
sustainability

Article

Sustainability Analysis of Fish Feed Derived from Aquatic
Plant and Insect

Shashank Goyal 1,*, Denise Ott 1 , Jens Liebscher 2, Dennis Höfling 2, Ariane Müller 3, Jens Dautz 4,
Herwig O. Gutzeit 3, Dirk Schmidt 1 and Rosmarie Reuss 1

����������
�������

Citation: Goyal, S.; Ott, D.; Liebscher,

J.; Höfling, D.; Müller, A.; Dautz, J.;

Gutzeit, H.O.; Schmidt, D.; Reuss, R.

Sustainability Analysis of Fish Feed

Derived from Aquatic Plant and

Insect. Sustainability 2021, 13, 7371.

https://doi.org/10.3390/su13137371

Academic Editor:

Francesco Tiralongo

Received: 3 May 2021

Accepted: 25 June 2021

Published: 1 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 EurA AG, 73479 Ellwangen, Germany; denise.ott@eura-ag.de (D.O.); dirk.schmidt@eura-ag.de (D.S.);
rosmarie.reuss@eura-ag.de (R.R.)

2 Bio.S Biogas GmbH Beiersdorf, 04668 Grimma, Germany; liebscher@bios-biogas.de (J.L.);
dennis.hoefling@madebymade.eu (D.H.)

3 Institut für Zoologie, TU Dresden, 01069 Dresden, Germany; aradam@msx.tu-dresden.de (A.M.);
herwig.gutzeit@gmail.com (H.O.G.)

4 Terra Urbana GmbH Zossen, 15806 Zossen, Germany; jdautz@terraurbana.de
* Correspondence: shashank.goyal@eura-ag.de

Abstract: Fish and meat production and processing will grow drastically in the coming decades.
In aquacultural systems, insects are gaining interest as feed to provide a sustainable alternative
to the fishmeal paradox, whose production leads to high consumption of resources and negative
environmental impacts. Within the scope of this study, the production of fish feed from Hermetia
illucens larvae and Lemna minor in an inline recirculating aquaponics model for urban sites was
developed and optimized, which efficiently combines waste and environmental service concepts in
one production system. At the same time, the value chain produces high-quality, market-accessible
raw materials for the fish feed industry. All investigations were accompanied by a comparative Life
Cycle Assessment (LCA) to measure and compare ecological effects to finally result in sustainable
alternatives. The results achieved in this research show that fish feed based on Hermetia illucens and
Lemna minor can have the potential to be ecologically competitive or more sustainable than standard
feed. It should be noted that the comparison here represents the results of the project on a pilot scale.
Various optimization potentials were shown, which are essential for the large-scale implementation
of the breeding of both species as well as their processing up to the fish feed pellets.

Keywords: Hermetia illucens; Lemna minor; fish feed; tilapia; life cycle assessment

1. Introduction

Aquaculture is a centuries-old activity that has developed gradually, frequently by
expanding on traditional information, progress acquired through farmers’ interests, needs,
positive experiences, and mistakes, or collaboration. Subsequently, it has extended for
a long time, incorporated with its natural, social, financial, and cultural environments.
The outcome in terms of development has been extraordinary, and aquaculture presently
supplies the greater part of the world’s fish for human utilization [1].

However, there have additionally been unwanted ecological effects at the local, re-
gional and worldwide levels. These adverse impacts incorporate social conflicts between
land users and water resources and the obliteration of significant ecosystem services. Be-
sides, recent aquaculture endeavors have raised concerns and societal discussions, particu-
larly concerning poor site determination; the utilization of destructive chemical compounds
and veterinary medications; inefficient or unsustainable production of fishmeal and fish
oil; and social and cultural effects on aquaculture laborers and communities [2]. Numerous
sustainability challenges have become progressively reducing and new ones have arisen,
which put human well-being, economic prosperity, our general public, and the environ-
ment in danger. To confront these challenges and advance towards a sustainable Europe by
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2030, the EU has recognized a set of key policy foundations, which should be additionally
fortified, and enablers that should be equipped towards the sustainability change.

