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Abstract 

The present study proposes a circular economy model for an 

aquaculture company to maximize the utilization of waste. The 

objective of the research was to evaluate the feasibility of converting 

rainbow trout processing residues into sustainable fish meal, thereby 

reducing environmental impacts and improving resource efficiency.  

The analysis of waste generated during evisceration revealed that 

approximately 40% of each trout corresponded to residues, thereby 

highlighting the inefficient use of available resources. The research 

adopted a documentary and exploratory approach, taking extant 

information on innovative subjects. A quantitative methodology was 

employed to collect numerical data to assess the potential increase in 

profits derived from waste valorization. The process entails the 

cooking, pressing, and drying of the residues, resulting in a 

dehydrated mass that is subsequently milled. This process has been 

devised to optimize the utilization of all materials in accordance with 

circularity principles. The indicators MCI, IC, and FIFO were 

estimated to measure circularity, biomass reincorporation, and 

nutrient retention efficiency. From a total of 4,000 kilograms of 

processed fish per month, 40% of by-products were obtained, 

yielding 25% of the total, resulting in 400 kilograms per month of 

sustainable fish meal, which served as the basis for calculating the 

system indicators. The results demonstrate adequate valorization, 

effective material reincorporation, and good nutrient retention, 

supporting the technical, environmental, and economic feasibility of 

the proposed model for the aquaculture industry. 

Keywords:  Circular economy, aquaculture, fish meal, 

evisceration, nutrients. 

I. INTRODUCTION 

The present study focuses on the evolution of aquaculture 

products consumption, with fish being the main representative 

of this sector. Currently, these products exhibit high global 

demand, which consequently results in the continuous 

exploitation of this resource [1]. However, when compared to 

the total number of existing species, only a fraction is suitable 

for human consumption, as detailed by [2] in a study focused 

on fry production and the strengthening of their productive 

chain.  

The growing global demand for aquaculture and fisheries 

products, together with the need to ensure their supply in large 

volumes, has engendered sustainability challenges, particularly 

regarding the use of plant and marine proteins in aquafeed 

production [3]. It is well known that sustainability issues can 

lead to these practices; therefore, a model is proposed, aiming 

to reduce, repair, recycle, and valorize materials while 

minimizing waste generated during processing. Researchers [4] 

have further demonstrated in practical terms that the circular 

economy contributes to improving sustainability. However, 

they also note that significant barriers remain to its widespread 

integration.  

In our country, there has been an exponential increase in 

the consumption of aquaculture products. Consequently, the use 

of tools designed to fortify aquaculture production systems is 

being assessed. Researchers [5] propose automating processes 

using artificial intelligence, addressing inefficiencies and 

reducing environmental impact through decision-making.  

Studies conducted by researchers [6] indicate that 

evaluating the balanced feed provided to fish from the larval 

stage to adulthood can enhance growth performance compared 

to traditional feeding practices.  

The circular economy is a production and consumption 

model that seeks to maintain resources within the economic 

cycle. This is achieved through strategies such as reduction, 

reuse, recycling, and material recovery. In the domain of 

aquaculture, this approach entails the utilization of by-products 

derived from species processing, which are then transformed 

into value-added inputs. As researchers have explained [7], the 

utilization of alternative sources, such as insect meal, reduces 

reliance on conventional raw materials and enhances resource-

use efficiency. Furthermore, studies by [8] underscore the 

potential for viscera, heads, and spines of rainbow trout 

(Oncorhynchus mykiss) to serve as raw materials for the 

production of balanced feeds, provided that their nutritional 

quality and phosphorus release into the environment are 

properly controlled. These studies demonstrate that the 

valorization of fishery by-products constitutes a critical 

component of this paradigm, facilitating the closure of 

biological cycles and the optimization of material flows within 

productive systems. 
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Low-impact aquaculture integrates ecological, 

technological, and nutritional principles to reduce 

environmental impacts and improve efficiency in farming 

systems. According to the findings of studies conducted by [9], 

recirculation systems in aquaculture are defined as structures 

that reuse water and nutrients through biological and 

mechanical processes, thereby reducing the generation of solid 

waste. Concurrently, research conducted by [10] argues that 

supplementation with essential amino acids, such as lysine, in 

low-fishmeal-content diets promotes growth performance and 

protein conversion efficiency in triploid rainbow trout. 

