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Editorial

Special Issue on “Composting in the Framework of a
Circular Economy”
Antoni Sánchez

Department of Chemical, Biological and Environmental Engineering, Autonomous University of Barcelona,
Bellaterra, 08193 Barcelona, Spain; antoni.sanchez@uab.cat

Composting has been recognized as a sustainable technology to treat and manage or-
ganic waste. Based on the principles of composting published in Haug’s classical handbook
thirty years ago [1], compost research has been regularly published in the environmental
scientific literature, ranging from the first typical composting works, where the evolution
of some parameters were monitored, to current studies focused on advanced aspects of
composting, such as the microbiology of composting and its role in complex biorefineries.
In general, composting is a technology that, together with its closer relative solid-state
fermentation, is destined to change the paradigm: from waste to resources.

In parallel with this increase in research activity and knowledge, composting has
gained the acceptance of society. Once its main initial problems, typically related to odors,
have been overcome [2], composting will be massively implemented worldwide. Three
factors will play a key role in this expansion:

(1) Enforcing new regulations that help avoid or tax the disposal of organic matter in
sanitary landfills and convert the source selection of domestic organic matter through
mandatory rules. This is the case in Europe, for example.

(2) Desertification in many parts of the world, which implies a lack of organic matter;
compost is well known for its restoration purposes.

(3) The flexibility of composting, which makes this technology adaptable to a wide range
of organic waste, climate conditions, sizes, and dimensions, ranging from simple
turned-pile systems to highly controlled bioreactors.

In summary, composting is experiencing a “second youth” and the number of plants,
as well as the uses of compost, is increasing exponentially all over the world. Recently, the
same phenomenon can be observed with the “sister” technology of composting: anaerobic
digestion. Today, the exponential growth of anaerobic digestion is very perceptible in some
parts of the world because of the need for renewable and locally available energy. Although
anaerobic digestion is not as flexible and robust as composting, it is a technology with a
negative carbon balance in terms of global warming, which makes it very attractive [3].
Additionally, anaerobic digestion results in digestate, making it a very good substrate
for composting.

The papers published in this Special Issue on “Composting in the Framework of a
Circular Economy” are good examples of the interest in composting. Although composting
has been widely studied and thousands of excellent papers can be found in the scientific
literature, it is also a very complex process that has critical implications in fields such as
solid-state heat and mass transfer, multiphasic reactions and bioreactors, microbiology, and
scale-up processes, among others [4]. Therefore, any composting researcher agrees that
composting and compost research is far from being finished [5].

In this Special Issue, we collected relevant articles related to the current aspects of
composting research. It is also worthwhile to mention that some of the articles are from
developing countries, especially in South America and Africa, where composting is in the
initial stage of being a substitute to traditional landfills, which have severe sanitary and
environmental problems.

Processes 2023, 11, 1573. https://doi.org/10.3390/pr11051573 https://www.mdpi.com/journal/processes
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Regarding some of the topics presented in this Special Issue, one review paper is
related to the gaseous emissions from composting [6]. This topic is critical for the proper de-
velopment of composting plants, since it determines the environmental impact of compost-
ing, as well as possible influences on the stakeholders that finally decide to use composting
for managing organic waste. The review provides the updated state of the art of these
emissions, together with good practices and abatement technologies to mitigate the effect of
these gases. The addition of biochar, for instance, to remove the emissions of methane and
nitrous oxide (two powerful greenhouse gases) and volatile organic compounds causing
unpleasant odors is in an early stage of research.

Another important research line treated in this Special Issue is the agronomic value
of composting. This is critical for the restoration of polluted soils, or simply for soils
with low levels of organic matter. One article is dedicated to assessing the agronomic
value of the material resulting from the compost-bedded pack in dairy barns, with this
resulting material having potentially valuable characteristics such as organic amendment
of the soil [7]. Another paper examines the regional management of hospitality food
waste by exploiting the municipal waste management infrastructure and carrying out
intensive composting at the source [8]. The results show that the co-maturation experiment
with animal by-products and municipal green waste primary composts proves that the
phytotoxicity parameters of the cured compost were in the optimal range or below the
thresholds. Both papers are good examples on how diverse materials can result in compost
with evident benefits to soil. A very interesting paper is also presented that addresses
the effect of compost in favoring the growth of specific vegetal clones, and how some
genotypes are sensitive to the use of different substrates, which is a scarcely treated topic.
These clones might be a good option for evaluating compost-based substrates for forestry
applications [9]. Finally, a review is presented on the fate of the major components of
organic matter, such as C, N, P, and K, during the composting process, a point that is critical
for exploiting the benefits of compost in soil [10].

The rest of the papers see composting researchers exploring new findings on the use of
specific inoculums for composting, technology advances, or new analytical tools to monitor
the process.

To summarize, this Special Issue compiles useful information for composting re-
searchers, including reviews and original research papers which give the reader a reliable
picture of what fields of composting research are predominant in the current literature.

