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Abstract

In recent decades, the urban population of Ecuador has grown, increasing the need for wastewater
sanitation in cities. Wastewater treatment in this country generates sewage sludge (SS), which is
mainly deposited on land near wastewater treatment plants or in sanitary landfills, generating
significant environmental impacts. In view of this, composting or vermicomposting of SS can be
suitable treatments for this waste, and the final materials obtained can be used as organic
amendments. The objective of this study was to compare the agronomic and economic aspects of
composting and vermicomposting using the same SS mixtures with different plant residues. For this
purpose, the evolution of various physicochemical and biological parameters of both processes, the
quality of the materials obtained, and the costs of their production were evaluated. The results
revealed that all the amendments presented organic matter with an adequate degree of maturity and
levels of heavy metals and pathogenic microorganisms suitable for safe agricultural use. The
vermicomposts had significantly lower levels of salts and higher levels of most macro- and
micronutrients than the composts, thus increasing their economic value. However, the average
production cost of composts was lower than that of vermicomposts. Thus, the choice of the most
advisable method of SS treatment (composting/vermicomposting) should consider the agronomic
and economic value of the nutrients in the compost and vermicompost, as well as the operating costs.

Keywords: sewage sludge; plant residues; vermicomposting; composting; plant nutrient; economic
value of nutrients; production costs

1. Introduction

In recent decades (2000-2023), the urban population in Latin America and the Caribbean has
grown from 75% to 82% of the total population. In this same period, the average urban population in
Ecuador was 62.8% of the total population [1]. This high percentage of the population in urban areas
has increased the need for wastewater sanitation in cities. However, only 24.6% of total wastewater
effluents were treated in Ecuador in 2023. Although the percentage of municipalities with
implementation of wastewater treatment processes was 74.4% in this same year, these processes did
not cover the treatment of all municipal wastewater [2]. Thus, most of the wastewater was discharged
into surface water bodies as a consequence of this country's limited technical and financial capacity
[3]. These discharges lead to an increase in organic and inorganic pollutants and pathogens in the
receiving ecosystems and pose a risk to public health [4]. Therefore, improved wastewater treatment
is necessary to protect water resources in Ecuador.
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Wastewater treatment generates SS, a by-product that is difficult to manage and involves added
costs in wastewater treatment. In Ecuador, SS is generally dewatered and then deposited on land
adjacent to wastewater treatment plants or sent to sanitary landfills for final disposal [5]. These
practices have environmental impacts, such as greenhouse gas emissions [6] and groundwater and
soil contamination due to the presence in sludge of pathogenic microorganisms [7], potentially toxic
organic compounds (polycyclic aromatic hydrocarbons, polychlorinated naphthalenes,
polychlorinated biphenyls, nonylphenols, etc.) [8], antibiotic resistant bacteria and antibiotic
resistance genes [9], microplastics [10], and heavy metals [11].

Also, dewatered SS has an organic matter content of 50-70% and mineral components of 30-50%,
among which N accounts for 3.4-4.0% and P accounts for 0.5-2.5%. Significant amounts of
micronutrients are also contained in SS [12]. Treating this waste by composting or vermicomposting
to obtain organic fertilizers would contribute to the recovery of these constituents and their
introduction into the agricultural production cycle. This would reduce the need for inorganic
fertilizers and lower the costs and environmental impacts associated with their production. In
addition, the use of these waste valorization techniques can reduce the risks of untreated sewage
sludge land application by degrading potentially toxic organic compounds [13], reducing antibiotic
content and the abundance of antibiotic resistance genes [14, 15], and inactivating the load of
pathogenic bacteria [13]. Composting and vermicomposting techniques have proven highly efficient
in treating organic waste, with low technology and cost [16, 17], which makes them feasible for
implementation in developing countries such as Ecuador. In composting, the organic matter of the
waste undergoes exothermic oxidation performed by different bacteria and fungi under controlled
conditions. This includes a thermophilic stage, where a sanitized final material free of phytotoxins
with a stabilized and humified organic matter (compost) is obtained [18]. In vermicomposting, the
organic fraction of the waste is ingested by worms, producing its fragmentation and conditioning for
subsequent degradation by microorganisms, which convert the waste into a humified and stabilized
material [16].