Excess utilization of sea resources has brought a quick development in aquaculture
because of its capability to alter the course from depletion. Closed system aquaculture is
considered one of the more environmentally benign methods of rearing aquatic species [3].
There are certain controversies associated with the ecological performance of aquacul-
ture. In this context, a broad analysis must be performed to explore the sustainability of
aquaculture. As a tool to evaluate the environmental performance of aquaculture, LCA
has often been used [4–6]. LCA as a methodology is aimed at analyzing the ecological
aspects and potential impacts associated with a service or a product by compiling the
input-output inventory of the process, calculating environmental burdens associated with
those input-output and finally interpreting the results of impact assessment corresponding
to the aim of the study [7,8]. The comprehensive nature of LCA makes it suitable for
providing transparency to the production chains [9,10].

The studied fish feed itself is an innovation by combining Lemna minor (henceforth
referred to as LM) and Hermetia illucens (larvae) (henceforth referred to as BSFL). It is
known that the BSFL meal is a good source of protein and have the potential to replace
fish protein [11,12]. However, the high lipid content impairs pure utilization by fish. The
duckweed meal, LM, on the other hand, offers a lipid content of no more than 10% (of
dry matter) [13] and a high protein content of around 40% depending on the growing
conditions [14,15]. In addition, LM is characterized by very rapid growth (short doubling
times) and thus a rapid increase in biomass. The development of sustainably produced
and optimized fish feed from BSFL and LM meal, therefore, offers several key advantages.

LM is a little, floating plant. It spreads openly and is generally discovered growing in
colonies that can cover very large areas of still water. The plant is accumulated from the
wild for local use as food and medicine. It very well may be an inconvenient lake weed
however it is easily constrained by just scooping it out [16,17]. This scooped-out material
makes an amazing addition to the fertilizer. This growing plant is a decent food hotspot
for fish and birds, as well as giving cover to the creatures in the pond [17].

The black soldier fly is a common and widespread fly of the family Stratiomyidae.
The larvae have an insatiable hunger and can be utilized for composting food waste
and agricultural waste products. Moreover, BSFL is an alternative source of protein for
aquaculture, animal feed, pet food, and human nutrition [18,19]. BSFL is utilized to
compost waste or convert the waste into animal feed. BSFL are among the most productive
animals at changing feed into biomass. The reaped pupae and prepupae are eaten by
poultry, fish, pigs, reptiles, turtles, and even dogs [20,21]. The BSFL is one of the few insect
groups endorsed to be utilized as feed in aquaculture in the EU [22].

The production of LM and BSFL meal does not require significant land use due to
the in-line culture system. An in-line system is a system in which the production happens
repetitively, and the process is not stopped (like a continuous system). Furthermore, a
resource-saving and energy-efficient production process is developed, and the resulting
innovative fish feed thus fulfills the demands placed on a sustainable economy. By using
different mixing ratios of BSFL and LM meal, the feed can be optimized and adapted to
specific species. This LCA study aims to identify ecological drivers for the development and
manufacture of novel protein-rich feed based on LM and BSFL meal, to make pioneering
recommendations, and finally to carry out a comparison to benchmark feed based on fish
meal. The scope of the study was chosen based on the goal and included the level of detail,
systems and processes, functional units, system boundary, impact categories, interpretation
methods, and allocation methods.

To date, many LCA studies are dealing with different fish species and aquaculture. On
one side, the studies on extensive aquaculture majorly dealt with mussel culture [6,23–25]
while on the other side, studies on intensive aquaculture dealt majorly with different
kinds of fish species. A common conclusion drawn from the environmental assessment
of intensive aquaculture is the leading role played by fish feed [4,5]. This study focuses
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on the LCA of feed production. Furthermore, the feed considered in this LCA study is for
tilapia (Oreochromis niloticus) fish in Germany and is compared to conventional tilapia feed
to evaluate the ecological impact of the feed.

