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Abstract: Owing to rapid population growth, sewage sludge poses a serious environmental threat
across the world. Composting and vermicomposting are biological technologies commonly used
to stabilize sewage sludge. The objective of this study was to assess the carbon dioxide (CO2) and
methane (CH4) emissions from sewage sludge composting and vermicomposting under the influence
of different proportions of straw pellets. Four treatments were designed, by mixing the initial sewage
sludge with varying ratio of pelletized wheat straw (0, 25%, 50%, and 75% (w/w)). The experiment
was conducted for 60 days, and Eisenia andrei was used for vermicomposting. The results revealed
that the mixing ratio influenced CO2 (F = 36.1, p = 0.000) and CH4 (F= 73.9, p = 0.000) emissions
during composting and CO2 (F= 13.8, p = 0.000) and CH4 (F= 4.5, p= 0.004) vermicomposting.
Vermicomposting significantly reduced CH4 emissions by 18–38%, while increasing CO2 emissions
by 64–89%. The mixing agent (pelletized wheat straw) decreased CO2 emission by 60–70% and
CH4 emission by 30–80% compared to control (0%). The mass balance indicated that 5.5–10.4%
of carbon was loss during composting, while methane release accounted for 0.34–1.69%, and CO2

release accounted for 2.3–8.65%. However, vermicomposting lost 8.98–13.7% of its carbon, with a
methane release of 0.1–0.6% and CO2 release of 5.0–11.6% of carbon. The carbon loss was 3.3–3.5%
more under vermicomposting than composting. This study demonstrated that depending on the
target gas to be reduced, composting and vermicomposting, as well as a mixing agent (pelletized
wheat straw), could be an option for reducing greenhouse gas emissions (i.e. CH4, CO2).

Keywords: thermophilic; earthworms; biosolids; sewage sludge; composting

1. Introduction

The world generates approximately 1.3 billion metric tons of solid waste, which is
nearly double the amount generated a decade ago [1]. Solid waste generation is expected to
be more than double by 2025 [2]. The annual increase in solid waste generation is inextrica-
bly linked to the global population’s rapid growth and urbanization rate. Municipal solid
waste (MSW) has primarily been disposed of in urban areas around the world through
landfilling, incineration, and centralized composting and anaerobic digestion facilities.
These processes result in direct and indirect emissions of greenhouse gases (GHGs) such as
carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and non-methane hydrocar-
bons (NMHCs), accounting for approximately 3–4% of anthropogenic GHG emissions in
terms of the CO2-equivalent (CO2-e) [3]. The anaerobic decomposition of these wastes in
landfills produces CH4 emissions, which contribute significantly to the global greenhouse
budget [4].

Sewage sludge is a residual, semi-solid material produced as a by-product of biological
wastewater treatment or municipal wastewater treatment [5,6]. Due to the putrescible
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characteristics of sewage sludge, a large amount produced in recent decades represents a
rising trend, and improper disposal or management has resulted in serious environmental
pollution, posing a waste management challenge [5,7].

Inadequate sewage sludge management causes secondary pollution such as pathogenic
microbes, organic micropollutants, and toxic heavy metals; thus, sustainable and eco-
friendly sewage sludge management is urgently needed [8].

According to He et al. [9], the European Union currently produces more than 10.96 million
tons of sewage sludge per year and China produces 40 million tons of sewage sludge with
an 80% moisture content [10], both of which are increasing due to both accelerated ur-
banization and the increased capacity of municipal wastewater treatment facilities [11,12].
In the past, sewage sludge was disposed of through incineration, landfilling, or ocean
disposal [13].

Composting and vermicomposting are effective and low-cost methods for managing
and reusing sewage sludge because the products are safe and stable, and can be used as
organic fertilizer or soil conditioner for farming [14–16]. However, harmful gases such
as ammonia (NH3), nitrous oxide (N2O), and methane (CH4) emitted because of poor
composting process management reduce not only the agronomic value of compost as a
soil fertilizer or amendment but also the environmental benefits of composting [17,18].
Researchers have become interested in N2O and CH4 emissions during the composting
process as global warming worsens and the greenhouse effect intensifies [19,20].

Two of the most significant greenhouse gases in the atmosphere are methane (CH4)
and carbon dioxide (CO2). On a mass basis, methane is more radiatively powerful than
CO2 and the current global warming potential of CH4 is 34 times greater than that of CO2
over a 100-year period [21].

Concerning the aforementioned issues, substantial research on sewage sludge com-
posting has been conducted in recent decades, with a particular emphasis on the use of
various additives to reduce greenhouse gas emissions [22,23]. Although earthworms do not
produce these gases, they can have a significant impact on the physicochemical properties
of the feeding substrate, thereby indirectly affecting gas-producing processes and thus CO2
and CH4 emissions.

The effects of earthworms on greenhouse gas emissions are complicated and no
agreement has been reached. Earthworms, for example, increased N2O and CO2 emissions
from soils by 42% and 33%, respectively [24]. Others found that earthworms increased CO2
emissions but had no effect on N2O fluxes from soils [25,26]. Similarly, the study in [27]
demonstrated that vermicomposting of household waste produced more CO2 and CH4,
but produced less N2O than traditional composting.

