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Abstract: Food waste contributes to hunger, poverty, and environmental pollution. Unfortunately,
seafood, which provides high nutrient content, is significantly underutilized, with only 30% of high-
value seafood consumed. This study addresses the urgent need to reuse these wastes, converting them
into biofertilizers through solar drying. A solar drying plant was designed and built to produce fish
powder as the base of fertilizer, achieving an equilibrium humidity of 400 kg in 11 h after sterilization
by pre-cooking. The resulting biofertilizer was rigorously tested for its macronutrient composition,
germination rate, presence of coliforms, and phytotoxicity. The findings indicate that fish waste
can effectively replace synthetic fertilizers, fostering a circular economy and promoting sustainable
agriculture. This research highlights the potential of using marine debris to produce biofertilizers,
contributing to global sustainability efforts by harnessing marine debris and solar energy to offer an
environmentally friendly alternative to chemical fertilizers.

Keywords: marine waste; biofertilizer; solar drying; circular economy; sustainable agriculture

1. Introduction

Food waste has economic, social, and environmental consequences. Rich countries
waste 222 million tons of food, or about USD 680 billion. Reducing food loss is critical to
reducing hunger and meeting ecological targets [1] because this lost food has a climate
impact [2], especially animal-based food, which produces the highest greenhouse gas
emissions [3]. Unfortunately, fish is among the most wasted foods (more than 35% of
catches) [4].

Paradoxically, global fisheries consume about 30–40 million tons (Mt) of fuel and generate
180–200 Mt of CO2-equivalent GHGs annually [5]. Nevertheless, fish is an essential food
because it contains vital proteins and polyunsaturated lipids, vitamin D, iodine, iron, calcium,
zinc, phosphorus, potassium, and other micronutrients [6,7]. It accounts for about 17 percent
of animal protein intake, and apparent per capita fish consumption is currently over 20 kg.
Moreover, 200 million people are employed in fisheries and aquaculture worldwide [8]. How-
ever, trash fish, bones, intestines, heads, and tails (containing these nutritional components)
are not used as food and constitute over 50% of caught fish [9], mainly because of overfishing,
the low commercial value of some fish, and unused fish parts.

Plentiful studies have proposed using this nutrient-rich waste in various co-products,
rescuing all the resources already used. For example, composting increases biomass
conversion efficiency for biodiesel production, as in [10]. Also, it is proposed to be used
for animal feed as a farmed fish diet component [9]; to improve other foods such as fried
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fish nuggets’ sensory attributes; and to increase protein while decreasing carbohydrate
levels [11]. In another study, natural pigments were produced; fertilized eggs and the fish
species were used for carotenoid pigment recovery [12]. Finally, it is also used in industry
and cosmetics [13,14], as shown by Aoki et al.,2004 [15], who partially purified proteases
from northern waste shrimp to tenderize beef.

One of the most important co-products of unused fish is fertilizer formulations, as
the world is facing the worst food crisis in a decade and also due to substantial fertilizer
shortages because of the Ukraine war intensification in February 2022, which has caused
an increase in volatile prices [16].

Fertilizers are essential for plant nutrition and soil fertility to serve the current needs of
food production [17]. However, chemical fertilizers are related to health risks, environmen-
tal hazards, and costs [18]. On the other hand, biofertilizers help to improve agricultural
production, reduce hunger in the world, and increase rural farmers’ income sustainably.
The literature shows many proposals, such as in [19], where the phosphorus content in
composts made from fish waste, sewage sludge, green waste, and horse manure was
investigated. Jung and Kim [20] produced biofertilizers from brown seaweed, achieving
chlorophyll and carotenoid contents in lettuce; and in [21], fishery wastes in a 150-L reactor
were used to evaluate biodegradation and fermentation to produce liquid fertilizer. Shrimp
waste with urea at different ratios was processed into liquid fertilizer [22], and fish waste,
molasses, and grape marc mixtures were developed and underwent natural biotransfor-
mation using Saccharomyces cerevisiae to produce fertilizer. Unfortunately, most of these
processes must be performed in a lab or by specialized personnel.