2. Materials and Methods

The materials considered for the formulation of fish feed are LM and BSFL. LCA was
chosen as the methodology and was performed within the framework of the International
Organization for Standardization (ISO) 14040 and 14044 [7,8]. The analysis of aquafeed
was carried out cradle-to-gate, i.e., from the cradle (exploration of the raw materials) to the
production of the individual components (LM and BSFL) for the manufacture and use of
the compound feed. The pellets thus produced are referred to as LH pellets in the article
herein. The functional unit chosen for the ecological comparison was made on the mass
basis (e.g., 1 kg LH pellets vs. 1 kg Tilapia feed), since a similar protein and fat content was
found. The system boundary considered in this study is shown in Figure 1. The energy
utilized in this study was taken from a biogas plant which was installed near the container
where insects were rearing. This served as an advantage from the perspective of ecological
impacts. The life cycle inventory and impact assessment method are illustrated in the
following subsection.
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Figure 1. System boundary and material flow.

2.1. Experimental Set-Up

BSFL were produced and reared on organic and peeling waste in the black soldier fly
pilot plant in Saxony, Germany, linked to a biogas plant. Late larvae and prepupae were
separated from larval excrements (feces) by a vibrating sieve and dried in a drying oven.

LM starting culture plants were purchased from NatureHolic GmbH. Precultures were
grown in the laboratory on half concentrated Schenk & Hildebrand media in flat plastic
trays next to glass windows at room temperature. They were transferred to the pilot tanks
in the designed LM pilot plant in Saxony, Germany, which was also linked to the biogas
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plant. The fertilizer was autoclaved larval feces solution (400 g larval faeces/5 l dH2O).
Depending on growth performance, LM plants were harvested and dried in a drying
oven. 50% of LM is harvested and the remaining 50% serves as the base for the next
cultivation cycle.

For making LH pellets, shredding of the starting material occurred using a roller mill,
using gap size zero for LM and 0.75 for BSFL. LH pellets were pressed using a pelleting
machine with a 5 mm perforating matrix in ratio 1:1 and 2:1.

Circular-inline-production cycle. The existing biogas plant supplied excess heat and
energy to produce BSFL and LM. The established black soldier fly production unit produced
BSFL and larval feces, which were used as fertilizer in the newly established LM production
unit. BSFL and LM were grinded and pelleted and fish feeding trials were performed using
Oreochromes niloticus (see Figure 1).

2.2. Life Cycle Inventory

As part of the life cycle inventory data collection, questionnaires were designed in
which all material and energy flows (breeding containers, equipment, consumables, energy
requirements for cooling, dehumidification, processing, transport processes, etc.) by the
project partners qualitatively and quantitatively as the basis of the ecological (as well as
economic) analysis were recorded. Besides, data from product data sheets were used,
for example concerning the composition of the disinfectant used. Due to confidentiality
reasons, the entered life cycle inventory data cannot be published. A sample questionnaire
(blank) is added in the Supplementary Material Section to know about all the data that was
collected as a part of the life cycle inventory.

The modeling of the material and energy flows in the context of this study was carried
out with the help of the computer application GaBi. With the help of the integrated
Ecoinvent 3.5 database, corresponding inventory data regarding the provision of raw
materials, materials, energy, or transport processes were integrated. A lifespan of 50 years
was assumed for the container system, a lifespan of 10 years for the other equipment
(containers, piping, seals, air filter, protective coating, etc.), and a lifespan of 5 years for
LED lamps which served as the pilot-scale facility for the production of LM and BSFL.