The majority of previous composting and vermicomposting studies focused on the
feasibility of different organic wastes, the factors influencing earthworm growth and
reproduction rates, and the quality of composts and vermicompost [28,29]. Furthermore,
several recent studies [24,30] have focused on the effects of earthworms on GHG emissions
from soils. However, there are limited studies on carbon dioxide and methane emissions
during composting and vermicomposting of organic wastes, specifically sewage sludge,
with varying ratio of additive materials. As a result, the goal of this study was to assess the
carbon dioxide (CO2) and methane (CH4) emissions from sewage sludge composting and
vermicomposting under the influence of different proportions of straw pellets.

2. Materials and Methods
2.1. Raw Materials

The study made use of unstabilized sewage sludge and straw pellets mixed with
water. The freshly deposited sewage sludge (SS) used in the experiments originated from
a wastewater treatment plant in the Czech Republic, where thousands of people live,
and had a dry matter content of 13.3%. A dried pelletized wheat straw (PWS) with a
diameter of 10 mm was provided by the Granofyt Ltd. Company (Chrášt’any, Czechia).
Dry straw pellets were mixed with hot water at a rate of 4 L per 1 kg of straw pellets. After
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mixing, the wet pellets were added to the sludge. The resulting material was put into
aerobic fermenters for composting and the same mixing materials (treatments) were also
transferred to worm bins for vermicomposting. The experiment was carried out at the
Research Station of the Czech University of Agriculture in Červený Újezd, with samples
subsequently analyzed at the Life Science laboratories of the Czech University in Prague.
The selected chemical properties of the sewage sludge and pelletized wheat straw are listed
in Table 1, while the treatments on the initial day (day 0) are listed in Table 2.

Table 1. Selected chemical properties of the sewage sludge and pelletized wheat straw.

Parameters Sewage Sludge (SS) Pelletized Wheat Straw (PWS)

pH 6.99 ± 0.017 8.30 ± 0.300
EC (mS/cm) 0.617 ± 0.064 0.680 ± 0.040

TC (%) 32.95 ± 0.150 42.6 ± 0.207
TN (%) 5.36 ± 0.017 0.8 ± 0.069

C:N 6.15 ± 0.011 53.2 ± 4.388
Values indicate mean ± standard error (n = 3).

Table 2. Selected chemical properties of the treatments on the initial day (day 0).

Treatments pH EC(mS/cm) TC (%) TN (%) C:N

T1 6.99 ± 0.017 0.617 ± 0.064 32.9 ± 0.150 5.36 ± 0.017 6.15 ± 0.023
T2 7.32 ± 0.064 0.633 ± 0.046 35.36 ± 0.133 1.98 ± 0.121 18.03 ± 1.11
T3 7.64 ± 0.144 0.649 ± 0.035 37.77 ± 0.139 1.34 ± 0.040 28.17 ± 0.826
T4 7.97 ± 0.219 0.664 ± 0.029 40.18 ± 0.167 1.05 ± 0.029 38.36 ± 1.172

T1= 100% SS; T2= 75% SS + 25 % PWS; T3= 50 % SS + 50 % PWS; and T4 =25 % SS + 75 % PWS (w/w). Values
indicate mean ± standard error (n = 3).

2.2. Experimental Setup
Composting and Vermicomposting

The experiment consisted of four treatments obtained by mixing the sewage sludge
(SS) with pelletized wheat straw (PWS) at different mixing ratio including, T1 (100% SS
(control)), T2 (75% SS + 25% PWS), T3 (50% SS + 50% PWS), and T4 (25% SS + 75% PWS;
w/w). To avoid earthworm mortality and to allow earthworms to return to suitable con-
ditions, the substrate (3 L of apple pomace) containing earthworms was placed into the
tray from the side. After mixing the materials (SS and PWS) at different percentage pro-
portions, the treatments were transferred to worm-bins for vermicomposting in a specially
adopted laboratory with controlled conditions (temperature 22 ◦C, relative humidity 80%)
for 60 days. Each worm-bin received 377 (57.4 g) pieces of adult Eisenia andrei earthworms
per treatment, with the initial average weight and number of earthworms at 19.13 g/kg
and 126 pieces/kg, respectively, of the substrate. The moisture level of the material was
maintained at about 70–80% of the wet mass throughout the vermicomposting stage by
spraying the surface with water at two-day intervals and the same treatments used for
vermicomposting were also transferred to the fermenter barrels for 60 days of composting.
Three replications were conducted for all the treatments.

2.3. Carbon Dioxide (CO2) and Methane (CH4) Measurements during Composting
and Vermicomposting

The CO2 and CH4 concentrations were measured using a closed chamber technique
during composting and vermicomposting. A tight-fitting lid with two ports for headspace
gas-sampling and air temperature measurement was used to connect one side of a plastic
tube to closed barrels for composting and to a worm bin for vermicomposting, while the
other side of the plastic tube was connected to instruments during the data collection. For
60 days, measurements were taken twice per day at 12 h intervals using the Gasko Infrared
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Gas Analyzer [31]. To calculate the cumulative CO2 and CH4 emissions, we added daily
values to obtain the total cumulative gas emissions over the course of the experiment [31].