The rich nutritional content of marine flour has been demonstrated by many au-
thors [11,23–25]; most of this content can provide the soil with the necessary elements to
promote the rapid and healthy growth of crops that are increasingly in demand due to the
rapid population growth [26–28].

On the other hand, typically, to produce fertilizer from fish waste, a drying operation
is used to preserve its properties and increase its shelf life. Drying also helps reduce
volume, facilitating handling and transport. Many techniques are used to complete drying,
such as gas or electric ovens, microwaves, lyophilization, infrared radiation, and spray
drying, which have shown great feasibility and effectiveness [29–34]. Nonetheless, technical
solar drying has several advantages over others: it does not use complex and expensive
installations; the equipment is easy to operate; it requires little maintenance; and it is
energetically more economical and sustainable.

Several studies have explored using food and fish waste as fertilizers [35]. However,
there is a lack of research on incorporating solar drying as an energy source in processing it
and retaining essential nutrients for improving agricultural soils, leading to cost savings
and fewer greenhouse gas emissions. Integrating solar drying in organic discarded pro-
cessing supports the circular economy, promoting resource efficiency and waste reduction.
This approach boosts sustainability, strengthens agricultural systems, and completes the
loop in organic waste management [36].

As part of a project supported by the National Council for Humanities, Sciences, and
Technologies (Consejo Nacional de Humanidades, Ciencias, y Tecnologías), in search of
supporting small fishermen in Campeche, Mexico, a solar plant has been built with which
around one ton of very low-value fish and fish remains, such as bones, viscera, and skin,
will be processed daily to obtain by-products, including biofertilizer.

In the present work, solar drying of fish waste was carried out in the constructed plant
to produce a biofertilizer. The necessary tests determined the components for creating a
natural fertilizer from this dehydrated unwanted fish in direct solar dryers, addressing
food waste and fertilizer shortages, and promoting eco-friendly agricultural practices,
contributing to global sustainability efforts.
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2. Materials and Methods

The methodology was developed in two stages: (1) the drying of the fish waste and
(2) the analysis of this product to determine the essential macronutrient composition and
feasibility of its use as a biofertilizer (Figure 1).
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Figure 1. Production of biofertilizer based on fish waste through solar drying.

2.1. Solar Drying
2.1.1. Solar Dying Plant

Two greenhouse-type polycarbonate solar panels were considered for better flexibility
when constructing the solar drying plant (Figure 2). The total capacity is 1000 kg of fresh
product. The main dryer (9 m × 6 m) has an approximate capacity of 700 kg of fresh
product, and the secondary dryer (4 m × 2.5 m) has a 300 kg capacity.
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Figure 2. Solar dryer plant.

Auxiliary solar thermal energy systems provide the significant energy that water
evaporation requires during dehydration. The selection and sizing of the solar equipment
were technically and economically optimized through the dynamic simulation of a system
covering the hot air energy demand for the dryer capacity (800 kg) using TRNSYS v18
software. Several factors were considered: climate, operating temperature, mass to dry,
raw material characteristics, desired final humidity and cost of conventional energy used
on-site, and valuable life-cycle cost analysis.



Sustainability 2024, 16, 6593 4 of 14

Two main options for heating air were evaluated: (a) a hybrid system combining solar
air heaters with an auxiliary LP gas heater and (b) a system relying solely on LP gas for
air heating. Both systems were analyzed regarding their economic and technical perfor-
mance, including cost projections over 20 years, environmental impact, and optimization
of parameters such as the number and arrangement of solar collectors.

Additionally, a photovoltaic solar system was installed to operate the extractor and fan
for air circulation. This setup was complemented by an auxiliary thermal storage system
comprising a thermal tank, a resistance, and a pump. This system allows the dehydration
process to be carried out with hot air heated indirectly by solar thermal energy using an
insulated hot water tank and a heat exchanger.

2.1.2. Measuring Instruments

The measuring instruments used for the process monitoring were the following:
Water activity and percentage of humidity: Portable Rotronic Hygropalm water activity meters,

with a precision of ±0.01% mg, and Boeco brand model BMA 150 (accuracy of ±0.01% mg).
Weight Loss: A high-precision digital scale (Boeco model BPS 40 plus).
The instruments for monitoring climatic parameters are shown in Table 1.

