorhynchus mykiss. J. World Aquac. Soc. 2007, 38, 59–67. [Google Scholar] [CrossRef]

	



Diener, S.; Zurbrügg, C.; Tockner, K. Conversion of organic material by black soldier fly larvae: Establishing optimal feeding rates. Waste Manag. Res. 2009, 27, 603–610. [Google Scholar] [CrossRef]

	



Wang, C.; Qian, L.; Wang, W.; Wang, T.; Deng, Z.; Yang, F.; Xiong, J.; Feng, W. Exploring the potential of lipids from black soldier fly: New paradigm for biodiesel production (I). Renew. Energy 2017, 111, 749–756. [Google Scholar] [CrossRef]

	



Surendra, K.; Olivier, R.; Tomberlin, J.K.; Jha, R.; Khanal, S.K. Bioconversion of organic wastes into biodiesel and animal feed via insect farming. Renew. Energy 2016, 98, 197–202. [Google Scholar] [CrossRef]








[image: Animals 11 02573 g001 550] 





Figure 1. Evaluation of the effect of DFW/CM on HIL survival, weight gain, and total dried weight. (A) Surviving HIL were harvested and counted at 11 days after inoculating 6-day-old HIL. (B) Total weights were measured at baseline and 11 days after inoculation. The total weights of HIL at 11 days were divided by those at baseline. Relative differences are presented as weight gains (%). (C) Harvested HIL were dried using a microwave and total weights were measured. All experiments were independently performed in triplicate. Results are presented as means ± SDs; * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 2. Evaluation of the effect of DFW/WCO on HIL survival, weight gain, and total dried weight. (A) Surviving HIL were harvested and counted at 11 days after inoculating 6-day-old HIL. (B) Total weights were measured at baseline and 11 days after inoculation. Total HIL weights at 11 days were divided by those at baseline, and relative differences are presented as weight gains (%). (C) Harvested HIL were dried using a microwave and total weights were measured. All experiments were independently performed in triplicate. Results are presented as means ± SDs; * p < 0.05. 
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Figure 3. Evaluation of the effect of DFW/F-EM on HIL survival, weight gain, and total dried weight. (A) Surviving HIL were harvested and counted at 11 days after inoculating 6-day-old HIL. (B) Total weights were measured at baseline and 11 days after inoculation. Total weights of HIL at 11 days were divided by those at baseline, and relative differences are presented as weight gains (%). (C) Harvested HIL were dried using a microwave and total weights were measured. All experiments were independently performed in triplicate. Results are presented as means ± SDs; ** p < 0.01. 
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Figure 4. Evaluation of the effect of DFW/FT-1 feeds on HIL survival, weight gain, and total dried weight. (A) Surviving HIL were harvested and counted at 11 days after inoculating 6-day-old HIL. (B) Total weights were measured at baseline and 11 days after inoculation. Total weights of HIL at 11 days were divided by baseline weights. Relative differences are presented as weight gains (%). (C) Harvested HIL were dried using a microwave and then total weights were measured. All experiments were independently performed in triplicate. Results are presented as means ± SDs; * p < 0.05, ** p < 0.01, *** p < 0.001. 
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[image: Animals 11 02573 g004]







[image: Animals 11 02573 g005 550] 





Figure 5. Evaluation of the effect of DFW/FT-2 feeds on HIL survival, weight gain, and total dried weight. (A) Surviving HIL were harvested and counted at 11 days after inoculating 6-day-old HIL. (B) Total weights were recorded at baseline and 11 days after inoculation. The total weights of HIL at 11 days were divided by baseline weights. The relative differences are presented as weight gains (%). (C) Harvested HIL were dried using a microwave and then total weights were measured. All experiments were independently performed in triplicate. Results are presented as means ± SDs; * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 6. Evaluation of the effect of DFW/FT-3s on HIL survival, weight gain, and total dried weight. (A) Surviving HIL were harvested and counted at 11 days after inoculating 6-day-old HIL. (B) Total weights were measured at baseline and 11 days after inoculation. Total weights of HIL at 11 day were divided by baseline weights. Relative differences were presented as weight gains (%). (C) Harvested HIL were dried using a microwave and total weights were measured. All experiments were independently performed in triplicate. Results are presented as means ± SDs; * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 7. The schematic diagram and 3D of the oil extractor. (10) preheater, (20) extraction region, (21) housing, (22) larva input, (23) driven rotor, (24) rotatory screw, (25) compression bar, (26) frass outlet, (27) oil outlet, (30) oil purifying region, (31) primary filter assembly, (32) secondary filter assembly, (311) filter mesh, (312) oil collector, (321) high-performance filter, (40) frass grinder. 
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Table 1. Components of DFW/WCO, DFW/CM, and DFW/F-EM feeds.






Table 1. Components of DFW/WCO, DFW/CM, and DFW/F-EM feeds.





	
No.

	
DFW/CM

	
DFW/WCO

	
DFW/F-EM




	
DFW (g)

	
CM (g)

	
DFW (g)

	
WCO (mL)

	
DFW (g)

	
F-EM (%)






	
Control

	
100

	
0

	
100

	
0

	
100

	
0




	
1

	
80

	
20

	
100

	
1

	
100

	
0.4




	
2

	
60

	
40

	
100

	
2

	
100

	
0.8




	
3

	
40

	
60

	
100

	
3

	
100

	
1.2




	
4

	
20

	
80

	
100

	
4

	
100

	
1.6




	
5

	
0

	
100

	
100

	
5

	
100

	
2.0
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Table 2. Components of the experimental feeds prepared to optimize feed composition.
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Feed

Type

	
Sample Number

	
Components




	
DFW (g)

	
CM (g)

	
WCO (mL)

	
F-EM (%)