Likewise, [11] conceptualizes the use of probiotics as a 

biotechnological tool that facilitates digestion, modulates 

intestinal microbiota, and fortifies the immune system of fish. 

When considered as a whole, these empirical foundations 

permit the comprehension of aquaculture valorization as an 

integrated system that combines the utilization of by-products, 

technological innovation, and environmental sustainability in 

the production of fishmeal from trout processing waste. 

The production of fishmeal used in aquaculture hatcheries 

faces environmental limitations that directly affect fuel 

consumption and energy requirements. This issue has sparked 

a search for less harmful alternatives that do not compromise 

protein availability in the sector [12]. In this context, the 

regenerative economy provides a theoretical framework for 

reintroducing waste to generate value cycles and to reduce 

losses, thereby highlighting the value of agro-industrial by-

products through different forms of reutilization that can be 

transferred within the aquaculture industry [13]. 

The most viable alternative focuses on transforming trout 

processing waste (i.e., heads, viscera, and spines) into fishmeal, 

thereby enhancing feed quality due to its high protein content 

while minimizing costs. Consequently, [14] underscores that 

the incorporation of meals derived from hydrolyzed viscera 

exerts a more substantial influence on weight gain, supporting 

their integration into aquafeeds. Furthermore, dietary regimens 

involving the substitution of traditional protein sources with 

protein powders have yielded positive results and economic 

advantages, reinforcing the feasibility of their inclusion in 

nutrition [15]. 

To ensure the sustainability of the proposed approach, it is 

essential to incorporate it into a systematic zero-waste 

framework, supported by standards, incentives, and 

intersectoral coordination, to facilitate the closure of material 

cycles within production chains [16]. In turn, waste reduction 

promotes changes in practices by fostering awareness of waste 

as a resource, thereby reinforcing the adaptation of training and 

management strategies to support the adoption of returnable 

models within aquaculture [17]. 

The development of this research is organized as follows: 

In Section 2, the methodology employed is presented, as well 

as the research approach, the factors underlying the problem, 

and the procedure used to estimate and evaluate the proposal. 

Section 3 reports the calculation of by-products, the estimated 

yield of sustainable fishmeal, and the results obtained from the 

indicators (MCI, IC, and nFIFO). In Section 4, the results are 

interpreted and contrasted with existing literature, identifying 

contributions, potential benefits, limitations, and the scope of 

the study. Finally, Section 5 summarizes the most relevant 

findings and proposes recommendations and directions for 

future research. 

Literature Review 

The expansion of aquaculture has raised environmental 

concerns about nutrients, waste, and microplastics. One 

alternative is the integration of microalgae, which purify water 

and recycle nutrients. Researchers [18] indicate that their 

incorporation into aquaculture systems can reduce pollution and 

increase sustainability by 20%, aligning with initiatives related 

to trout production in Peru. 

In aquaculture nutrition, the use of agricultural by-products 

is also being investigated. Researchers [19] reported a 20% 

improvement associated with the use of grape residues, due to 

their antioxidant properties, which enhance intestinal health, 

growth, and fish fillet quality, while also extending shelf life 

19].  In the same vein, researchers [20] note that grape 

derivatives (polyphenols and bioactive compounds) strengthen 

metabolism, immunity, and oxidative stability, while valorizing 

their residues for use in aquaculture feed. The transition toward 

a closed-loop approach does not rely only on technology; it also 

requires institutional and business-driven support.  

Researchers have documented a 35% enhancement in 

microalgae utilization [21], highlighting the effectiveness of 

augmenting the public sector and implementing viable 

initiatives to improve model performance, particularly in 

developing countries such as Peru, where economic, 

technological, and infrastructure limitations persist. In 

recirculating systems, the use of nutrients and CO₂ from 

effluents to cultivate microalgae has been proposed. An 

empirical demonstration showed that Chlorella vulgaris in RAS 

captured 98–100% of phosphate, 82–99% of nitrate, and 68–

95% of total nitrogen, while generating biomass with lipid 

contents of 18% of dry weight and fatty acids that can be reused 

in fish feed [22]. 