Table 1. Characteristics and description of weather station measuring instruments.

Variable Description Model Maximum Error

Global radiation Pyranometer (brand LI-COR) LI-200R (Lincoln, NE, USA) Azimut: <±1% on 360◦
to 45◦ elevation

Relative humidity NRG Systems RH-5X (Hinesburg, VT, USA) ±3%

Ambient temperature NRG Systems 110S (Hinesburg, VT, USA) ±1.1 ◦C

Wind direction NRG Systems Series 200P (Hinesburg, VT, USA) ±3◦

Anemometer Wind sensor P2546C-OPR (Roskilde Denmark) ±0.3 m/s

2.1.3. Drying of Fish Waste

The process began by washing the fish under running water to remove surface impu-
rities; subsequently, the meat was separated from the waste (viscera, tail, head, spines, fins,
and skin) and the scales. The product obtained in the previous stage was deposited in 40 L
pots and boiled until a nutrient-rich broth was obtained (Figure 3).
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Once the cooking was finished, the broth was separated from the solids and evenly
distributed on plastic racks for drying. The racks were then placed on the trays provided
and placed in the greenhouse-type dryer (Figure 4).
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Throughout the process, measures were taken to ensure hygiene and food safety,
avoiding cross-contamination and the growth of pathogenic microorganisms.

Periodic analyses of the broth and dry residues were carried out to determine their
nutritional composition and potential applications.

2.1.4. Drying Kinetics

The cooked fish waste was drained and placed in meshes, distributing them ho-
mogeneously; these were placed inside the drying chamber. Two small samples were
placed independently in a device that allows the weight loss to be monitored automatically.
All experiments were repeated in triplicate.

The kinetic evolution was followed until it reached the moisture equilibrium. The prod-
uct was removed from the greenhouse-type dryer, and the final humidity, water activity,
and colorimetry were studied. All products were ground until we obtained flour, and the
composition was analyzed.

2.2. Dried Fish Waste Analysis

The fish flour produced from dry fish was carefully examined for its potential benefits
as a sustainable and eco-friendly natural fertilizer.

2.2.1. Nitrogen Determination

Based on NMX-AA-180-SCFI-2018 9/48 [37], organic nitrogen is determined by the
Kjeldahl method [38] after removing ammoniacal nitrogen, digesting the sample, distilling,
and titrating the ammonia in the distillate with titrated acid. One gram of dry residue was used,
and two tablets of the Missouri catalyst were added to the digestion of 25 mL of concentrated
sulfuric acid. Subsequently, the mixture was made up to 100 mL with distilled water, and
distillation was carried out using 40% sodium hydroxide and collecting the ammonia by
absorption in a 4% boric acid solution with 2 mL of Shiro Tashiro indicator. The titration of
the absorbed ammonia was carried out with a titrated solution of 0.1 N HCl.

2.2.2. Determination of Sodium, Potassium, and Calcium

Na, K, and Ca alkali metals were prepared using flamometry with LP gas and potas-
sium chloride, NaCl, and CaCl2 to prepare standard curves.

2.2.3. Determination of Phosphorus

A spectrophotometric method based on molybdenum blue was used to determine in-
organic phosphorus using ascorbic acid as a reducing agent. A total of 50 mg of the residue
was calcined in a crucible previously washed with distilled water and 0.1 N hydrochloric
acid; an acid extraction was subsequently carried out accordingly [39]. The ash solubilize
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was tested with a reaction solution containing ten mM molybdate from ammonium molyb-
date, ten mM zinc acetate, and 5% ascorbic acid. Phosphate quantification was carried out
using a standard curve read at 629 nm NaH2PO4 from 0 to 50 nmol equivalents of Pi.