Conflicts of Interest: The author declares no conflict of interest.
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Incorporation of Substrates and Inoculums as Operational
Strategies to Promote Lignocellulose Degradation in
Composting of Green Waste—A Pilot-Scale Study
Edgar Ricardo Oviedo-Ocaña 1,*, Jonathan Soto-Paz 1, Viviana Sanchez-Torres 2 and Antoni Sánchez 3

1 Escuela de Ingeniería Civil, Universidad Industrial de Santander, Bucaramanga 680002, Colombia
2 Escuela de Ingeniería Química, Universidad Industrial de Santander, Bucaramanga 680002, Colombia
3 Composting Research Group, Department of Chemical Engineering, Universitat Autònoma de Barcelona,

08193 Barcelona, Spain
* Correspondence: eroviedo@uis.edu.co

Abstract: Composting is a sustainable alternative for green waste (GW) valorization contributing to
the circular bioeconomy. However, the processing time must be reduced and the end-product quality
must be improved. This study determined the effect of the incorporation of processed food waste (PFW),
unprocessed food (UPFW), sawdust (SW), phosphate rock (PR) and a specific bacterial inoculum on
GW-composting process parameters and product quality. Three treatments were evaluated in 120 kg
piles: (i) TA: (GW + UPFW + PFW + inoculum), (ii) TB (GW + UPFW + PFW), and (iii) TC (GW). An
inoculum of Bacillus sp. and Paenibacillus sp. was incorporated in the cooling phase for TA. On the other
hand, the effect of the inoculum at the laboratory scale (20 kg reactors) was compared with that found at
the pilot scale (120 kg piles). The incorporation of FW, SW, PR and the inoculum increased the amount
of lignocellulose biodegradation (TA: 29.1%; TB: 22.7%; TC: 18.2%), which allowed for a reduction of
up to 14 days of processing time. The product obtained for TA had a similar quality to the other two
treatments, although a lower phytotoxicity was determined according to the germination index (TA: 95%;
TB: 85%; and TC: 83%). The final product of TA showed the best agricultural characteristics with pH 8.3,
TOC of 24.8%, TN of 1.32%, and GI of 98.8%. Finally, the scaling effect with the bacterial inoculum was
shown to affect parameters such as the TOC, TN, GI, and, to a lesser extent, temperature and pH. The
results obtained in this paper highlight the importance of optimizing the composting of GW, specifically
with the use of co-substrates and specific inocula, which can be of interest for composting materials with
a high content of lignocellulose such as GW.

Keywords: green waste; composting; bacteria; food waste; lignocellulose

1. Introduction

The management of green waste (GW) is a challenge due to its heterogeneous com-
position (i.e., wood, branches, leaves, soil, and grass clippings) and predominance of
lignocellulosic compounds such as cellulose (40%), hemicellulose (20–30%), and lignin
(20–30%). Although composting can be used to transform GW into a product with potential
agricultural value, the difficulty in degrading lignocellulose increases the processing time
and reduces the product quality [1].

To optimize GW composting, various strategies have been developed to accelerate
the biodegradability of lignocellulosic compounds [1,2]. The incorporation of substrates
such as sawdust (SW) and phosphate rock (PR) have been used to provide porosity and
phosphorus [3,4]; however, few studies have evaluated the amendment addition of food
waste (FW) [5,6], which constitutes more than 70% of municipal solid waste in developing
countries [7].

The incorporation of microbial inoculants during the cooling phase is a strategy that
represents a key operational change to reduce processing time [8]. However, some studies

Processes 2023, 11, 241. https://doi.org/10.3390/pr11010241 https://www.mdpi.com/journal/processes
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have reported that there is no significant effect associated with the use of microbial inocu-
lants due to the potential competition between the exogenous species and the indigenous
microbial species of the process [9]. Therefore, further studies are needed to evaluate the
synergistic or antagonistic effects of microbial inoculation on the GW-composting process
and end-product quality [8]. Bacterial strains from the genus Bacillus have been used as
inoculants for GW composting due to their capacity to degrade lignocellulose and the
formation of humic substances [10]. In contrast, bacteria from the genus Paenibacillus have
been little studied in the composting of GW with other substrates despite their potential to
secrete specialized enzymes for lignocellulose degradation [11].

Additionally, the scaling up of the composting process is considered fundamental for
the optimization of the process and the evaluation of its applicability on a large scale [8].
Previously, the effects of inoculation in the cooling phase with Bacillus sp. and Paenibacillus
sp. were preliminarily evaluated at the laboratory scale (500 mL reactors) [12] and in
reactors with a capacity of 20 kg for GW and FW co-composting amended with SW and
PR [10]. In the present study, the effect of inoculation with Bacillus sp. and Paenibacillus sp.
on GW and FW co-composting was scaled up to a pilot scale of 120 kg composting piles.
This study contributes to the search for options to improve GW-composting implementation
for urban GW management, which can be implemented at the full scale. Furthermore, this
study provides elements for the recovery of waste to generate valuable products within the
framework of the circular bioeconomy.