2.3. Impact Assessment

The impact assessment was carried out according to ReCiPe 2016 v1.1 with the help of
midpoint indicators at the hierarchical level. The time horizon of the impact assessment
is 100 years. All impact potentials were considered, but the impact categories for the
evaluation within the scope of this study are climate change (hereinafter also referred to
as “greenhouse potential”, climate change, unit: kg CO2 equivalents per functional unit),
primary energy consumption (unit: MJ per functional unit), land consumption (Unit: m2a
per functional unit) and water consumption or footprint (unit: m3 freshwater per functional
unit). These are of particular importance in the context of the production of sustainable
animal feed. There were no deviating results or trends when considering the other impact
categories. The impact categories were not weighted.

The functional unit (FU) is defined by ISO standards as a quantified performance of a
product system to be used as the reference unit in an LCA study [7,8]. The FU for the LCA
of fish feed production was 1 kg LH pellets.

3. Results and Discussion
3.1. BSFL Production Results

The environmental impact assessment of BSFL production was carried out in several
phases, aiming to accompany the R&D activities to derive recommendations before scale-
up (Figures 2–4). When cereal bran was considered as the feed for insects, more than
50% of the environmental impacts were because of cereal bran (Figure 2). To make insect
production more sustainable, insects were then fed with organic waste (according to the
EU Regulation) [26] and the change in result could be seen in Figure 3. Another driver of
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the environmental impacts is the energy requirement (for maintaining the temperature
inside the container) in the production of insects as also observed in the study from
Smetana et al., 2016 [27]. However, in this study, the energy used is taken from a biogas
plant which is installed in the vicinity of the container where insects are rearing. This is
clearly an advantage from the perspective of environmental impacts compared to heat
generated by non-renewable sources of energy as also investigated by Fusi et al., 2016 [28].
Additionally, if the energy arising in the biogas plant would be considered as “waste
energy”, as for now no dedicated purpose of it was foreseen at the manufacturing site,
the environmental burdens could get further reduced, revealing new ecological drivers
(see Figure 4). Such ecological drivers are cleaning agents, sawdust used for breeding, and
electricity from the biogas plant. Hence, there is still potential for further optimization.
One example of such optimization is the sawdust which can be used several times and
finally serve as feed for the biogas plant, making an environmental benefit. The container
used for insect breeding is not fully utilized which could also lower the share of energy
requirement. The emissions (dark green bar in Figure 4) in the category of “greenhouse gas
potential” describe a “worst-case” scenario: as no real-life emission data (methane, nitrous
oxide, and ammonia) was available, the data for the emission of gases from breeding BSFL
with manure as feed was taken from the literature [29].
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Many environmental impact assessment studies on insect breeding have shown that
high ecological impacts are because of feed and energy requirements [27,30–33] as also
identified and addressed within our study. Hence, the use of a secondary source of energy
and raw materials within the scope of this study leads to an overall reduction of up to 70%
in environmental impacts during BSFL production.
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Furthermore, drying, grinding and pelleting of larvae were assessed. It was assumed
that all the processing activities took place at one location and the electricity consumed for
the processing will be from the biogas plant. The environmental impacts of the machines
(oven for drying, grinder, pelletizer) were not considered. The assumption for grinding was
considered from the Ecoinvent dataset “market for oil mill”, and the resulting ecological
impacts were negligible. This justifies the assumption made due to the lack of availability
of information. The red bar in Figure 5 shows the environmental impact contribution of
processing BSFL. The water footprint of larvae processing is negative because the drying
of larvae release water. This released water in the form of vapor is assumed to be used
again (theoretically) for cleaning purposes. Due to the high requirement of energy, in order
of drying > grinding > pelleting, the impact of larvae processing in the BSFL production
chain is up to 20% (see global warming potential in Figure 5). The drying process needs to
be further optimized to reduce the ecological burden. This could be done by optimal use of
drying oven, use of waste heat from biogas plant for oven, heat recovery, etc, being part of
future scale-up activities.
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3.2. LM Production Results