This approach has also been discussed in other sectors. As 

researchers have noted [23], analyses of thermoelectric power 

plants emphasize that ≈ 80% of global electricity generation 

still depends on fossil fuels—oil (4,497 Mt), coal (3,838 Mt), 

and natural gas (3,282 Mt). Their review indicates that this 
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model supports the modernization of these systems by reducing 

emissions and improving resource-use efficiency, and that it 

can be adapted to industries such as aquaculture production. To 

assess circularity, various tools and indicators have been 

proposed, taking the design of the Italian pasta supply chain 

model, which incorporates 51 indicators aligned with ISO 

59020:2024, as a useful reference for developing equivalent 

metrics in trout by-product processing systems [24]. Within the 

context of supply chains, researchers [25] have demonstrated 

that emerging technologies, efficient logistics, and 

environmental regulation can enhance sustainability by >20%, 

thereby fortifying competitiveness and mitigating 

environmental impacts. With respect to effluent treatment, [26] 

have reported that RAS equipped with biochar filters can 

recover 35–55% of nitrogen and 45–65% of phosphorus. 

Furthermore, these systems have been shown to reduce 

emissions by ≈28% (up to 55% when sequestration is 

considered), decrease eutrophication by 25–45%, conserve 8–

15% of energy, and enable the reuse of >90% of water. 

Research on sludge management conducted by [27] 

indicates that university entrepreneurship support enhances 

entrepreneurial intentions among students with low-to-

moderate traits of proactive personality. This finding 

underscores the importance of applying resource valorization 

and recirculation approaches to waste generated in trout 

farming. A study involving 339 students from Malaysia and 

Ghana demonstrated that university support enhances 

entrepreneurial intentions among students with low proactivity, 

accounting for 60% of the variability in intentions among more 

proactive students. The valorization of organic waste through 

bioconversion using Hermetia illucens has been described in 

alignment with FAO estimates (one-third of global food 

production is wasted, amounting to 1.3 billion tons per year) 

[28]. The reported feeding regimens include diets with 22–28% 

dry matter, a uniform portion of 0.14 g DM/larva, and 

conditions of 28°C / 65% relative humidity over seven days. 

This method has been shown to efficiently convert into protein-

rich biomass with lower emissions than conventional livestock 

systems. Additionally, researchers [29] in Bangladesh have 

emphasized the potential of BSF production to reduce costs, 

noting high male participation (98.3%), learning through 

YouTube (63.3%), motivation driven by cost reduction 

(35.1%), and utilization of in fish (50.7%) and poultry (46.4%) 

feeding, with market prices ranging from US$ 0.42 to 4.19 per 

kilogram. However, technical and market barriers persist, and 

only 23.3% apply fermentation processes. 

In terms of productive integration, researchers [30] 

conducted a nine-week evaluation of an aquaponic system 

(consisting of jade perch and lettuce). The application of 

mineral supplementation at a rate of 10% resulted in enhanced 

plant growth; however, hydroponic systems exhibited higher 

values (p < 0.05). In contrast, fish growth remained comparable 

across various treatments (p > 0.05). Likewise, [31] developed 

an aquaponic system combining Japanese cucumber and hybrid 

catfish, and obtained 112 kg of fish and 3.2 kg of vegetables per 

production cycle over 14 weeks. Financial analysis showed a 

positive NPV, B/C > 1, and an IRR exceeding the cost of 

financing. Regarding water reuse, [32] tested bioretention 

systems with Canna (3,000 L/day) for domestic wastewater 

treatment, achieving reductions of 78.7% in BOD, 71.4% in 

COD, 85% in TSS, and 100% removal of parasite eggs. 

Additionally, phosphorus and ammonium were reduced by 

65.5% and 74.7%, respectively, and the treated water was used 

for catfish and tilapia culture, resulting in better fish health 

compared to market-sourced fish. 

Finally, to comprehend the ecological responses to 

contamination, the HeMHAS system exhibited avoidance 

behavior and displacement toward less toxic zones. This finding 

supports the notion that, beyond nutrient recycling, controlling 

environmental quality is essential when designing processes for 

the valorization of non-edible trout by-products [33]. 