Several studies have been conducted comparing composting and vermicomposting as
techniques for the reuse of SS. Dume et al. [19] studied the technological feasibility and final product
quality of composting and vermicomposting SS and pelleted straw at different ratios to produce
differing initial C/N ratios (C/N ratios of 6:1, 18:1, 28:1, and 38:1). These authors observed that the
initial C/N ratio of the residue mixture is a determining factor in the characteristics of the final
compost and vermicompost products, finding that the agrochemical characteristics of the
vermicompost resulting from the initial mixture with a C/N ratio of 18:1 were the best of all the
treatments tested and significantly outperformed those of the compost. However, Rékasi et al. [20]
found no significant differences in organic matter quality and macronutrient content between the
vermicompost and compost resulting from a mixture of SS digestate with different plant residues,
spent mushroom substrate, and biochar, observing only a higher concentration of plant growth
hormones in the case of the vermicompost. Differences in certain enzyme activities during
composting and vermicomposting of SS mixed with straw pellets have also been investigated, with
lower enzyme activity during the vermicomposting process, probably because some processes take
place in the digestive tract of the earthworm [21]. Lv et al. [22] found that the type of process for
treating SS mixed with livestock manure (composting or vermicomposting) can be a decisive factor
affecting the abundance and diversity of microbial communities. The different physicochemical
properties of the substrate caused by transformations of the initial waste produced during
composting or vermicomposting also played an important role in the bacterial community and its
composition. Regarding the reduction of contaminants present in SS, it has been found that
composting is more effective in reducing potentially toxic organic compounds, and both techniques
were effective in inactivating pathogenic microorganisms [13]. Wioka et al. [23] also observed that
both the composting and vermicomposting processes removed a large part of the polycyclic aromatic
hydrocarbons present in SS, reducing the phytotoxic effects of untreated sludge on seed germination
and seedling growth of Brassica napus L. However, vermicomposting obtained the best results.

According to the above information, it can be observed that numerous comparative studies have
been carried out on the processes of composting and vermicomposting SS, focusing on the
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technological feasibility of these processes, the capacity of these techniques to reduce the pollutant
load of the sludge, and the quality of the final compost and vermicompost. However, no joint studies
have been found comparing both techniques using the same waste mixtures to valorize the SS, where
the evolution of both processes, the quality of the materials obtained, and the economic aspects of
these processes are studied.

Therefore, the objective of this study was to compare composting and vermicomposting of the
same SS mixtures with different vegetable wastes to evaluate the evolution of the principal
physicochemical and biological parameters in both processes, the agronomic and economic value of
the compost and vermicompost obtained, and the costs of these processes to determine which of them
is the most recommendable for the reuse of SS in the studied area.

2. Materials and Methods

2.1. Experimental Procedure of the Composting and Vermicomposting Processes

The composting and vermicomposting processes were carried out during the months of January
to June 2022, at the El Prado farm facilities belonging to the Faculty of Agricultural Engineering,
University of the Armed Forces in Sangolqui (Pichincha-Ecuador, 0° 23' 20" S; 78° 24" 44" W). The
wastes used were barley residue (BR), garden waste (GW), and SS. The SS came from the wastewater
treatment plant located in Cochauco (Pichincha-Ecuador), with an aerobic activated sludge treatment
system. The vegetable residues came from local gardens and barley crops and were ground to a
particle size of 1-5 cm prior to composting or vermicomposting with SS. A representative sample of
these wastes was taken to determine their main characteristics, which are shown in Table 1.

Two waste mixtures were made from the above wastes in the following proportions on a fresh
weight basis:

-Mixture 1: 35% SS + 65% GW

-Mixture 2: 45% SS + 55% BR

The proportions of the waste mixture were determined by their suitable free air space (30-50%
[18]) to achieve optimal gas diffusion during composting, not on their chemical properties, so they
were not adjusted to the recommended ideal initial C/N ratio (25-35 [18]) (Table 2). Both waste
mixtures were replicated, maintaining the same proportions, for composting and vermicomposting.

The waste mixtures prepared for the composting experiment were piled in a trapezoidal shape,
weighing 1000 kg each and measuring 2 x 3 m at the base and 1.5 m in height. These mixtures were
composted using a turning aeration system. Turnings were performed when the temperature was
below thermophilic values (< 40°C), which at the beginning of the process indicates a lack of oxygen
and homogenization of the waste to be composted. The temperature was measured daily in the center
of the pile using a temperature probe, taking the average value of the measurements at five points
along the longitudinal section of the mixture and at the same time of day. The ambient temperature
was also recorded daily. When the temperature of the piles was similar to the ambient temperature
and no reheating occurred after turning, the bio-oxidative phase was considered to be finished, and
the piles were left to mature for one month without aeration. During the bio-oxidative and maturing
phases, the moisture was controlled by sprinkler irrigation within the 40-60% range. The piles were
sampled four times: at the beginning of the process, during the thermophilic phase, at the end of the
bio-oxidative phase, and at the end of the maturity phase. Sampling was carried out by taking seven
subsamples from different random points of the pile covering the entire pile profile. These
subsamples were mixed to obtain a representative sample of 2 kg., then dried at 60°C, ground, and
sieved at 0.5 mm for further analysis. All determinations were performed in triplicate.