The optimization of the LM breeding condition and the associated environmental im-
pact was carried out at the pilot scale, i.e., in a container facility. The different components
(pipes, filters, trays, pumps, lamps, dehumidifiers, etc.) used for the establishment of the
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container for LM breeding were considered as precisely as possible according to the list
provided by the company responsible for establishing the container. An initial evaluation
was made with the yield obtained by supplying LM cultures with BSFL excreta. In this case,
the yield obtained was 1.142 kg/day (45.71 g/m2d) fresh mass which did not correspond
to the aim specified in the project proposal and the assessment of ecological impacts did
not justify LM cultivation so far. This result was due to the insufficient nutritional content
of feces, which needs to be a subject of investigation in the near future. To optimize this
temporarily, standard fertilizer (Flora Series manufactured by Terra Aquatica, Fleurance,
France) was then used for LM cultivation. The resultant yield after the use of standard
fertilizer was 2.85 kg/day (114.3 g/m2d) fresh mass.

The contribution of individual components of LM cultivation towards the environmen-
tal impacts is shown in Figure 6. The impact of fertilizer dominates in all the considered
environmental indicators (primary energy demand, land use, water footprint, and green-
house gas potential). The fertilizer was added as per “direction to use” given by the
provider, however, this has the potential to optimize for reducing the environmental bur-
den. The trays for LM cultivation were cleaned and refilled every six months (earlier in
case of heavy algae growth etc.). The water after cleaning and older water goes to the
wastewater treatment plant. However, this water is rich in nutrients and can recirculate
in the scale-up production plant. Furthermore, our concept has foreseen the use of feces
instead of artificial fertilizer. Its optimization, i.e., by adapting the food given to BSFL,
is an urgent subject of an investigation to reduce the overall environmental burdens of
LM rearing.
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Under the category of “Plant equipment”, there are many components such as pipes,
filters, etc. out of which plastic (used for different pipes, trays, etc.) imposes a greater threat
to the environment. Other technical equipment such as pumps, lamps, dehumidifiers
were also considered although their calculated environmental impacts were negligible.
For the life cycle inventory of LED lamps, data of ultraviolet lamps from the ecoinvent
database was assumed. The influence of these lamps on the environment for the entire life
cycle (5 years in this case) came to be negligible. Despite having negligible environmental
impacts, the efficient recycling of such lamps is very important as also concluded by
Rebello et al., 2020 [34]. There are only a few recycling centers worldwide that work on the
management of e-waste.

The relative contribution of environmental impacts in Figure 6 will show a drastic
change if the electricity mix from Germany is used instead of electricity from the biogas
plant (see Figure 7). This change of electricity from electricity mix to biogas plant results in
the reduction of environmental impacts of all considered categories by a factor of 2 and
the dominant category was electricity. However, these results depend on the geographical
location of the study as well as the feed for the biogas plant. The energy consumption
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for the production of LM, in the decreasing order, is air-conditioning of room > water
pump circuit > lighting. During the winter season, the container for LM production could
be heated using the heat from the biogas plant. For the assessment of the container, it is
assumed that the temperature inside the container will be maintained electrically.
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Furthermore, the next steps for the processing of LM for feed purpose were assessed.
Since the fresh mass of LM contains 90% water, therefore the efforts to produce 1 kg of
dry will be 10 times that of fresh LM. Additionally, there is an energy requirement for the
drying of fresh LM. To get a first insight into the ecological competitiveness of LM meal, it
was compared to soy as both have a comparable nutritional profile and soy is also used
for conventional fish feed production. The comparison of relative environmental impacts
between 1 kg LM flour and soy flour is shown in Figure 8. Despite the fact that a direct
comparison is difficult due to different scale of production so far, the results show (i) that
LM is already competitive w.r.t. land use, and (ii) the importance of further optimization
activities to reduce the ecological impacts of LM cultivation. In this context, LM yield is the
key to success, which could be maximized by optimizing the cultivation parameters, use of
fertilizers, and harvesting procedure. Currently, as soon as the LM tray is fully covered,
50% of it is harvested and the remaining 50% serves as the base for the next cultivation
cycle. Experiments are currently running to optimize the harvesting procedure.