A. Statement of the Problem 

Currently, aquaculture faces numerous challenges in 

achieving a balance between productive activity and 

environmental sustainability. One of the most relevant 

challenges is the sustainable management of each type of waste 

generated during the evisceration of rainbow trout (viscera, 

heads, and spines). Despite their high protein value, these by-

products are often discarded without leveraging their potential 

benefits. Valorization is a strategic alternative for transforming 

such waste into value-added inputs, promoting waste reduction 

and reuse within the production process. However, this tool is 

hindered by the necessity of technological infrastructure, 

specific regulatory frameworks, and technical expertise, which 

limit its effectiveness in the aquaculture industry. 

Consequently, a comprehensive analysis of the actual 

conditions of each company is imperative to incorporate this 

approach into the efficient production of trout meal. This 

analysis should encompass an examination of its technical, 

environmental, and economic feasibility. Accordingly, the 

following issues were identified to be addressed: 

● How will the circular economy impact the process of 

transforming trout waste into sustainable fishmeal? 

● What is the impact of trout by-product valorization on 

productive efficiency and environmental sustainability? 

● Can waste reuse and reduction be considered effective 

circular practices for transforming trout by-products into 

fishmeal? 
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● Which technical, economic, and environmental 

indicators are the most relevant for evaluating the 

feasibility of sustainable trout fishmeal production under 

a circular economy approach? 

 

B. Objective 

 

To evaluate the technical, environmental, and economic 

feasibility of implementing a circular economy model in the 

aquaculture industry through the valorization of waste 

generated from rainbow trout (heads, spines, and viscera) to 

transform these by-products into sustainable fishmeal. The 

proposed approach aims to mitigate environmental impacts by 

optimizing the utilization of natural resources and enhancing 

production efficiency. Furthermore, the objective is to establish 

criteria that enable the replication of this strategy in similar 

aquaculture systems under a sustainability-oriented framework. 

   

C. Hypothesis 

 

The integration of a closed-loop production model within 

the aquaculture industry facilitates the valorization of rainbow 

trout by-products by converting them into fishmeal, thereby 

augmenting the utilization of organic residues, enhancing 

operational efficiency, and substantially reducing the 

environmental impact of the production process. This approach 

is conducive to the sustainability of aquaculture systems by 

promoting the responsible use of resources and reducing 

dependence on conventional inputs. 

 

II. METHODOLOGY 

The present research was conducted using an empirical and 

documentary approach at Raracocha Lagoon, in the city of 

Cerro de Pasco, Peru. The evisceration process and its 

progression through the different stages of production were 

observed directly and continuously. The collection of data 

regarding the utilization of by-products in aquaculture—

including viscera, process water, and derived meals—was 

grounded in the analysis and review of scientific sources 

addressing the application of return economy principles in 

aquaculture systems. Researchers [34] have demonstrated that 

this approach promotes the revalorization of fishery by-

products through biotechnological processes that contribute to 

more sustainable production. Given its level of abstraction, the 

study is descriptive in nature, as data from various 

investigations on the utilization of aquaculture waste were 

conceptualized and explanatory analyses were conducted to 

examine cause–and–effect relationships between by-product 

management, environmental efficiency, and productive 

sustainability. This allowed the identification of the benefits 

associated with reducing environmental impacts [35]. 

Regarding the nature of the data, a quantitative approach was 

applied, employing measurements of protein yield and 

substitution rates of conventional fishmeal. According to [36], 

quantitative analyses facilitate the estimation of the feasibility 

of replacing traditional meals with recovered protein sources. 

In terms of variable manipulation, the study is non-

experimental, as environmental conditions were not altered. 

Concerning its purpose, it is applied research aimed at 

proposing sustainable solutions. The subsequent section 

conceptualizes the factors that directly affect aquaculture 

production processes. 

 

Technology applied in aquaculture production 

 

Technology applied in the aquaculture industry 

encompasses digital tools, smart sensors, and automated 

systems that optimize process efficiency and sustainability. In 

this context, [37] developed an Internet of Things (IoT)-based 

system to monitor critical water parameters in real time, 

including dissolved oxygen, ammonia, pH, and temperature. 