2.2.4. Determination of Fecal Coliforms

The evaluation of the quality and efficiency of the treatment to obtain bi-solid waste
free of pathogenic bacterial contamination, in particular fecal coliforms, was determined
using the method for the quantification of fecal coliforms following NOM-004-SEMARNAT-
2002 in its annex III [40], where the method for the quantification of fecal coliforms in
sludge and biosolids is specified. Upon collection, the sample was refrigerated to maintain
its integrity until analysis. The percentage of total solids (TS) in the sample was determined.
Subsequently, a quantity equivalent to 4 g of TS was weighed for analysis. For the fecal
coliform determination assay, lauryl tryptose broth with bromocresol purple was employed
as the culture medium, prepared following the methodology described in NOM-004-
SEMARNAT-2002 [40]. The sample was prepared with dilution water consisting of a sterile
phosphate buffer in which serial decimal dilutions (10-n) were made. According to the
standard, analyzing at least three serial dilutions is advisable to obtain optimal results.
However, in the present work, four serial decimal dilutions were tested, consisting of 1 mL
of the homogenized preparation in 9 mL of sterile dilution water.

Once the dilutions were obtained, 1 mL of the homogenized dilution was transferred
into a tube containing 10 mL of lauryl tryptose broth and an inverted Durham tube. Finally,
all tubes were incubated at 35 ◦C/24–48 h. The formula NMP/g TS = (MPN from tables)
× (10/highest inoculated volume) was used to analyze and determine the most probable
number (MPN/g TS). The entire assay was performed in triplicate.

2.2.5. Phytotoxicity

This test allows the prediction of the plant’s behavior against different substrates to
determine a possible adverse effect of the product to be tested. A phytotoxicity bioassay
determines the relationship between a dose of the substance under study and its reaction in
test organisms to determine the presence of phytotoxic and genotoxic substances [39,41,42].

The germination index, the main bioindicator, combines seed germination with radicle
growth. In this case, mixtures of previously sterilized soil with two percentages of dry fish
residue were used in proportions of 10 and 5%, and 100% sterile soil was used as a negative
control for phytotoxicity [39,41,42]. Due to their sensitivity to toxic effects, cucumber
(Cucumis sativus) seeds were used for this purpose, with three repetitions of ten seeds
each in a Petri dish for each treatment, placing the seeds at a depth of 2.5 cm in each case,
using 50 g of total material in each treatment and 25 mL of distilled water. The seeds were
incubated for five days at 28 ◦C in a Felisa incubator without forced convection. Then, the
germinated seeds were counted, and the hypocotyl and epicotyl were measured [39,41,42].

The germination index was determined by counting germinated seeds and the re-
spective measurements. The relative germination percentage (PGR), relative root growth
(RRC), and germination index (GI) were evaluated [42]. Statistical analysis was performed
in SPSS-IBM v12.0.

CRR = Radicle elongation in treatment
Elongation of the reticule in control × 100

PGR = Number of seeds in treatment
Number of seeds in the control

Germination rate = PGR ∗ PGR
100

3. Results and Discussion

Using solar energy to dry fishery products in Campeche presents significant economic
benefits compared to using fossil fuels such as LP gas. According to the technical report
from the simulation, the total cost of a hybrid project that combines solar collectors and an
auxiliary LP gas heater is considerably lower. In the optimal scenario, the project’s total
cost is approximately USD 99,873, with a solar fraction of 64% and a payback period of
1.8 years. This result contrasts with the much higher cost of a project that exclusively uses
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LP gas, which can reach up to USD 470,000 in the worst-case scenario due to the absence of
solar collectors (Figure 5).
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In addition to the direct economic savings, solar energy significantly contributes to
environmental sustainability by reducing greenhouse gas emissions. Solar technology,
relying on the abundant solar resources available in Campeche, decreases the consumption
of fossil fuels and their associated costs, which increase annually by an average of 10%.
This strategy reduces environmental impact and provides stability and predictability in
long-term operational costs.

Figure 6 shows the final optimal configuration installed, which consists of 15 solar
air-heating collectors in an arrangement of 3 collectors in series and five rows in parallel at
an inclination angle of 20 degrees. Each collector has a collection area of 1.7 m2, which is
approximately 25.5 m2 total collection area.
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The photovoltaic system is composed of 16 solar panels, which collectively cover
an area of 2.56 m2, designed to generate a maximum electrical power output of 550 W,
contributing to the system’s overall capacity of 8800 W. Additionally, the system is inte-
grated with a set of eight 12-VDC 115 Ah batteries, enabling the solar dryer to function
autonomously for a period of 3 h when fully charged. This operational autonomy can be
extended to 6 h during overcast weather conditions, ensuring sustained functionality and
performance regardless of variations in sunlight exposure.