	
FT *-1

	
Control

	
100

	
0

	
0

	
0




	
1

	
80

	
20

	
1

	
0.4




	
2

	
60

	
40

	
2

	
0.8




	
3

	
40

	
60

	
3

	
1.2




	
4

	
20

	
80

	
4

	
1.6




	
5

	
0

	
100

	
5

	
2.0




	
FT-2

	
Control

	
100

	
0

	
0

	
0




	
1

	
80

	
20

	
5

	
0.4




	
2

	
60

	
40

	
4

	
0.8




	
3

	
40

	
60

	
3

	
1.2




	
4

	
20

	
80

	
2

	
1.6




	
5

	
0

	
100

	
1

	
2.0




	
FT-3

	
Control

	
100

	
0

	
0

	
0




	
1

	
80

	
20

	
5

	
2.0




	
2

	
60

	
40

	
4

	
1.6




	
3

	
40

	
60

	
3

	
1.2




	
4

	
20

	
80

	
2

	
0.8




	
5

	
0

	
100

	
1

	
0.4








* FT: Feed type.
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Table 3. Comparison of nutritional compositions of HIL fed DFW, DFW/CM-3, DFW/WCO-5, DFW/F-EM-3, or FT-1-2.
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Composition

	
Feed




	
DFW

	
DFW/CM-3

	
DFW/WCO-5

	
DFW/F-EM-3

	
FT-1-2






	
Moisture

	
9.34%

	
10.46%

	
8.84%

	
9.73%

	
11.28%




	
Crude protein

	
36.72%

	
35.91%

	
35.91%

	
36.12%

	
35.56%




	
Crude fat

	
29.50%

	
32.03%

	
30.85%

	
33.00%

	
33.87%




	
Crude ash

	
11.31%

	
7.95%

	
10.59%

	
8.11%

	
8.03%
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Table 4. Comparison of fatty acid composition in HIL fed DFW or FT-1-2.
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Fatty Acid

	
Common Name

	
Unit

	
Feed




	
DFW

	
FT-1-2






	
C4:0

	
Butyric acid

	
g/100 g

	
n.d

	
n.d




	
C6:0

	
Caproic acid

	
g/100 g

	
0.0001

	
0.0003




	
C8:0

	
Caprylic acid

	
g/100 g

	
0.001

	
0.002




	
C10:0

	
Capric acid

	
g/100 g

	
0.15

	
0.21




	
C11:0

	
Undecanoic acid

	
g/100 g

	
0.002

	
0.003




	
C12:0

	
Lauric acid

	
g/100 g

	
2.6

	
3.4




	
C13:0

	
Tridecanoic acid

	
g/100 g

	
0.002

	
0.003




	
C14:0

	
Myristic acid

	
g/100 g

	
0.46

	
0.55




	
C14:1

	
Myristoleic acid

	
g/100 g

	
0.011

	
0.008




	
C15:0

	
Pentadecanoic acid

	
g/100 g

	
0.012

	
0.024




	
C15:1

	
cis-10-Pentadecenoic acid

	
g/100 g

	
n.d

	
n.d




	
C16:0

	
Palmitic acid

	
g/100 g

	
1.46

	
2.36




	
C16:1

	
Palmitoleic acid

	
g/100 g

	
0.18

	
0.15




	
C17:0

	
Heptadecanoic acid

	
g/100 g

	
0.015

	
0.027




	
C17:1

	
Cis-10-Heptadecanoic acid

	
g/100 g

	
0.009

	
0.012




	
C18:0

	
Stearic acid

	
g/100 g

	
0.29

	
0.32




	
C18:1

	
Oleic acid

	
g/100 g

	
1.04

	
1.57




	
C18:2

	
Linoleic acid

	
g/100 g

	
1.02

	
1.64




	
C18:3n-3

	
α-Linolenic acid

	
g/100 g

	
0.001

	
0.007




	
C18:3n-6

	
γ-Linolenic acid

	
g/100 g

	
n.d

	
0.002




	
C20:0

	
Arachidic acid

	
g/100 g

	
n.d

	
0.012




	
C20:1

	
cis-11-Eicosenoic acid

	
g/100 g

	
n.d

	
n.d




	
C20:2

	
cis-11,14-eicosadienoic acid

	
g/100 g

	
0.001

	
0.002




	
C20:3n-3

	
cis-11,14,17-Eicosadienoic acid

	
g/100 g

	
0.02

	
0.037




	
C20:3n-6

	
cis-8,11,14-Eicosadienoic acid




	
C20:4n-6

	
Arachidonic acid

	
g/100 g

	
0.018

	
0.025




	
C20:5n-3

	
cis-5,8,11,14,17-Eicosapentaenoic acid

	
g/100 g

	
0.04

	
0.05




	
C21:0

	
Heneicosanoic acid

	
g/100 g

	
n.d

	
n.d








n.d: not detected.
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Table 5. Oil extraction yields of the oil extractor and solvent extraction.
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Extraction Method




	
Oil Extractor

	
Solvent Extraction






	
Yield (%)

	
37.23%

	
26.97%
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Table 6. Comparison of the nutritional compositions of crude oil and HIL frass.






Table 6. Comparison of the nutritional compositions of crude oil and HIL frass.





	
Composition

	
Content (%)




	
Crude Oil

	
HIL Frass






	
Moisture

	
0.57 ± 0.15

	
1.19 ± 0.24




	
Carbohydrate

	
2.84 ± 0.87

	
20.90 ± 4.66




	
Crude protein

	
8.63 ± 0.98

	
64.00 ± 4.62




	
Crude fat

	
86.66 ± 1.54

	
7.17 ± 0.73




	
Crude ash

	
1.30 ± 1.62

	
10.67 ± 4.60
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