At(ab)=
(tb − ta)·(Fta + Ftb)

2
(1)

where At(ab) is the cumulative emission between the measurement days (between ta and
tb), ta and tb are the measurement dates, and Fta and Ftb are the gas fluxes on the two
measurement dates. Therefore, the total cumulative emissions were calculated as the sum
of cumulative emissions on each day using Equation (2):

Total cumulative emission = ∑ At(ab) (2)

C losses during composting and vermicomposting were calculated as:

C loss(%) =
(Cinitial − Cending)

Cinitial
(3)

2.4. Analysis of Total Carbon (TC), Total Nitrogen (TN), pH, and EC

The representative composite samples (about 150 g of wet basis per treatment) were
taken, freeze-dried (−25 ◦C), lyophilized, and ground for the total carbon (TC) and total
nitrogen (TN) analysis, whereas a 30 g sample was frozen at 4 ◦C for the pH and EC
determination. Standard methods were used to determine TC, TN, pH, and EC from the
samples. The pH and electrical conductivity (EC) were measured in distilled water at a 1:5
(w/v) ratio. The pH-H2O and the electrical conductivity (EC) were tested using a WTW pH
340i and WTW cond 730 (1:5 w/v dry basis) according to [32]. Inductively coupled plasma
optical emission spectrometry (ICP-OES, VARIAN VistaPro, Varian, Australia) with axial
plasma configuration was used to determine TC and TN in accordance with [33].

2.5. Statistical Analyses

The statistical analyses were carried out using the R version 4.0.2 statistical package.
ANOVA was used to test whether there was a significant difference between the composting
method and mixing ratio in GHGs (i.e. CO2 and CH4) emissions and properties of final
product. Tukey HSD test was used to compare the treatment means if the effect of the
factors was significant at p < 0.05.

3. Results and Discussions
3.1. Temperature during Composting and Vermicomposting

During the composting process, the temperature in each treatment reached its maxi-
mum, with significant (F = 18.6, p = 0.000) differences among the treatments (Figure 1a).
On days 3 and 2, the temperatures of two treatments (T3 and T4) rapidly reached the
thermophilic stage (>50 ◦C). T4 reached a maximum thermophilic phase of 65.5 ◦C in four
days, while T3 reached 57.4 ◦C in four days. The thermophilic phase of T4 lasted 14 days,
while that of T3 lasted 10 days. The maximum temperature for the remaining treatments
was 37.6 ◦C for T2 and 29.55 ◦C for T1, with temperatures gradually decreasing until the
experiment ended. Thus, the addition of pelletized wheat straw resulted in a more inten-
sive decomposition in the thermophilic phase, but the degradation process resulted in less
heat in these mixtures during the cooling phase due to the depletion of easily degradable
organic compounds [34]. T1 (control) and T2 (25% PWS) delayed reaching the thermophilic
stage and had no thermophilic phase at all; the maximum temperature for T2 was 37.6 ◦C
and 29.55 ◦C for the control, and they matured within the mesophilic temperatures. This
may have been because of the high moisture content of these treatments.



Atmosphere 2021, 12, 1380 5 of 13

Figure 1. Evolution of temperatures during the composting (a) and vermicomposting (b) processes.

In the laboratory, the vermicomposters were kept at 22 ◦C. The temperatures recorded
during the vermicomposting are shown in Figure 1b. The temperature of the vermicom-
posting was in the 19 ◦C to 28 ◦C range, which was obviously less than the thermophilic
compost range and was favorable for earthworms [35]. Statistical analysis revealed that
there were significant temperature differences among the treatments during the vermi-
composting period (F = 31, p = 0.000). At the start of the process, the temperature of the
vermicomposting material rose to 28.6 ◦C only for T4.

3.2. pH and EC

The pH of the final compost and vermicompost for each treatment is shown in Table 3.
The proportions of pelletized wheat straw in the mixtures resulted in lesser pH values
during vermicomposting [36]. This was probably due to the high content of organic acids
(e.g., succinic and maleic acid) and was directly proportional to the amount of straw
in the treatments [36]. Other researchers [36–39] reported similar pH behaviors during
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the vermicomposting of sewage sludge, crop straw, municipal solid waste, and livestock
manure. Gigliotti et al. [40] reported that the mineralization of organic matter generally
leads to the release of ammonium and volatile ammonia, which increases pH levels. The
release of low-molecular weight organic acids from organic decomposition, as well as the
increase in nitrification may reduce the pH during vermicomposting [37]. The pH of the
vermicompost might indicate that a more intense decomposition reaction occurs during
vermicomposting than composting.

Table 3. Selected chemical properties of the end-product compost and vermicompost.

Composting Method Treatments pH EC (mS/cm) TC (%) TN (%) C:N

Composting T1 8.4 ± 0.069 1.90 ± 0.098 29.52 ± 0.421 4.55 ± 0.081 6.50 ± 0.012
T2 8.3 ± 0.052 1.43 ± 0.052 32.43 ± 0.456 3.69 ± 0.017 8.84 ± 0.185
T3 8.4 ± 0.046 1.94 ± 0.081 34.45 ± 0.883 3.27 ± 0.029 10.57 ± 0.375
T4 8.0 ± 0.035 0.80 ± 0.035 37.95 ± 0.012 2.76 ± 0.087 13.88 ± 0.462

Vermicomposting T1 6.7 ± 0.670 0.644 ± 0.023 28.43 ± 0.185 4.22 ± 0.127 6.77 ± 0.150
T2 6.5 ± 0.866 1.186 ± 0.127 31.96 ± 0.514 3.58 ± 0.023 8.94 ± 0.202
T3 6.5 ± 0.081 0.802 ± 0.225 34.38 ± 0.652 2.95 ± 0.087 11.72 ± 0.537
T4 6.6 ± 0.179 1.21 ± 0.069 35.32 ± 0.214 3.08 ± 0.035 12.15 ± 0.185

T1= 100% SS; T2= 75% SS + 25 % PWS; T3= 50 % SS + 50% PWS; and T4 =25 % SS + 75 % PWS (w/w). The values indicate mean ± standard
error (n = 3).