Table 1. Analysis of the starting materials: barley residue (BR), garden waste (GW), and sewage sludge (SS) (dry

weight basis).
Parameter BR GW SS
pH 7.0 6.8 5.4
EC (dS/m) 3.63 5.83 1.07
OM (%) 924 85.0 53.6
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Corg (%) 53.7 49.5 30.2
Nt (%) 0.51 1.55 3.08
Corg/Nt 105.0 31.9 9.8
P (g/kg) 0.20 0.63 5.51
K (g/kg) 114 15.2 22
Fe (mg/kg) 112 963 14404
Cu (mg/kg) 6 10 24
Mn (mg/kg) 48 191 307
Zn (mg/kg) 16 77 190
Cr (mg/kg) 0.5 1.9 30.7
Cd (mg/kg) 0.03 0.04 0.95
Pb (mg/kg) 8 2 17
Hg (mg/kg) <0.05 <0.05 0.23

EC: electrical conductivity, OM: organic matter, Corg: total organic carbon, Nt: total nitrogen.

For the vermicomposting experiment, the above waste mixtures were pre-composted for
approximately 25 days by forming trapezoidal piles with the same weight and dimensions as the
piles designed for the composting experiment. On day 13 of composting, a turning was performed
for the oxygenation and homogenization of the waste mixture. Moisture was also controlled during
the pre-composting process in the same way as in the composting experiment. The pre-composting
phase is essential to degrade the most labile compounds, thus reducing the concentration of toxic
compounds and lowering the high temperatures resulting from this initial process of decomposition,
which is harmful to earthworms [19]. After pre-composting, the waste mixtures were placed in the
vermicomposters, and an average of 115 adult Eisenia andrei earthworms/kg of waste mixture, with
an average worm weight of 0.3 g, were added. Before adding the worms, their weight was
determined. Moisture was maintained within the 70-80% range throughout the process using a
sprinkler system. The duration of the vermicomposting process was the same as that of the bio-
oxidative stage of the composting process (around 100 days). The vermicompost obtained was then
left to mature for one month without worms; the humidity was maintained at between 40-60%.
Throughout the vermicomposting process, six samples were taken, of which only four corresponded
to the same sampling periods performed in the composting experiment (initial, around days 25 and
100, and at the end of the maturity period). In all the periods, sampling was carried out by taking
seven subsamples throughout the vermicomposter, which were thoroughly mixed, and a single
sample of approximately 5 kg was obtained. In this representative sample, the worms were separated
for counting and weighing and then returned to the vermicomposter. In this way, the number and
weight of worms per mass of material were determined. Once the worms were counted and weighed,
the sample was returned to the vermicomposter. Only in the case of samples taken during the same
periods as in the composting process, 2 kg of material without worms were taken for drying,
grinding, and sieving before the studied parameters were analyzed. All analyses were performed in
triplicate.

2.2. Compost and Vermicompost Production Costs and Economic Value of the Nutrients Contained in These
Final Materials

The economic evaluation of the macronutrients present in the compost and vermicompost was
performed by calculating the cost of the fertilizer units of commercial inorganic fertilizers, following
the procedure described by Idrovo-Novillo et al. [24]. The fertilizers used were urea, diammonium
phosphate (DAP), and potassium chloride (KCl). Their prices for the year 2024 in the province of
Pichincha (Ecuador) were 634.2, 913.4, and 665.2 US dollars per ton for urea, DAP, and KCl,
respectively [25]. The economic value of the fertilizer units of these agrochemicals was calculated
from their percentages (46% N, 46% P,O;, and 60% KO for urea, DAP, and KCl, respectively),
resulting in US$13.8, US$45.1, and US$13.4 per ton for N, P>Os, and K;O, respectively. This value for
each fertilizer unit was applied to the nutrients contained in the final compost and vermicompost,
considering a moisture content of 45 % (average value of the range recommended by the US
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Composting Council [26]: 40-50%, for various applications of composts and different field
conditions).

For the economic analysis of the production costs of the composts and vermicomposts, the
following costs were considered: raw material for composting and vermicomposting (transportation
of all waste and shredding of vegetable waste) and preparation and control of the waste mixtures
during the composting and vermicomposting process (labor to prepare the waste mixture, turning,
irrigation, and control of the process and water used in both processes to control moisture). These
costs were shown in US dollars per ton of compost or vermicompost obtained. The quantities
produced of these materials were 300, 420, 595, and 665 kg for compost 1, compost 2, vermicompost
1, and vermicompost 2, respectively.