This system has been shown to achieve cost reductions of up to 

85% and improve operational efficiency. Additionally, [38] 

argue that predictive models driven by artificial intelligence and 

deep learning can facilitate the anticipation of variations in 

dissolved oxygen (DO) concentrations, thereby enhancing 

environmental stability and productivity in culture ponds. In a 

similar vein, [39] underscores the significance of Biofloc 

Technology (BFT) as a pivotal innovation for nutrient 

recycling, thereby reducing water usage and curtailing the 

consumption of formulated feed by up to 30%. This, in turn, 

contributes to the sustainability of aquaculture systems. 

Consequently, this factor is a fundamental pillar of a return-

oriented approach, as it promotes efficient resource use, 

automation, and the reduction of environmental impacts in 

aquaculture production. In this equation, the oxygen 

concentration is determined by identifying the variables that 

directly affect it. 

 

𝐷𝑂𝑡 = 𝑓(𝑇,𝑝 𝐻, 𝑁𝐻3, 𝑇𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦, 𝑇𝑖𝑚𝑒, 𝑇𝑒𝑚𝑝)      (1) 

 

Where: 

DOt: Dissolved oxygen concentration at time t (mg/L) 

T: Water temperature (°C) 

pH: Hydrogen potential of the water 

NH3: Ammonia concentration (mg/L) 

Turbidity: Level of suspended solids (NTU) 

Time: Time of day (h), which influences photosynthetic activity 

Temp: Environmental temperature (°C) 

 

H1: The use of intelligent technologies, such as IoT and Biofloc 

systems, improves the efficiency of transforming trout waste 

into fishmeal while promoting environmental sustainability. 

 

Operational Efficiency of the System 
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Operational efficiency within recirculating aquaculture 

systems is defined as the relationship between the resources 

utilized (e.g., labor, energy, by-products, etc.) and the amount 

of final product recovered (i.e., fishmeal). The process's 

efficiency can be assessed by measuring the yield of converting 

organic residues into valuable products, allowing for an 

evaluation of its sustainability [40]. Likewise, [41] asserts that 

enhanced operational efficiency leads to reduced final waste, 

increased conversion rates, and decreased costs. The following 

equation was used to determine the yield of fishmeal 

production. 

 

𝑌 = 𝐴 + 𝐵 ⋅ 𝑋     (2) 

 

Where:  

Y: Estimated yield of fishmeal production, expressed in 

kilograms. 

A: Constant representing the baseline minimum yield 

(kilograms). 

B: By-product conversion coefficient (percentage). 

X: Amount of valorized by-product (kilograms). 

 

H2: The estimated yield of fishmeal production depends on the 

amount of valorized by-products; that is, the coefficient B is 

greater than 0. 

 

By-Product Circularity 

 

By-product circularity is defined as the degree to which 

waste generated during a production process can be 

reintroduced into the economic cycle through transformation or 

reuse. Research by [42] underscores the significance of 

quantifying this factor and thus implements the Material 

Circularity Indicator (MCI) (see Equation 3). This indicator 

assesses the reduction of linear material flows and product 

durability compared to a similar market product. Consequently, 

the formula has been revised to encompass biological cycles, 

particularly related to zootechnics [43]. 

 

𝑀𝐶𝐼 = 1 − 𝐿𝐹𝐼 × 𝐹(𝑋)           (3) 

 

Where: 

MCI: Material Circularity Indicator  

LFI: Linear Flow Index (%) 

F(X): Utility factor (%) 

 

H3: The implementation of the by-product indicator increases 

the Material Circularity Index of the system compared to the 

initial situation. 