The EC value of compost was greater than that of the vermicompost made from the
same raw materials and treatments (Table 3). The EC increased in all treatments, which
could be explained by the release of bonded elements during earthworm digestion [41,42],
as well as by the mineral release during organic matter decomposition in the form of
cations in the vermicompost [43]. The final EC for all treatments was less than 2 dS/m [44],
indicating that the vermicompost/compost was suitable for plant application. The in-
creased EC during the vermicomposting processes is consistent with that of previous
researchers [45,46] and is most likely due to organic matter degradation, which releases
minerals such as exchangeable Ca, Mg, K, and P in the available forms, that is, in the form
of cations in the vermicompost and compost [43].

3.3. Carbon Dioxide(CO2) and Methane(CH4) Emissions during Composting and Vermicomposting
3.3.1. Carbon Dioxide (CO2)

The CO2 emissions increased at the start of the composting (Figure 2a) and vermicom-
posting (Figure 2c) due to the rapid decomposition of easily degradable organic matter, and
then gradually decreased until the end of the composting/vermicomposting. This finding
confirms those reported by Awasthi et al. [47] and Meng et al. [15] during sewage sludge
composting. During the first 13 days of composting, CO2 emissions in the control (T1)
were greater than in the other treatments (T2, T3, and T4). However, CO2 emissions were
less in the T1 (control) during vermicomposting. As the earthworms inhibited microbial
activity and reduced the readily available OM, this result was possible [48]. There were
significant differences in CO2 (F = 36.1, p = 0.000) emissions among the treatments during
the composting and vermicomposting CO2 (F = 13.8, p = 0.000). These findings imply that
pelletized wheat straw may be lost in the inhibition after the thermophilic stage, most
likely as a result of high-temperature self-degradation [49]. This conclusion is supported
by the temperature and pH of T1, T2, T3, and T4. In all treatments, there was a significant
decrease in CO2 emissions on day 14 and a minor peak on day 20 (Figure 2a). This finding
could be attributed to the anaerobic environment created by the rapid decomposition of
OM during the first 14 days. The anaerobic conditions were destroyed by the subsequent
turn on day 10. Previous studies [47] on sewage sludge composting reported similar re-
sults, in which CO2 emissions were higher at the start of the composting period, with
the highest levels observed on day 2, and then gradually decreased until the end of the
thermophilic phase.
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Figure 2. Daily emissions of CO2 and CH4 during composting (a,b) and vermicomposting (c,d).

3.3.2. Methane (CH4)

The amount of CH4 produced by all the treatments used during the composting
(Figure 2b) and vermicomposting (Figure 2d) processes are shown in Figure 2. There were
significant differences in the CH4 (F = 73.9, p = 0.000) emitted during composting and the
CH4 (F = 4.5, p = 0.004) emitted from all the treatments during vermicomposting. The
CH4 concentrations in all the treatments peaked relatively early (within 1–3 weeks) in
both the composting and vermicomposting processes, and then gradually declined until
the experiment ended. As a result, it is reasonable to assume that the CH4 emissions
occur at the beginning of the process. Several studies have discovered that the greatest
levels of CH4 emissions occur at the beginning of the composting and vermicomposting
processes [50]. CH4, a major GHG produced during composting and vermicomposting, sig-
nificantly contributes to global warming. CH4 production is attributed to the methanogen
deoxidization of CO2/H2 and acetic acid in the presence of low oxygen [51]. Following
that, as the organic matter (OM) decomposed and oxygen was replenished through turning,
the CH4 emissions of all the treatments fell sharply and remained lowered throughout the
composting and vermicomposting maturation phases.

The observed pattern of CH4 emissions in this study is similar to the patterns reported
by Ma et al. [52] and Wang et al. [53]. As microorganisms can rapidly degrade organics
in the thermophilic phase, there is a dramatic reduction in O2 levels in the compost [54].
Composting emitted more CH4 than vermicomposting in all the treatments and the greater
results were measured in the control area.

Total cumulative CO2 levels differed significantly (p < 0.001) by the composting
method (Figure 3). Vermicomposting increased total cumulative CO2 emissions in compar-
ison to thermophilic composting. Composting reduced total cumulative CH4 emissions
(p < 0.001). When compared to thermophilic composting, vermicomposting reduced CH4
emissions by 74.5% from a high proportion of pelletized wheat straw T4 treatments.
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Figure 3. Total cumulative emissions of CO2-C (a) and CH4-C (b) after 60 days of composting, and
CO2-C (c) and CH4-C (d) during vermicomposting. The bars indicate the standard error of the mean
(n = 3). Different letters indicate significant differences among the treatments (p < 0.05).