3.1. Drying of Fish Waste

Figure 7 visually represents the standard climatic conditions and temperatures ob-
served during the experiment. The environmental aspects and thermal levels play a vital
role in the optimal functioning of solar drying systems.
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Figure 8 depicts moisture loss over time for two samples, demonstrating typical drying
outcomes. The data suggest that around 11 h were required to stabilize the product and
reach equilibrium moisture content, with all experiments conducted in triplicate. During
the initial phase, a rapid decrease in moisture content is observed, aligning with free water
removal. This phase is followed by a slower rate of moisture loss as the drying process
progresses, indicating the transition to bound water removal.
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The extended duration required to reach equilibrium highlights the importance of
monitoring and controlling drying parameters to ensure product stability and efficiency.
The stabilization time and drying rates observed are critical for optimizing industrial drying
processes and balancing energy consumption with effective moisture removal.

The drying kinetics reveal a typical pattern where the initial phase is characterized by
a rapid loss of water, followed by a gradual decrease in the drying rate as the free water is
eliminated (Figure 9). This behavior is consistent with established drying principles, where
surface moisture removal occurs quickly. Subsequently, the rate of moisture loss diminishes
as bound water within the material requires more energy to evaporate.
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Figure 9. Fish waste drying rate.

The observed highest drying rate was 0.035 H2O/g dm min, reflecting the rapid
initial phase, while the final drying rate decreased significantly to 0.0013 H2O/g dm
min. This decline in drying rate can be attributed to the transition from the constant
rate period, dominated by surface evaporation, to the falling rate period, where internal
moisture diffusion becomes the limiting factor. Such a trend underscores the importance
of optimizing drying parameters to balance energy consumption and drying efficiency in
practical applications.

3.2. Dried Fish Waste Analysis

The results of the NPK characterization of discarded fish from solar drying are shown
below. The macronutrient determinations of the waste obtained by solar drying yielded an
approximate NPK ratio of 8-7-0.5, as seen in Table 2.

Table 2. Percentage of macronutrient composition of dried fish.

Component % Weight d.b. (w/w)

Organic nitrogen equivalent 7.99
Phosphorus in P2O5 equivalent 6.67

Potassium in K2O equivalent 0.5
Calcium in CaO equivalent 6.37

Sodium 0.4

The product obtained has similar parameters to fish flour obtained by conventional
drying procedures [43]. These proportions allow dosing for various crops, mainly veg-
etables, that require smaller quantities of fertilizers than cereal crops. One advantage
is the contribution of phosphorus, since synthetic fertilizers are the most expensive and
inaccessible to small producers.

Currently, at the national level, few regulations refer to organic waste’s characterization
and quality standards for composting. For instance, NMX-AA-180-SCFI-2018 outlines the
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methods and procedures for the aerobic treatment of the organic fraction waste of Urban
Solid Waste and Special Management, as well as the commercial information and quality
parameters of the final products. It indicates that a finished compost with less than 7% of
the sum of macronutrients is considered a soil improver. In contrast, if the sum exceeds this
threshold, it must be labeled as an organic fertilizer, and the percentages must be specified.

There is no reference to sodium being considered a contaminant within the standards.
However, Annex AS-05 Soil moisture content of NOM-021-RECNAT-2000, which estab-
lishes the fertility, salinity, and soil classification specifications, recommends evaluating
salinity indices and soil mixtures for assessment.

The calcium content should be assessed based on the pH of the soil type where the
waste will be used and the type of crop to be established. Combining alkaline soils with
other organic matter is advisable to support pH buffering.