3.3. Result of Pellets (Derived from LM and BSFL) as Feed and Its Comparison to Conventional Feed

Finally, the pellets (with different proportions of LM and BSFL) were evaluated and
compared with a conventional feed. An optimal size of 2–4.5 mm of the feed behaves
dimensionally stable in water over a longer period. Due to the nature and behavior of the
feed in the water, it was consumed more quickly by the tilapia. The rapid breakdown of the
pellets in water also increased the particle and particulate density in the tank. Despite the
high suspended particle load and the high clogging of the filters every 2–3 days, the quality
of the water was better than with the substitution of the control feed. In the olfactory
quality determination, the feed under test with its only two ingredients LM and BSFL was
described as much more pleasant. The different compositions of pellet, in terms of LM and
BSFL, are presented in Table 1. As a benchmark for comparison, standard trout fish feed
(41.5% crude protein; 22% crude fat) is considered. The composition of Pellet 1 and Pellet 2
would be similar to standard feed which is commercially available in the market in terms
of protein and fat content.
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Table 1. Different LM & BSFL composition for pellet scenarios.

Pellet
Scenario

Percent
LM

Percent
BSFL Fish Feed Characteristic

Pellet 1 50 50 Protein content—36%
Fat content—20%

Pellet 2 30 70 Protein content—38.4%
Fat content—26%

Pellet 3 70 30 Protein content—33.6%
Fat content—14%

Figure 9 shows the result based on mass, i.e., a comparison of 1 kg pellets each. In
comparison to the BSFL production, LM production is currently much more ecologically
complex. This could be seen by the increased environmental impact of Pellet 3. The
environmental sustainability decreases in the order Pellet 2 > Pellet 1 > Pellet 3. From an
ecological perspective, pellets with a composition of 30% LM and 70% BSFL (Pellet 2) are
preferred. Optimizing LM production would have a significant impact on the ecological
performance of the feed (depending on the potential and scenarios, a reduction of up to
30% is possible).
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(scenario description is in Table 1).

At the time when the environmental assessment was carried out, there was no conclu-
sive data regarding the feeding attempts and feed performance on fish (acceptance of feed
by fish, growth of fish, muscle protein, deficiency symptoms, health, etc.). To incorporate
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these effects, a variation of ±50% in impact for Pellet 1–3 was assumed while doing the
comparison with standard fish feed as shown in Figure 10. This assumption will cover
possible positive as well as negative performance results which could arise due to lack
of information/data. For comparison, the Ecoinvent dataset [35] “Tilapia feed 24–28%
protein” and “Trout feed 42% protein” were used as a reference. It is assumed that the
feeding rate was the same in each case (0.74 g/d per fish) according to the feeding plan.
In Figure 10, the values of environmental impacts are normalized against the worst-case
results per impact category and show a comparison based on the functional unit of 1 kg of
fish feed.
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Figure 10. Relative comparison of environmental impacts during the production of 1 kg of pellets.

Irrespective of the LH pellet composition, there is already an ecological benefit regard-
ing the category of water consumption and land use. The composition of both fish feed
which are considered as the reference is taken from the Ecoinvent database and is shown in
Figure 11. Contrary to the assumption, the contribution of fish meal and fish oil on environ-
mental impacts was very small. Commonly, life cycle assessment methods and associated
inventory datasets for sustainability assessment lack to incorporate ecological impacts of
overfishing. Such studies, as also seen in the review article by Ruiz-Salmon et al., 2021 [36],
focus only on fish processing to produce either fish meal or fish oil. This makes a holistic
comparison difficult.
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4. Conclusions and Outlook

The results achieved in this study show that fish feed based on LM and BSFL could
potentially be more environmentally friendly than standard feed. It is important to note
that these comparisons are based on results obtained from a pilot-scale study. Many
optimization potentials exist which are important for the scale-up implementation of the
breeding of both species (LM and BSFL). Such optimization potentials include efficient
use of available space, development of an energy-efficient drying process, optimizing the
quality and quantity of fertilizer, optimization of harvesting procedure, etc.