3.4. Total Carbon(TC), Total Nitrogen(TN), and the C:N Ratio

The content of TC, TN, and C:N ratio for all the treatments is shown in Table 3. When
compared to the initial treatments, the TC and C:N contents of both compost and vermicom-
post decreased. However, the TN content of both compost and vermicompost increased.
The loss of ammonia volatilization at relatively high temperatures, combined with a pH
unsuitable for nitrification and denitrification, resulted in an increase in TN content [55].
According to Zhang et al. [56], the increase in TN during sludge vermicomposting was due
to worm activity. Composting and vermicomposting both reduced the C:N ratio for all
the treatments. Considering that it reflects stabilization and mineralization rates during
vermicomposting, the C:N ratio indicates the maturity of compost/vermicompost [57].
The C:N ratio is an important metric for determining whether the compost/vermicompost
product has been thoroughly stabilized. Microorganisms decompose biodegradable com-
ponents and convert them to CO2, H2O, and to other small molecules during the compost-
ing/vermicomposting process. However, the rate of loss for organic N is less than that for
organic C, resulting in a decrease in the C:N ratio during the composting/vermicomposting
process. In general, the C:N ratio of fully decomposed compost/vermicompost should
be between 15 and 20 [58]. The C:N ratio of all mixtures in this study followed the same
trend, with statistically significant differences between the two composting processes
(Table 3). Previous research [59] found that vermicomposting cow dung with vegetable
waste reduced the C:N ratio by up to 50.86% and 48.88%. The final C:N ratio recorded
for all the treatments was less than 20, which is within the recommended value for soil
applications [60].
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3.5. Carbon Balances

The mass balance analysis revealed that composting lost 5.54–10.42% of the total
carbon across all treatments; total methane release accounted for 0.34–1.69%; and CO2
release accounted for 2.3–8.65%. However, vermicomposting lost 8.98–13.73% of the total
carbon, with a total methane release of 0.1–0.6% and CO2 release of 5.03–11.61% of the
initial total carbon (Table 4). These findings agree with those of Nigussie et al. [61] who
demonstrated that organic carbon is lost during composting/vermicomposting. Thus,
when compared to thermophilic composting, vermicomposting increased the total C loss
by 3.3–3.5% (Table 4).

Table 4. Carbon loss (CH4-C and CO2-C) during composting and vermicomposting.

Total C Emission during Composting

Trts Initial C
(g kg−1)

Ending C
(g kg−1)

CH4-C
(g kg−1)

CO2-C
(g kg−1)

C Loss
(%)

CH4-C Loss
(%)

CO2-C
Loss (%)

Unaccounted
C (%)

T1 329.53 295.2 5.48 28.51 10.42 1.66 8.65 0.11
T2 353.62 324.38 5.97 16.42 8.29 1.69 4.64 1.96
T3 377.70 344 3.51 8.68 8.92 0.93 2.30 5.69
T4 401.78 379.5 1.37 15.11 5.54 0.34 3.76 1.44

Total C Emission during Vermicomposting

Trts Initial C
(g kg−1)

Ending C
(g kg−1)

CH4-C
(g kg−1)

CO2-C
(g kg−1)

C Loss
(%)

CH4 -C Loss
(%)

CO2-C
Loss (%)

Unaccounted
C (%)

T1 329.53 284.3 1.97 30.28 13.73 0.60 9.19 3.94
T2 353.62 305.6 0.35 44.31 13.58 0.1 12.53 0.95
T3 377.70 343.8 1.20 18.73 8.98 0.32 5.03 3.63
T4 401.78 353.2 1.40 46.64 12.09 0.35 11.61 0.13

T1= 100% SS; T2= 75% SS + 25 % PWS); T3= 50% SS + 50 % PWS; and T4 =25 % SS + 75 % PWS (w/w).

Earthworms decomposing organic matter [24]; earthworms mixing the substrate and
increasing the accessibility of the materials for decomposers (e.g. Fungi, bacteria); and
earthworm casts increasing the decomposition [62] all contributed to greater C loss after
vermicomposting. Unaccounted C ranged from 0.11 to 5.69% during composting and
0.13 to 3.94% during vermicomposting, which is consistent with previous research [63,64].
Unaccounted C indicates that C was not measured between sampling dates [63] and C
losses due to volatile compounds [64].

3.6. Population and Biomass of Earthworms

The population (number) and biomass of earthworms (g) in all the treatments are
shown in Figure 4.

The substrate ratio (pelletized wheat straw) had no effect on the relative change
of the earthworm biomass (p = 0.49) and population (p = 0.36). The earthworm biomass
increased in mixtures containing a high percentage of pelletized wheat straw (T4). Increased
earthworm abundance reduced CH4 emissions and accelerated the decomposition process.
Vermicomposting increased CO2 emissions, implying that vermicompost is further along
in its decomposition process than thermophilic compost. These findings are consistent
with those of Nigussie et al. [61] who found that vermicomposting reduced CH4 while
increasing CO2 emissions.
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Figure 4. Population (number) and biomass of earthworms (g) after 60 days of vermicomposting.
Bars indicate the standard error of the mean (n = 3).