2.3. Analytical and Statistical Methods

In the raw materials and samples taken throughout the composting and vermicomposting
processes, the parameters of pH, electrical conductivity (EC), organic matter (OM), total organic
carbon (Corg), total nitrogen (Nt), germination index (GI), macro- and micronutrients, and
potentially toxic elements were determined following the techniques described in the work of Idrovo-
Novillo et al. [24]. To determine the pathogenic microorganisms Escherichia coli and Salmonella spp,
the official methods ISO 7251 [27] and ISO 6579 [28] were used, respectively.

Regarding the statistical methods used, the significant differences in the mean values of each
parameter analyzed during the composting and vermicomposting processes were determined using
the least significant difference (LSD) test. Confidence intervals were calculated for all the data shown
in the figures to compare the effect of the different residue mixtures studied. In addition, a one-way
analysis of variance (ANOVA) was applied to determine the differences in agronomic and economic
value between the final composts and vermicomposts, and a Tukey-b test was employed to separate
the mean values. The significance level of these statistical tests was set at I < 0.05. The IBM SPSS 27
statistical program was used for these statistical data analyses (IBM Software, Armonk, NY, USA).

3. Results and Discussion
3.1. Temperature During Composting

The temperature evolution showed that mixture 1 reached thermophilic values (temperature >
40°C) during the first 2 days of composting, while in mixture 2, these values were not achieved until
day 8 of composting (Figure 1). These results could be due to the higher value of the Corg/Nt ratio of
mixture 2 compared to mixture 1 (Table 2), which slows decomposition due to an excess of organic
carbon in relation to nitrogen for the microorganisms. In these cases, the composting microbiota must
go through numerous life cycles using the only available nitrogen, which is that of the
microorganisms that have died, oxidizing part of the excess C, and converting it into recalcitrant
residues that degrade more slowly [18]. Thermophilic temperatures were maintained for
approximately 23 and 4 days until the first turning in mixtures 1 and 2, respectively. When the
temperature dropped below 40°C, turnings were performed to supply oxygen and non-degraded
materials. This favored the temperature increase, which was above 40°C for 15 and 4 days after the
first turning and 0 and 5 days after the second turning in mixtures 1 and 2, respectively. No
thermophilic temperature values were observed after the third turning in any of the mixtures studied.
Therefore, the bio-oxidative phase was considered finished after approximately 100 days of
composting. The maximum process temperatures were very similar in both mixtures: 53.8°C and
53.2°C for mixtures 1 and 2, respectively.

Regarding the sanitization of the composted waste mixtures, none of the piles studied met the
requirement established by the EPA [29] for the sanitization of composted materials in piles with
aeration by turning (temperatures > 55 °C for at least 15 consecutive days) (Figure 1). However, both
composts presented values of pathogenic microbial populations (Salmonella spp and Escherichia coli)
well below the maximum limit established by the EPA [29] for sanitized compost, as will be seen later
in Table 4. Thus, it was observed that high temperatures for a given period to sanitize the waste
mixtures were not decisive in this study. Other factors may have contributed to the inactivation of
pathogenic microorganisms during the composting process, such as the presence of certain
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compounds resulting from organic matter degradation (ammonia, hydroxide anions, dissolved
solids, etc.) [30], or antagonism or competition with other indigenous microorganisms present in the
process [31].
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Figure 1. Temperature evolution during the composting process. The arrows indicate the days on which turnings
were performed.

3.2. Evolution of the Principal Physicochemical and Chemical Parameters of the Mixtures During
Composting and Vermicomposting

Differences in pH evolution were found between the composting and vermicomposting
processes studied (Table 2). During the composting process, the pH increased from 6.6-6.8 to a value
of 7.4, observed in both composts. According to Bernal et al. [18], the degradation of acidic
compounds and organic nitrogen to ammonia is mainly responsible for this increase in pH observed
during composting. However, this parameter decreased during the vermicomposting process,
reaching final values below those obtained during composting, especially in the case of
vermicompost 2. Dume et al. [19] also observed a pH reduction during the vermicomposting process
of SS with different proportions of wheat straw, which obtained lower pH values at the end of the
process than in the case of the same composted waste mixtures. These authors attributed these results
to the transformation of nitrogen and phosphorus into acidic compounds such as ammonium,
nitrites/nitrates, and orthophosphates, as well as to the production of humic acids as intermediate
products of organic matter decomposition during vermicomposting.