 

Nutrient Fish-in–Fish-out ratio in Fish Production (nFIFO) 

 

In the context of aquaculture, nFIFO is an indicator used to 

evaluate the efficiency of raw material use, focusing on 

assessing the amount of resources utilized and recovered within 

farming systems. Empirical research by [44] establishes that 

nFIFO is a simple measure of the quantity of fish required to 

produce new farmed fish. To determine nFIFO, an inverse 

weight-to-weight relationship is applied between the marine-

derived ingredients used in feed and the weight of fish produced 

(see Equation 4). The continuous updating of the data within 

the established formula to quantify nutrient flows of marine 

origin supports improved nutrient retention within aquaculture 

systems [45]. The following general formula is established in 

this study: 

 

𝑛𝐹𝐼𝐹𝑂 =
𝑅𝑠

𝑅𝑀𝐼
     (4) 

 

Where: 

Nfifo: 

RS: Nutrient retention in salmon (%) 

R MI: Nutrient retention in the marine ingredient (%) 

 

H4: The incorporation of valorized trout by-products into the 

diet reduces the system’s FIFO ratio compared to the baseline 

scenario without valorization. 

 

Reduction of Environmental Impact 

 

Environmental sustainability reduces pollution from the 

main product and promotes the reuse of waste materials, 

leading to lower resource consumption in the operational cycle 

[46]. Consequently, the reuse of discarded materials for 

subsequent feed transformation and the valorization of by-

products represent viable strategies for reducing the ecological 

footprint of our production [47]. The following equation is used 

to determine the circularity index associated with this impact.  
 

𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 (𝐶𝐼) =
𝑀𝑅

𝑀𝑇
           (5) 

 

Where: 

MR: Recycled material (kilograms) 

MT: Total material input (kilograms) 

 

H5: An increase in the Circularity Index reduces the intensity 

of the environmental impact associated with fishmeal 

production. 

 

 

Implementation of the engineering tool in the study 

 

      The implementation of the proposed approach is structured 

into five sequential stages, designed to evaluate the feasibility 

of a return-oriented economy in fishmeal production from trout 

by-products. The sequence starts with applied documentary 

methodologies, incorporating criteria from Life Cycle 

Assessment (LCA) and the Material Circularity Indicator 

(MCI) to assess the extent of by-product utilization. 
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Phase 1: Identification of valorized by-products 

The by-products generated from trout processing (spines, 

heads, and viscera) were identified to determine the average 

volume produced per ton of processed fish, which represents 

approximately 40% waste per unit processed. This allowed for 

the classification of the transformation potential that could be 

obtained from these materials. 

 

Phase 2: Selection of technical indicators: 

Valorization indicators were applied, such as the Material 

Circularity Indicator (MCI), assessing the proportion of waste 

that can be reintegrated into the production system. In addition, 

the operational efficiency indicator was used to determine the 

percentage of valorized by-products compared to the total 

generated. A predictive formula for process yield was also 

incorporated.  

 

Phase 3: Analysis of the technological process 

A production system process flow model was created, 

starting from raw material collection to the finished product. 

Technologies such as Biofloc and IoT-based sensors were 

incorporated into the conceptual process schemes (see Fig. 1).  

 

 
Fig. 1: Process flowchart 

 

Phase 4: Application of the MCI model 

The MCI was calculated using reference data for the Linear 

Flow Index (LFI) and the utility factor (F(x)). The resulting 

value was then interpreted to determine the degree of circularity 

of the process. 

Phase 5: Evaluation and discussion of expected results 

The estimated impacts related to the reduction of organic 

residues, substitution of conventional fishmeal, and projected 

operational costs were analyzed and evaluated. Accordingly, an 

assessment was conducted to determine the viability of 

replicating the proposed model.  

III. RESULTS 

Table 1 quantifies the by-products generated from trout 

processing. This information serves as the basis for Tables 2 

and 3.  
Table 1: By-product production 

Concept % of live weight 

Kilograms 

per 1 ton of 

trout 

Kilograms 

per month 

for 4 tons of 

trout 

Processed weight 100% 1 000 4 000 

Total by-products (waste) 40% 400 1 600 

Heads 16% 160 640 

Spines 12% 120 480 

Viscera 12% 120 480 

 

The company processes 4,000 kilograms of trout and generates 

approximately 1,600 kilograms of by-products, which 

constitute the baseline for their subsequent valorization. 

 

At the initial stage, 4,000 kilograms of fish are processed each 

month, with 40% representing processing losses. Based on this 

information, Equation 2 was applied, and the results are 

summarized in Table 2. 