4. Conclusions

The composting and vermicomposting of sewage sludge produced significant amounts
of CO2 (F = 36.1, p = 0.000) and CH4 (F = 73.9, p = 0.000), which were emitted during com-
posting, and CO2 (F = 13.8, p = 0.000) and CH4 (F = 4.5, p = 0.004), which were emitted
from all the treatments during vermicomposting. The greatest values were obtained at the
start of the experiment and gradually decreased. The fate of C in the waste substrate is
linked to the emission of CH4 and CO2 during composting and vermicomposting. Ver-
micomposting reduced CH4 emissions while also accelerating the decomposition process.
CO2 and CH4 emissions were increased during composting at various proportions of
added pelletized wheat straw. Vermicomposting increased CO2 emissions, implying that
vermicompost is further along in its decomposition process. Vermicomposting significantly
reduced CH4 emissions by 18–38%, while increasing CO2 emissions by 64–89%. The mixing
agent (pelletized wheat) decreased CO2 emission by 60–70% and CH4 emission by 30–80%
compared to control (0%). Increased earthworm abundance reduced CH4 emissions and
increased CO2 emissions. The mass balance analysis indicated that 5.5–10.4% of carbon
was lost by composting, methane release accounted for 0.34–1.69%, and CO2 release ac-
counted for 2.3–8.65%. However, 8.98–13.7% of carbon was lost by vermicomposting with
a methane release of 0.1–0.6% and CO2 release of 5.0–11.6% of C. Thus, when compared to
thermophilic composting, vermicomposting increased the total C loss by 3.3–3.5%. This
study demonstrated that depending on the target gas to be reduced, composting and
vermicomposting, as well as a mixing agent (pelletized wheat straw), could be an option
for reducing greenhouse gas emissions (i.e. CH4, CO2).
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30. Bradley, R.L.; Chroňáková, A.; Elhottová, D.; Šimek, M. Interactions between land-use history and earthworms control gross rates
of soil methane production in an overwintering pasture. Soil Biol Biochem. 2012, 53, 64–71. [CrossRef]

31. Wang, J.; Zhang, X.; Xiong, Z. Methane emissions from a rice agroecosystem in South China: Effects of water regime, straw
incorporation and nitrogen fertilizer. Nutr. Cycl. Agroecosyst. 2012, 93, 103–112. [CrossRef]

32. BSI EN 15933. Sludge, Treated Biowaste and Soil Determination of pH; The British Standards Institution: London, UK, 2012.
33. Hanc, A.; Castkova, T.; Kuzel, S.; Cajthaml, T. Dynamics of a vertical-flow windrow vermicomposting system. Waste Manag. Res.

2017, 35, 1121–1128. [CrossRef]
34. Wu, H.P.; Lai, C.; Zeng, G.M.; Liang, J.; Chen, J.; Xu, J.J.; Dai, J.; Li, X.D.; Liu, J.F.; Chen, M.; et al. The interactions of composting

and biochar and their implications for soil amendment and pollution remediation: A review. Crit. Rev. Biotechnol. 2017, 37,
754–764. [CrossRef]

35. Sinha, R.K.; Herat, S.; Agarwal, S.; Asadi, R.; Carretero, E. Vermiculture technology for environmental management: Study of
action of earthworms Elsinia foetida, Eudrilus euginae and Perionyx excavatus on biodegradation of some community wastes in
India and Australia. Environmentalist 2002, 22, 261–268. [CrossRef]

36. Wang, J.; Hu, Z.; Xu, X.; Jiang, X.; Zheng, B.; Liu, X.; Pan, X.; Kardol, P. Emissions of ammonia and greenhouse gases during
combined pre-composting and vermicomposting of duck manure. Waste Manag. 2014, 34, 1546–1552. [CrossRef]

37. Sharma, K.; Garg, V. Comparative analysis of vermicompost quality produced from rice straw and paper waste employing
earthworm Eisenia fetida (Sav.). Bioresour. Technol. 2018, 250, 708–715. [CrossRef]

38. Balachandar, R.; Baskaran, L.; Yuvaraj, A.; Thangaraj, R.; Subbaiya, R.; Ravindran, B.; Chang, S.W.; Karmegam, N. Enriched
pressmud vermicompost production with green manure plants using Eudrilus eugeniae. Bioresour. Technol. 2020, 299, 122578.
[CrossRef] [PubMed]

39. Suthar, S. Pilot-scale vermireactors for sewage sludge stabilization and metal remediation process: Comparison with small-scale
vermireactors. Ecol. Eng. 2010, 36, 703–712. [CrossRef]

40. Gigliotti, G.; Proietti, P.; Said-Pullicino, D.; Nasini, L.; Pezzolla, D.; Rosati, L.; Porceddu, P.R. Co-composting of olive husks with
high moisture contents: Organic matter dynamics and compost quality. Int. Biodeterior. 2012, 67, 8–14. [CrossRef]

41. He, X.; Zhang, Y.; Shen, M.; Zeng, G.; Zhou, M.; Li, M. Effect of vermicomposting on concentration and speciation of heavy
metals in sewage sludge with additive materials. Bioresour. Technol. 2016, 218, 867–873. [CrossRef] [PubMed]

42. Garg, P.; Gupta, A.; Satya, S. Vermicomposting of different types of waste using Eisenia foetida: A comparative study. Bioresour.
Technol. 2006, 97, 391–395. [CrossRef]