Table 2. Evolution of the principal parameters during composting and vermicomposting processes (dry weight

basis).
Time (days) pH d SE ; 1y 2/1:/)[ (i;:)g (1;:) Corg/Nt
Composting pile 1: 35% SS + 65 % GW
0 6.6 3.34 734 31.6 2.05 15.4
27 7.9 4.39 66.1 36.0 2.81 12.8
105 7.4 4.76 55.9 20.1 2.42 8.5
Mature 74 5.57 52.9 16.8 3.14 5.4
LSD 04 0.46 74 1.1 0.09 0.5
Composting pile 2: 45% SS + 55 % BR
0 6.8 2.79 79.8 39.7 1.01 39.3
22 7.5 2.55 70.8 37.9 1.28 29.6
100 8.0 2.84 66.9 29.6 1.49 21.2

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1393.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 September 2025 d0i:10.20944/preprints202509.1393.v1

7 of 15

Mature 7.4 3.49 56.9 254 3.98 6.4
LSD 0.7 0.26 10.5 1.9 0.08 0.6
Vermicomposting mixture 1: 35% SS + 65 % GW
0 7.7 4.25 65.8 35.6 2.77 12.9
23 7.3 3.75 59.5 34.7 1.96 17.7
101 7.4 3.13 58.7 34.3 2.12 16.2
Final 6.8 2.50 48.0 27.8 2.70 10.3
LSD 0.4 0.37 11.9 1.3 0.10 0.5
Vermicomposting mixture 2: 45% SS + 55 % BR
0 7.6 2.62 71.4 38.4 1.35 28.4
24 7.8 2.16 63.9 37.1 3.01 12.2
99 6.1 1.14 59.8 34.8 2.30 15.1
Final 5.9 2.00 51.2 29.8 2.89 10.3
LSD 0.3 0.33 6.6 1.2 0.12 0.6

LSD: least significant difference at p < 0.05. For other abbreviations, see Table 1.

The EC increased significantly during composting, from 2.79-3.34 dS/m to 3.49-5.57 dS/m (Table
2), probably due to the mineralization of OM and an ion concentration effect due to mass loss of the
pile [32]. Other authors have also observed this increase in soluble salts throughout the SS composting
process with plant residues [19]. In contrast, a reduction of this parameter was observed in the
vericomposting process, which could be due to the immobilization of soluble ions by the earthworms
or their precipitation in the form of non-soluble salts [33].

OM content decreased over time in all the mixtures studied in the composting and
vermicomposting processes, reaching a total loss at the end of these processes of 28%, 29%, 27%, and
28% for composting mixes 1 and 2 and vermicomposting mixes 1 and 2, respectively (Table 2).
Analogous to OM, the Corg content also decreased in all the mixtures during composting and
vermicomposting. The final Corg content was 16.8%, 25.4%, 27.8%, and 29.8% for composting mixes
1 and 2 and for vermicomposting mixes 1 and 2, respectively. In the composts, the final percentage
of Corg was lower than in the vermicomposts. This result was also observed by Fornes et al. [33] and
Dume et al. [19] during the composting and vermicomposting of similar mixtures of tomato crop
residues with almond shells and SS with pelletized wheat straw, respectively. The transformation of
Corg into CO2 during the OM degradation and mineralization processes occurring in composting
and vermicomposting contributed to a loss of mass and thus to an increase of Nt in all the mixtures
studied. The rise in Nt levels during vermicomposting may also come from the nitrogenous excretory
substances of earthworms in the form of mucus [16]. In this study, the increase in Nt was greater for
the composted than vermicomposted waste mixtures, probably due to the higher Corg loss observed
during the composting processes. This was also found in the comparison studies between composting
and vermicomposting processes carried out by Fornes et al. [33] and Dume et al. [19]. The degradation
of OM and rise in Nt resulted in a reduction of the Corg/Nt ratio of 65% and 84% in compost mixes 1
and 2, respectively, and in vermicompost mixes 1 and 2 of 20% and 64 %, respectively. This reduction
in the Corg/Nt ratio reflects the rate of stabilization and mineralization of OM, indicating the maturity
of the composts and vermicomposts [18, 34].