 
Table 2: Total production and yield of sustainable fishmeal 

Concept Value 

Fish processed per month 4,000 kilograms 

By-products generated (40%) 1,600 kilograms 

Fishmeal yield (25%) 400 kilograms/month 

 

With a fishmeal yield of 25%, a total of 400 kilograms of 

sustainable fishmeal are recovered per month. 

 

 
Fig. 2: Monthly distribution of processed fish, valorized waste, and recovered 

protein-rich fishmeal. 

 

From a monthly volume of 4,000 kilograms of processed trout, 

approximately 1,600 kilograms of usable residual fraction are 

generated (40% of the total). The available mass is then 

subjected to a series of processing steps, including cooking, 

pressing, and drying, which collectively yield 400 kilograms of 
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protein-rich fishmeal per month, corresponding to a 25% yield.  

Table 2 summarizes these values, and Fig. 2 visually represents 

the relative proportions of processed fish, usable waste, and 

recovered sustainable fishmeal. As demonstrated in Table 2 and 

Figure 2, a substantial portion of previously discarded biomass 

can be converted into a reusable protein input within the 

aquaculture system. 

 

In Table 3, Equations 3, 4, and 5 were utilized to calculate the 

system's circularity and efficiency indicators. These 

calculations were based on the valorization of 400 kilograms 

(kg) of sustainable fishmeal per month, as indicated in Table 2. 

 
Table 3: Circularity and efficiency indicators 

Indicator Parameters used Result 

MCI (Material 
Circularity Indicator) 

LFI = 0.60; F(X) = 
0.30 

0.82 

CI (Circularity Index) 
MR = 400 kg; MT 

= 4000 kg 
0.10 (10%) 

nFIFO (nutrient 

efficiency) 

RS = 0.65; RMI = 

0.80 
0.81 

 

The resulting MCI value is 0.82, indicating a high degree of 

resource utilization within the process. The Circularity Index 

(CI) indicates that 10% of the total processed biomass is 

reincorporated as sustainable fishmeal. An nFIFO < 1 has been 

shown to demonstrate high nutrient retention efficiency. This, 

in turn, indicates that a greater proportion of nutrients derived 

from marine ingredients is effectively transferred to the final 

product. 

 
Fig. 3. Comparison of the MCI, CI, and nFIFO indicators of the trout by-

product valorization system. 

 

Based on the values summarized in Table 3, Fig. 3 illustrates 

the behavior of the three indicators applied to the case study. 

The MCI value of 0.82 indicates a high level of material 

utilization, and the nFIFO of 0.81 is associated with high 

nutrient-use efficiency. Conversely, the Circularity Index (CI) 

is only 0.10, indicating that although the system recovers a 

significant fraction of biomass, there is great potential to 

enhance resource recirculation within the production system. 

IV. DISCUSSION 

The objective of this research is to evaluate the technical, 

environmental, and economic feasibility of trout fishmeal by 

developing a return-oriented economy model within the 

aquaculture industry. This approach uses waste generated 

during rainbow trout processing (viscera, heads, and spines) to 

produce sustainable fishmeal. The objective of the present study 

is to demonstrate that by-product valorization reduces 

processing losses, improves productive efficiency, and 

contributes to the sustainability of aquaculture systems through 

the responsible use of natural resources. 

As illustrated in Table 1, a total of 4,000 kilograms of fish 

are processed monthly, generating 1,600 kilograms of by-

products, which corresponds to 40% of the live weight. In this 

waste, 16% is comprised of heads, 12% of spines, and an 

additional 12% of viscera. As demonstrated in Table 2, this 

amount yields a fishmeal production of 25%, equivalent to 400 

kilograms of sustainable fishmeal per month. Finally, Table 3 

presents the system's valorization and efficiency indicators: the 

MCI is 0.82, the CI is 0.10, and the nFIFO is 0.81. These 

findings demonstrate a strong capacity to utilize residual 

materials and effectively retain nutrients. 

The values reported in Tables 1, 2, and 3 indicate that the 

applied return economy model enables the recovery of a 

significant proportion of process by-products. The MCI value 

of 0.82 means that over 80% of the materials are retained within 

the productive cycle, reflecting a high level of resource 

utilization. The IC value of 0.10 indicates that 10% of the total 

processed biomass is reintroduced as sustainable fish meal, 

thereby generating greater effective utility from the residues. 