It is difficult to compare the results of this life cycle assessment study with the existing
literature because the feeds analyzed in this study are different than the feeds in the
literature. Plant-based fish feed is ecologically competent when compared to the feeds in
literature having a high proportion of marine components (fish remains, wild fish) and
other feeds with high grain (soy, etc.) content [37,38].

Apart from the fish feed, other business cases will also be developed as result of the
running plant. There are many areas of application of LM and its advantages explored
by different researchers. Mohedano et al. reported LM as a very successful floating
macrophyte for the phytoremediation of organic pollutants [39]. Bonnao et al. examined
the removal of different heavy metals using different macrophytes in a wetland receiving
industrial and domestic effluents and reported that LM recorded the highest removal rate
among the different macrophytes [40]. Olette et al. reported the successful application of
LM for the remediation of pesticides [41]. Matamoros et al. found the successful application
of LM in the phytoremediation of pharmaceuticals [42]. Ergen and Tunca evaluated the
remediation of zinc oxide nanoparticles by LM and reported 98.60% removal efficiency [43].
Several other applications have been reviewed by Ekperusi and his group [44].

The manure of black soldier fly can be used as high-quality organic fertilizer as well,
featuring balanced nitrogen, phosphate and potassium values. A generic environmental
comparison between insect manure and synthetic fertilizer gives a positive outlook (see
Figure 12). For this comparison, the following assumption was made: the nitrogen content
in BSFL manure is approximately 3.5% and in synthetic fertilizer is approximately 12%
(e.g., 12-12-12). To fertilize the same area of land, 3.5 times more black soldier fly manure
will be required than synthetic fertilizer. The manure from BSFL is considered a valuable
product and has corresponding environmental impacts from BSFL production. In the
assumption, the allocation was made based on mass, and 1 kg of manure is produced from
1 kg BSFL. Also, other researchers have emphasized the potential biological as well as
ecological advantages of insect manure in the context of their research projects which has
been presented in a review article by Schmitt and Vries [45].
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The Tilapia have special features in their development and behavior, which makes
them an interesting model organism. They are particularly suitable for research because
of their rapid growth, their ability to reproduce in captivity and also their high tolerance
to environmental influences such as temperature and oxygen content of the water, their
resistance to stress and diseases and their lack of requirements for artificial feed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.
3390/su13137371/s1. The (blank) questionnaire is enclosed as an excel File S1: Sample questionnaire.

Author Contributions: The conceptualization of the idea is given by D.S. and R.R. and methodology
is suggested and chosen by D.O. and S.G. All the formal analysis of the data is done by D.O. and S.G.
The research resources in terms of experiments and data generation were taken care of by J.L., A.M.,
D.H. and J.D. The data curation is done by D.O. and S.G. The original draft manuscript is written
by S.G. while D.O. reviewed and edited it. Visualization is performed by D.O. and S.G. under the
supervision of D.S. and H.O.G. The project is administered by D.S. All the authors and co-authors
actively participated in funding acquisition and validation of the replication/reproducibility of results
and research outputs. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the German Federal Ministry of Education and Research in
the framework of the project “Lemna-Hermetia” (“KMU-innovativ” funding initiative, funding code
033RK048E).

Institutional Review Board Statement: Notification of the killing of vertebrates for scientific pur-
poses according to Clause 4 Point 3 of Tierschutzgesetz (Animal Protection Act); name of the project:
removal of organs to clarify the physiological constitution of tilapia after feeding with LH pellets.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request due to restrictions e.g., privacy or ethical.
The data presented in this study are available on request from the corresponding author. The data
are not publicly available due to data privacy policy of the companies involved in this study.

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