3.3. Evolution of Earthworm Population and Biomass

The evolution of the earthworm population and biomass in the vermicomposting process was
directly influenced by the composition of the substrates used. As shown in Figure 2a, the worm
production decreased during the first 23 days in mixture 1 and up to 67 days in mixture 2. The
maximum numbers of 126 worms/kg and 120 worms/kg were recorded on days 44 and 81 of
vermicomposting in mixtures 1 and 2, respectively. From these days onward, the number of worms
decreased again in both mixtures until registering values below the initial ones. Mixture 2 showed
fewer worms throughout the vermicomposting compared to mixture 1, with the lowest number of
worms recorded on day 65: 75 worms/kg. This low number of earthworms observed in mixture 2
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could be due to the barley residue in its composition, as other authors have observed that cereal
residues are not an ideal substrate for epigeic earthworm reproduction [20].

The increase in earthworm population did not correlate with the rise in earthworm biomass
(Figures 2a and b). In mixture 1, the weight of worm/kg substrate was below the initial value
throughout the vermicomposting process, and in mixture 2, the initial value was only exceeded from
days 24 to 65. These results could be related to the higher number of juveniles compared to adult
worms, the inverse ratio of the population density to the increase in mass of individual worms, and
the scarce availability of nutrients for optimal worm development [20, 35].
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Figure 2. Evolution of the population (number) (a) and biomass of earthworms (g) (b) during vermicomposting.

3.4. Agronomic Value of the Final Materials

As evidenced by the comparative study of composts and vermicomposts, notable differences
were observed in several key parameters for plant growth (Table 3). The pH values were significantly
higher in the final composts than in the vermicomposts, with vermicompost 2 presenting the lowest
value of this parameter (pH = 5.9). However, all the amendments had pH values within or very close
to the range recommended by the US Composting Council [26] for various compost applications and
average field conditions (pH = 6.0-7.5). EC was markedly higher in composts than in vermicomposts,
especially in the case of compost 1 (EC = 5.57 dS/m), which exceeded the limit value of the United
States guidelines (EC <5 dS/m). Despite this, no compost or vermicompost presented phytotoxicity
problems, as evidenced by GI values > 50%, indicating an absence of high concentrations of
compounds detrimental to plant development [36]. This result shows that both processes,
composting and vermicomposting, were effective in reducing the phytotoxic compounds present in
SS, as was also observed by Widka et al. [23] in a study evaluating changes in the phytotoxicity of SS
during its composting and vermicomposting with green wastes and an organic fraction of municipal
wastes.
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Regarding OM content, compost 2 and vermicompost 1 presented the highest and lowest values
statistically for this parameter, respectively (Table 3). Furthermore, all the materials obtained, except
vericompost 1, had an OM percentage within the range of values preferred by the US Composting
Council [26] for agricultural use of composts (OM = 50-60%). All the final composts and
vermicomposts reached an adequate degree of stabilization and maturity of their OM, since the
evolution of the Corg/Nt ratio was adequate (Table 2) and the final value of this ratio was < 12 [37].
In relation to macronutrient content, compost 1 had the highest Nt content, while the vermicomposts
had significantly higher concentrations of P and K than the composts. Khwairakpam and Bhargava
[38] also observed a higher increase in P and K during vermicomposting of SS with sawdust and
different types of worms compared to the control without worms. These authors attributed this to
phosphorus mineralization by the bacterial and intestinal phosphatase activity of the earthworms
and potassium solubilization through the production of acidic compounds by the microflora present
in the earthworm gut. The minimum Nt and P contents established by the American guidelines for
composts intended for agricultural use (Nt and P > 1.0% [26]) were exceeded by all the amendments
only for Nt, so the final composts and vermicomposts showed a low phosphorus fertilizer capacity.
On the other hand, Fe and Mn contents were higher in the amendments obtained from the mixture
of SS and GW (compost 1 and vermicompost 1), while Cu and Zn concentrations were markedly
higher in the vermicomposts than in the composts. The higher content of most macro- and
micronutrients in the vermicomposts than in the composts is in line with the study by Dume et al.
[19], who highlighted the high availability of nutrients in vermicomposts obtained from different
mixtures of SS and wheat straw compared to the final composts from the same waste mixtures.