Similarly, the nFIFO value of 0.81 indicates a strong efficiency 

in retaining nutrients from marine sources. Overall, these 

findings suggest that adopting a sustainability-oriented system 

can decrease reliance on external raw materials and the process 

environmental impact. 

The results obtained in this study are closely aligned with 

those reported by [7], who demonstrated that incorporating 

sustainable meals produced from Hermetia illucens reduces 

environmental impacts in rainbow trout farming systems. 

Furthermore, researchers [14] have shown that incorporating 

hydrolyzed viscera into the diet of Oncorhynchus mykiss 

improves feed conversion and growth performance, thus 

supporting the proposed by-product valorization in this study. 

In a similar vein, [26] demonstrated that the implementation of 

recirculating systems equipped with biocarbon filters facilitates 

the recovery of up to 55% of nitrogen and 45% of phosphorus. 

This helps close nutrient cycles and enhances environmental 

efficiency. Furthermore, [28] highlighted that the 
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bioconversion of organic waste through black soldier fly larvae 

reduces waste mass by more than 60% while generating high-

value protein biomass, in line with the principles of the 

proposed model. Finally, [48] emphasized that the combined 

application of Life Cycle Assessment (LCA) and the Material 

Circularity Indicator (MCI) yields both direct and indirect 

environmental benefits, consistent with the results of this 

research. 

In this regard, it has been confirmed that the model applied 

to the valorization of rainbow trout processing residues 

represents a viable alternative for enhancing sustainability in 

fish meal production. Utilizing by-products can help reduce 

waste, improve resource efficiency, and lower operational 

costs. However, implementing this approach requires 

investment in technology, skilled personnel, and environmental 

management policies that promote its adoption. The findings 

suggest that the system can be replicated in other aquaculture 

facilities, thereby contributing to achieving the Sustainable 

Development Goals related to responsible production and 

environmental protection. 

 

IV. CONCLUSION 

The main objective of this research was to evaluate the 

technical, environmental, and economic feasibility of 

implementing the return economy model in the aquaculture 

industry by transforming rainbow trout cleaning residues into 

fish meal for reuse within the production process. The study 

aimed at demonstrating that the valorization of processing 

losses enables waste reduction and productivity improvement 

throughout the process, thereby contributing to the 

sustainability of the aquaculture system through more efficient 

use of resources. 

The selection of this topic was driven by its practical 

applications in the production domain. A potential 

enhancement of the company was identified, characterized by 

an increase in real productivity, concurrent with waste 

reprocessing, as evidenced by Table 3. This analysis revealed 

that the waste circularity percentage equaled 10% of the initial 

input percentage. This reduces costs, making processes 

cheaper, obtaining greater profits, and reducing waste. As 

indicated in the initial table, trout waste accounted for 40% of 

the original product, which was then utilized as the foundation 

for the subsequent treatment process. This by-product can then 

be used to produce fish meal, thereby reducing food costs. 

In contrast, the second table illustrates a waste utilization 

rate of 25%, equivalent to 400 kilograms of fishmeal per month. 

This indicates that food purchases will not be required. In this 

regard, efficiency and valorization indicators were calculated, 

yielding a score of 0.82, which shows a high degree of resource 

utilization. Consequently, this implementation can be executed, 

as it engenders short- and medium-term benefits. 

The subject of return economy will be explored in greater 

depth. However, there are initiatives to research Systematic 

Layout Planning (SLP) focused on the company and on 

companies with inadequate work organization. According to 

researchers [50], this tool facilitates the more efficient use of a 

productive area. In addition, as a complementary line of 

research into the utilization of by-products, researchers [51] 

assessed the composting of sludge from recirculation systems 

in salmon farming, demonstrating that it is viable to transform 

this waste (food scraps and feces) into a soil amendment with a 

high content of organic matter and phosphorus, with maturity 

and safety conditions evaluated through technical tests. 

Furthermore, we are interested in conducting future research on 

RCM (Reliability-Centered Maintenance) applied to fish 

manufacturing processes. According to [4], the use of this tool 

prevents unplanned downtime due to machinery problems. 
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