43. Tognetti, C.; Laos, F.; Mazzarino, M.J.; Hernandez, M.T. Composting vs. vermicomposting: A comparison of end product quality.
Comp. Sci. Util. 2005, 13, 6–13. [CrossRef]

44. El-Haddad, M.E.; Zayed, M.S.; El-Sayed, G.A.M.; Hassanein, M.K.; El-Satar, A.M.A. Evaluation of compost, vermicompost and
their teas produced from rice straw as affected by addition of different supplements. Ann. Agric. Sci. 2014, 59, 243–251. [CrossRef]

45. Ramnarain, Y.I.; Ansari, A.A.; Ori, L. Vermicomposting of different organic materials using the epigeic earthworm Eisenia foetida.
Int. J. Recycl. Org. Waste Agric. 2019, 8, 23–36. [CrossRef]

46. Jadia, C.D.; Fulekar, M.H. Vermicomposting of vegetable wastes: A biophysicochemical process based on hydro-operating
bioreactor. Afr. J. Biotechnol. 2008, 7, 3723–3730.

47. Awasthi, M.K.; Wang, Q.; Huang, H.; Li, R.; Shen, F.; Lahori, A.H.; Wang, P.; Guo, D.; Guo, Z.; Jiang, S.; et al. Effect of biochar
amendment on greenhouse gas emission and bio-availability of heavy metals during sewage sludge cocomposting. J. Clean Prod.
2016, 135, 829–835. [CrossRef]

48. Lleó, T.; Albacete, E.; Barrena, R.; Font, X.; Artola, A.; Sánchez, A. Home and vermicomposting as sustainable options for biowaste
management. J. Clean. Prod. 2013, 47, 70–76. [CrossRef]

49. Jiang, T.; Ma, X.G.; Tang, Q.; Yang, J.; Li, G.X.; Schuchardt, F. Combined use of nitrification inhibitor and struvite crystallization to
reduce the NH3 and N2O emissions during composting. Bioresour. Technol. 2016, 217, 210–218. [CrossRef]

50. Santos, C.; Fonseca, J.; Aires, A.; Coutinho, J.; Trindade, H. Effect of different rates of spent coffee grounds (SCG) on composting
process, gaseous emissions and quality of end-product. Waste Manag. 2017, 59, 37–47. [CrossRef]

http://doi.org/10.1038/nclimate1692
http://doi.org/10.1016/j.apsoil.2010.04.006
http://doi.org/10.1016/j.apsoil.2007.08.009
http://doi.org/10.1177/0734242X10375587
http://www.ncbi.nlm.nih.gov/pubmed/20601402
http://doi.org/10.3390/atmos10090554
http://doi.org/10.3390/atmos10110689
http://doi.org/10.1016/j.soilbio.2012.04.025
http://doi.org/10.1007/s10705-012-9503-3
http://doi.org/10.1177/0734242X17725161
http://doi.org/10.1080/07388551.2016.1232696
http://doi.org/10.1023/A:1016583929723
http://doi.org/10.1016/j.wasman.2014.04.010
http://doi.org/10.1016/j.biortech.2017.11.101
http://doi.org/10.1016/j.biortech.2019.122578
http://www.ncbi.nlm.nih.gov/pubmed/31865155
http://doi.org/10.1016/j.ecoleng.2009.12.016
http://doi.org/10.1016/j.ibiod.2011.11.009
http://doi.org/10.1016/j.biortech.2016.07.045
http://www.ncbi.nlm.nih.gov/pubmed/27434304
http://doi.org/10.1016/j.biortech.2005.03.009
http://doi.org/10.1080/1065657X.2005.10702212
http://doi.org/10.1016/j.aoas.2014.11.013
http://doi.org/10.1007/s40093-018-0225-7
http://doi.org/10.1016/j.jclepro.2016.07.008
http://doi.org/10.1016/j.jclepro.2012.08.011
http://doi.org/10.1016/j.biortech.2016.01.089
http://doi.org/10.1016/j.wasman.2016.10.020


Atmosphere 2021, 12, 1380 13 of 13

51. Bustamante, M.A.; Restrepo, A.P.; Alburquerque, J.A.; Pérez-Murcia, M.D.; Paredes, C.; Moral, R.; Bernal, M.P. Recycling of
anaerobic digestates by composting: Effect of the bulking agent used. J. Clean. Prod. 2013, 47, 61–69. [CrossRef]

52. Ma, S.; Fang, C.; Sun, X.; Han, L.; He, X.; Huang, G. Bacterial community succession during pig manure and wheat straw aerobic
composting covered with a semi-permeable membrane under slight positive pressure. Bioresour. Technol. 2018, 259, 221–227.
[CrossRef] [PubMed]

53. Wang, Q.; Awasthi, M.K.; Ren, X.N.; Zhao, J.C.; Li, R.H.; Wang, Z.; Wang, M.J.; Chen, H.Y.; Zhang, Z.Q. Combining biochar,
zeolite and wood vinegar for composting of pig manure: The effect on greenhouse gas emission and N conservation. Waste
Manag. 2018, 74, 221–223. [CrossRef] [PubMed]

54. Manios, T.; Maniadakis, K.; Boutzakis, P.; Naziridis, Y.; Lasaridi, K.; Markakis, G.; Stentiford, E.I. Methane and carbon dioxide
emission in a two-phase olive oil mill sludge windrow pile during composting. Waste Manag. 2007, 27, 1092–1098. [CrossRef]
[PubMed]