Table 3. The main physicochemical and biological characteristics of the mature composts and vermicomposts

(dry weight basis).
Compost Compost Vermicompost Vermicompost F.ANOVA U?
1 2 1 2 guidelines>?
pH 74c¢ 74c 6.8Db 59a 32.10%** 6.0-7.5
EC (dS/m) 5.57 ¢ 3.49b 250 a 2.00 a 253.54*** <5
OM (%) 529b 56.9 ¢ 48.0 a 51.2 ab 21.56%** 50-60
Corg/Nt 54a 6.4a 10.3b 10.3b 14.55**
GI (%) 69.4a 83.3¢ 68.8 a 751D 2478
Nt (%) 3.14a 3.98b 270 a 2.89a 10.27* >1.0
P (%) 0.27 a 0.26 a 0.35b 0.33b 12.25** >1.0
K (%) 2.67b 229a 3.30c 3.40c 5915.77%**
Fe (mg/kg) 12712 c 995 a 15800 d 11100 b 309.03***
Mn(mg/kg) 385 ¢ 260 a 400 d 290 b 406.16***
Cu (mg/kg) 52 a 56 b 100 ¢ 102 c 3119.03*** 1500
Zn (mg/kg) 41b 36a 150 d 100 c 8815.43*** 2800
Cd (mg/kg) 0.24b 0.02a 0.01a 0.01a 160.88*** 39
Cr (mg/kg) 38.5¢ 26.0b 200 a 200 a 179.11%**
Hg (mg/kg) <0.05 <0.05 <0.05 <0.05 - 17
Pb (mg/kg) 3.4 4.2 5.0 5.0 1.70N8 300
E. Coli (MPN/g) <3 <3 <3 <3 - <1000
Salmonella
(MPN/g) ND ND ND ND - <3

GI: germination index; MPN: most probable number. ND: not detected. For other abbreviations, see Table 1. ***,
**, * and NS: significant at p < 0.001, p < 0.01, p < 0.05 and not significant, respectively. Values in a row followed
by the same letter are not statistically different according to Tukey’s b test at p < 0.05. 2According to US
Composting Council [26]; PAccording to the EPA [29].

Regarding heavy metals, all the amendments under consideration satisfied the safety standards
set by the US Composting Council [26] (Table 3). The levels of Hg and Pb were found to be well below
the permitted limits, indicating a low risk of toxicity. However, significant variability was observed
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in the concentrations of metals such as Cu, Zn, Cd, and Cr. The vermicomposts presented higher Cu
and Zn contents than the composts, as discussed above, and compost 1 exhibited the highest levels
of Cd and Cr (Cd = 0.24 mg/kg and Cr = 38.5 mg/kg), although these remained within safe limits.
Additionally, the presence of pathogenic bacteria, such as E. coli and Salmonella spp., was completely
eliminated following the sanitization of the final materials. The population load of these pathogens
was well below the maximum limit established by the EPA [29] for sanitized compost (Salmonella <3
MPN/g; E. coli < 1000 MPN/g). Therefore, the composting and vermicomposting processes were
effective in inactivating pathogenic microorganisms. This result was also observed by Hrcka et al.
[13] in a comparative study of composting and vermicomposting SS with molded pulp. In
composting, pathogen inactivation is achieved through different factors such as maintaining high
temperatures for a given period, producing compounds with suppressive capacity resulting from the
degradation of organic matter, and competition/antagonism with other indigenous microorganisms
present in the process, as indicated in section 3.1. In vermicomposting, pathogen elimination is
mainly achieved by worms through their intestinal action, the suppressive activity of the intestinal
fluids, the release of coelomic fluid secretions with antibacterial properties, and the stimulation of
certain bacteria by the activity of the worms, which have competitive/antagonistic interactions with
pathogenic populations [39].

3.5. Economic Value of the Final Materials and Compost and Vermicompost Production Costs

Table 4 shows the economic evaluation of the macronutrients present in the compost and
vermicompost. The combined total value of the vermicomposts was higher than that of the composts
due to the higher P and K content of the vermicomposts (Table 3). Therefore, vermicomposting could
be a more recommendable SS treatment technique than composting in terms of the commercial value
of the compost obtained.

Table 4. Estimation of the economic value of the compost and vermicompost based on the nutrient content (Nt,
P20s, and K20), (US$/ton).

Compost Compost Vermicompost Vermicompost

Nutrient? 1 5 1 ) F-ANOVA
Nt 23.81a 30.18 b 20.47 a 2191 a 12.33*
P20s 15.23 15.00 19.66 18.64 6.43Ns
K20 23.66 b 20.31 a 29.20 ¢ 29.20 ¢ 5283.00***
Total combined value 62.69 65.50 69.33 69.76

aThe estimation of the nutrient economic value of the composts and vermicomposts was based on a value of 45%
moisture (the average value of the range established by US Composting Council [26]: 40 - 50%, for various
applications of composts and different field conditions). For the abbreviations, see Table 1. ***, *, and NS
significant at p <0.001, p <0.05, and not significant, respectively. Values in a row followed by the same letter are
not statistically different according to Tukey’s b test at p < 0.05.