Regarding total and fecal coliforms, after incubating the samples for 24 h, no color
change in the medium or gas production was observed, so an additional 24 h incubation
was conducted. After 48 h, the sample was reanalyzed. Still, no gas production or color
change was detected in the dilutions, indicating that the sample was negative for total and
fecal coliforms (Figure 10).
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In panels a and b, no gas production is observed, and no change in the color of the
medium either, so the presence of fecal coliforms was not detectable. In panel a, the negative
control tube, the diluent control, the 10-2 dilution (1), the 10-3 dilution (2), the 10-4 dilution
(3), and the 10-5 dilution (4) are observed from left to right. In panel b, serial dilutions are
observed in triplicate, corresponding to the 10-2 dilution (1), the 10-3 dilution (2), the 10-4
dilution (3), and the 10-5 dilution (4); no change in color or gas production was observed in
the medium.

This result is considered positive regarding the potential use of the obtained residue,
as it suggests there would be no contamination by fecal coliforms in the crops if the residue
were used as fertilizer.

The analyzed samples did not exhibit gas production or color change in the medium,
which was consistent with the control group. Therefore, they are classified as negative for
fecal coliforms. The Most Probable Number (MPN) is expressed in units of MPN per gram
of total solids (MPN/g TS).

In the phytotoxicity assay using cucumber (Cucumis sativus) seeds as the indicator
species, a germination index (GI) analysis for each treatment revealed that while a 5%
fish waste concentration did not negatively impact germination, a 10% concentration
did, as illustrated in Figure 11. Although the 5% fish concentration did not significantly



Sustainability 2024, 16, 6593 11 of 14

enhance germination, it is essential to note that it did not inhibit it, suggesting that fish
flour biofertilizer at this concentration does not exhibit phytotoxic effects.
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Figure 11 presents the germination index (GI) test results. The bars labeled with the
same letter indicate homogeneity between groups at a significance level of 0.05 (α = 0.05),
according to the ANOVA test.

There is limited information on studies explicitly addressing the cytotoxicity or ef-
fects on seed germination of fishmeal or fish waste biofertilizers [28,44,45]. Most research
focuses on the positive impacts of fishmeal-based biofertilizers on plant growth and de-
velopment. For instance, Radziemska et al. (2019) [26] demonstrated that a fish waste
compost composed of 80% fish and 20% pine bark, with a final NPK ratio of 11.1-2.61-3.07,
is a viable agricultural fertilizer. Their study found that mature compost did not exhibit
phytotoxicity and even stimulated root growth at a 25% concentration using white mustard
seeds (Sinapis alba L.). The compost did not negatively affect seed germination, even at the
highest concentration of 100%. The 25% compost concentration stimulated root growth
compared to the control and higher compost concentrations, and it also increased the yield
and nutrient uptake of ice lettuce, highlighting its potential as a valuable resource for
improving plant growth and soil fertility.

Overall, the results suggest that caution should be exercised when using excessive
amounts of fish waste biofertilizer without proper composting or humification. While
mature fertilizers can be beneficially applied, the effects of using crude fish meal need a
thorough evaluation. More research is necessary to understand these products’ potential
risks and benefits fully, ensuring their safe and effective use in agricultural applications.

The decrease in the GI using 10% fish residue could be attributed to the fat content, as
fats and oils are recalcitrant soil contaminants that can negatively impact fertility when soil
flora cannot neutralize lipids and free fatty acids. These substances can contaminate water
sources if not managed carefully [46].

Figure 12 shows a cucumber seed from an experiment using dried fish as fertilizer.
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4. Conclusions

This study successfully converted marine waste and low-value fish into a nutrient-rich
biofertilizer through solar drying. The process produced a biofertilizer with a NPK ratio of
approximately 8-7-0.5, suitable for various crops. The absence of fecal coliforms and the
positive impact on seed germination, particularly with a 5% soil mixture, prove the safety
and effectiveness of the product. In addition, solar energy was incorporated into the drying
process, highlighting the environmental and economic benefits compared with gas use.
The findings suggest that unused sun-dried fish can effectively replace synthetic fertilizers,
offering a sustainable solution to nutrient recycling in agriculture. This approach supports
circular economy principles, reduces greenhouse gas emissions, and provides a profitable
alternative for smallholder farmers, especially in regions facing fertilizer shortages.
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