55. Awasthi, M.K.; Wang, M.J.; Chen, H.Y.; Wang, Q.; Zhao, J.C.; Ren, X.N.; Li, D.S.; Awasthi, S.K.; Shen, F.; Li, R.H.; et al.
Heterogeneity of biochar amendment to improve the carbon and nitrogen sequestration through reduce the greenhouse gases
emissions during sewage sludge composting. Bioresour. Technol. 2017, 224, 428–438. [CrossRef]

56. Zhang, J.; Sugir, M.E.; Li, Y.; Yuan, L.; Zhou, M.; Lv, P.; Yu, Z.; Wang, L.; Zhou, D. Effects of vermicomposting on the main
chemical properties and bioavailability of Cd/Zn in pure sludge. Environ. Sci. Pollut. Res. 2019, 26, 20949–20960. [CrossRef]
[PubMed]

57. Srivastava, V.; Goel, G.; Thakur, V.K.; Singh, R.P.; Ferreira de Araujo, A.S.; Singh, P. Analysis and advanced characterization of
municipal solid waste vermicompost maturity for a green environment. J. Environ. Manag. 2020, 255, 109914. [CrossRef]

58. Moharana, P.C.; Biswas, D.R. Assessment of maturity indices of rock phosphate enriched composts using variable crop residues.
Bioresour. Technol. 2016, 222, 1–13. [CrossRef]

59. Biruntha, M.; Karmegam, N.; Archana, J.; Karunai Selvi, B.; John Paul, J.A.; Balamuralikrishnan, B.; Chang, S.W.; Ravindran, B.
Vermiconversion of biowastes with low-to-high C/N ratio into value added vermicompost. Bioresour. Technol. 2020, 297, 122398.
[CrossRef]

60. Esmaeili, A.; Khoram, M.R.; Gholami, M.; Eslami, H. Pistachio waste management using combined composting-vermicomposting
technique: Physico-chemical changes and worm growth analysis. J. Clean. Prod. 2020, 242, 118523. [CrossRef]

61. Nigussie, A.; Kuyper, T.W.; Bruun, S.; De, N.A. Vermicomposting as a technology for reducing nitrogen losses and greenhouse
gas emissions from small-scale composting. J. Clean. Prod. 2016, 139, 429–439. [CrossRef]

62. Sierra, J.; Desfontaines, L.; Faverial, J.; Loranger-Merciris, G.; Boval, M. Composting and vermicomposting of cattle manure
and green wastes under tropical conditions: Carbon and nutrient balances and end-product quality. Soil Res. 2013, 51, 142–151.
[CrossRef]

63. Chowdhury, M.A.; de Neergaard, A.; Jensen, L.S. Potential of aeration flow rate and bio-char addition to reduce greenhouse gas
and ammonia emissions during manure composting. Chemosphere 2014, 97, 16–25. [CrossRef] [PubMed]

64. Vu, Q.D.; de Neergaard, A.; Tran, T.D.; Hoang, H.T.T.; Vu, V.H.K.; Jensen, L.S. Greenhouse gas emissions from passive composting
of manure and digestate with crop residues and biochar on small-scale livestock farms in Vietnam. Environ. Technol. 2015, 36,
2925–2934. [CrossRef]

http://doi.org/10.1016/j.jclepro.2012.07.018
http://doi.org/10.1016/j.biortech.2018.03.054
http://www.ncbi.nlm.nih.gov/pubmed/29558720
http://doi.org/10.1016/j.wasman.2018.01.015
http://www.ncbi.nlm.nih.gov/pubmed/29358021
http://doi.org/10.1016/j.wasman.2006.05.012
http://www.ncbi.nlm.nih.gov/pubmed/16904884
http://doi.org/10.1016/j.biortech.2016.11.014
http://doi.org/10.1007/s11356-019-05328-2
http://www.ncbi.nlm.nih.gov/pubmed/31115804
http://doi.org/10.1016/j.jenvman.2019.109914
http://doi.org/10.1016/j.biortech.2016.09.097
http://doi.org/10.1016/j.biortech.2019.122398
http://doi.org/10.1016/j.jclepro.2019.118523
http://doi.org/10.1016/j.jclepro.2016.08.058
http://doi.org/10.1071/SR13031
http://doi.org/10.1016/j.chemosphere.2013.10.030
http://www.ncbi.nlm.nih.gov/pubmed/24210550
http://doi.org/10.1080/09593330.2014.960475

	Introduction 
	Materials and Methods 
	Raw Materials 
	Experimental Setup 
	Carbon Dioxide (CO2) and Methane (CH4) Measurements during Composting and Vermicomposting 
	Analysis of Total Carbon (TC), Total Nitrogen (TN), pH, and EC 
	Statistical Analyses 

	Results and Discussions 
	Temperature during Composting and Vermicomposting 
	pH and EC 
	Carbon Dioxide(CO2) and Methane(CH4) Emissions during Composting and Vermicomposting 
	Carbon Dioxide (CO2) 
	Methane (CH4) 

	Total Carbon(TC), Total Nitrogen(TN), and the C:N Ratio 
	Carbon Balances 
	Population and Biomass of Earthworms 

	Conclusions 
	References