Regarding the contribution of each nutrient to the total combined value of the amendments
obtained, N, P20s5 and K20 were in the range of 30-46%, 23-28%, and 31-42%, respectively. In this
study, nitrogen and potassium were the nutrients that contributed most to the combined value of the
composts and vermicomposts, unlike what was found by other authors in composts made from plant
residues and manures, where phosphorus was the nutrient with the highest contribution to the total
combined economic value of the nutrients [24, 40]. This could be due to the higher P content in the
composts obtained by these authors (P = 0.59-1.15%) compared to the final materials of this study (P
= 0.26-0.35%) (Table 3). When comparing the composts and vermicomposts prepared with the same
wastes, the commercial value was higher in the final materials prepared with SS and BR (compost 2
and vermicompost 2), mainly due to the higher Nt content of these materials than that obtained with
SS and GW (Table 3). The economic value and plant nutrient content of the composts and
vermicomposts indicate they could be promising agricultural inputs to partly replace chemical
fertilizers and thus reduce the environmental impacts associated with their production and use.
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Table 5 shows the production costs of the compost and vermicomposts obtained. This economic
evaluation includes the costs of transporting the raw materials (SS and plant residues) and shredding
the plant residues, as well as the cost of the labor required for preparing the mixtures, turning and
controlling the process, and the cost of the water applied during the composting and
vermicomposting processes. In the case of the vermicomposting process, the costs of the worms were
also included. In the costs of labor for preparing the waste mixture, turning, and irrigation, the costs
included operations carried out in the pre-composting process, the pre-conditioning of the substrate
for the worms, and the vermicomposting process.

Table 5. Costs associated with the composting and vermicomposting processes (US$/ton).

) Compostin Compostin Vermicomposting Vermicompostin
Costs associated P & p 8 P ] p g

process 1 process 2 process 1 process 2
Raw material transport 33.33 23.81 16.81 15.04
Earthworms - - 58.82 52.63
Labor for preparing the
waste mixture, turning, 70.83 50.60 41.67 37.28
and irrigation
Labor for monitoring the 45 45 23.89 25.30 2263
process
Indirect costs (water and
energy used during 6.88 491 5.94 5.31
process)
Total 144.50 103.21 148.53 132.90

The production costs of the amendments increased in the following order: compost 2 <
vermicompost 2 < compost 1 < vermicompost 1 (Table 5). The differences in the costs of the same
operations carried out on the composts and vermicomposts were mainly due to the different final
quantities obtained of these materials (300, 420, 595, and 665 kg for compost 1, compost 2,
vermicompost 1, and vermicompost 2, respectively). Among the costs associated with compost
production, labor was the main component, while worms were a significant cost for vermicompost
production. The costs derived from water and energy used during both processes were the lowest.
This was because the cost of water use for industry is very low in Ecuador (0.0010 US$/m? [41]), and
electricity consumption was low due to the low technology of the operations. The average cost for
the compost was US$124/ton, and for vermicompost, US$141/ton. These costs were well below the
selling prices of compost (150 US$/ton [42]) and vermicompost (200-358 US$/ton [43]) in Ecuador,
which are generally imported due to the scarcity of composting and vermicomposting plants in this
country. The results indicate that the choice of method for SS treatment
(composting/vermicomposting) should consider not only its agronomic efficiency and benefits, but
also its operational costs and resource availability, as well as the specific objectives of the organic
waste management project.

4. Conclusions

Under the conditions in which this study was conducted, it can be concluded that composting
and vermicomposting SS with plant residues are effective alternatives for the treatment of these
residues. Both methods produced high-quality composts and vermicomposts that met the standards
of sanitation, stability, and maturity of the OM, an absence of phytotoxicity, and low content of heavy
metals, which positions them as efficient and sustainable techniques for agricultural applications of
these materials. However, differences were found between these techniques, since composting
achieved a faster stabilization of OM (without the need for a 25-day conditioning stage of the initial
waste mixture) and a higher OM and Nt content in the final materials obtained. Vermicomposting
generated final materials with lower salinity and higher contents of most macro- and micronutrients
(K, P, Cu, and Zn), the latter result contributing to the higher economic value associated with the
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nutrients in the vermicomposts than those in the composts. Regarding the production costs of
composts and vermicomposts, vermicomposting required an initial investment in worms, while
composting had higher operating costs. However, the latter method was more efficient in rapidly
stabilizing OM, which underlines the importance of selecting the method according to specific needs.
Therefore, both processes contribute to the circular economy by transforming SS into safe
organic fertilizers that meet international standards. However, more studies are needed to validate
the composts and vermicomposts obtained from crops. This will provide more results on which
technique is recommended for the reuse of SS in the studied area.
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