2. Materials and Methods
2.1. Substrates and Composting Process

GW was collected from the campus of Universidad Industrial de Santander (Colom-
bia). FW was obtained from a marketplace where PFW and UPFW were separated at
the source. SW and PR were purchased from a commercial establishment. SW provided
carbon, porosity, and adjusted moisture content [13], while PR provided phosphorus and
porosity [3]. The substrates were manually mixed in the following proportions: 50% GW,
32.5% UFW, 2.5% PFW, 13% SW, and 2% PR. The substrate mixture was defined from an
experiment carried out at the laboratory scale in 0.5 L reactors where the substrate mixture
and the concentration of the bacterial strains used as the inoculum were optimized [12].
In addition, the mixture guarantees a C:N ratio greater than 25, a value recommended
for the composting of green waste [14]. The experiments were carried out at the pilot
scale in conical piles of 120 kg. We believe that this study can be easily interpreted and its
conclusions are useful for works at the full scale. The piles were set up leveled on concrete
and fenced with polyethylene shade cloth to prevent access by external agents. In treatment
A (TA), a mixture of substrates plus inoculum was studied; treatment B (TB) corresponded
to a mixture of substrates (uninoculated); and in treatment C (TC), only GW was processed.
Each treatment had a replicate. Before starting the experiment, the GW, UFW and PFW
were manually crushed to a particle size of between 30 and 50 mm [1].

The physicochemical characteristics of the substrates and co-substrates were:

• PFW: moisture of 75.5 ± 7.6%, pH of 4.9 ± 0.4, EC of 3.1 ± 0.4 mS/cm, TOC of
33.5 ± 5.9% (db), TN of 1.2 ± 0.6% (db), and lignocellulose of 17.0 ± 2.6% (db).

• UFW: moisture of 79.1 ± 8.3%, pH of 5.1 ± 0.3, EC of 3.1 ± 0.4 mS/cm, TOC of
33.5 ± 5.9% (db), TN of 1.2 ± 0.6% (db) and lignocellulose of 17.8 ± 3.3% (db).

• TA and TB (including 50% GW, 32.5% UFW, 2.5% PFW, 13% SW, and 2% PR): moisture
of 58.2 ± 2.5%, pH of 6.3 ± 0.2, EC of 3.5 ± 0.4 mS/cm, TOC of 47.7 ± 3.1% (db), TN
of 1.7 ± 0.3% (db) and lignocellulose of 23.8 ± 1.9% (db).

• TC (100% GW): moisture of 27.3 ± 4.9%, pH of 6.9 ± 0.1, EC of 3.0 ± 0.3 mS/cm, TOC
of 26.6 ± 5.8% (db), TN of 11.2 ± 0.5% (db) and lignocellulose of 35.1 ± 6.1% (db).

The bacterial inoculum consisted of Bacillus sp. and Paenibacillus sp. with concentra-
tions of 4.85 × 105 CFU mL−1 and 1.44 × 105 CFU mL−1, respectively. The strains were
individually cultivated in a Luria–Bertani medium at 37 ◦C and 200 rpm, sequentially
scaling up in reactors with a capacity of 0.02, 0.06, 0.45, 1, and 7.5 L. The characteristics
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of the bioreactor for inoculum scaling are presented in more detail in the work of Oviedo
et al. [10]. The inoculum was added to the piles at the start of the cooling phase (i.e., when
the temperature was close to 45 ◦C).

Manual turns were applied depending on the temperature in the piles to maintain
the aeration of the piles. When the temperature in the pile remained constant for three
days, turning was applied. Furthermore, weekly humidification was applied to maintain a
moisture content of between 40% and 60% [4] and stimulate biological activity [15]. The
temperature was monitored daily using a digital thermometer with a resolution of 0.1 ◦C at
five characteristic points of the reactors (i.e., centroid and four opposite points of the pile).
Manual turnings were performed depending on the temperature reached. The monitoring
was performed until all treatments reached ambient temperature.

On the other hand, data from a previous study by Oviedo et al. [10] that was carried
out with the same treatments in 20 kg reactors were collected. The reactor configuration
is presented in greater detail in the work of Rawoteea et al. [16]. With the information
collected in this study on the laboratory scale, it was determined whether there was a
scaling effect with the incorporation of the bacterial inoculum.

2.2. Analytical Methods

Five sub-samples of 300 g were obtained from the center and perimetral points of
each pile at 30 cm of depth; the combined sample was used for laboratory analysis. The
moisture content was gravimetrically measured at 70 ◦C in an oven until a constant weight
was reached. The pH was determined using the potentiometric method (sensIONTM pH
meter + MM374) in a suspension of 10 g of the processed composting material in 50 mL of
distilled water (i.e., ratio of 1:10, w/v). Electrical conductivity (EC) was determined with the
potentiometric method. The Total Kjeldahl Nitrogen (TN) was measured through titration
according to Colombian Technical Standard NTC 5167. The ash content was determined
with gravimetry at 550 ◦C, and the total organic carbon (TOC) was estimated from this
value [17]. The organic matter losses were determined according to the work of Jiang
et al. [18]. The stability of the product was determined with the Rottegrade self-heating
test [19] once the process was finished. The germination index (GI) was determined using
Raphanus sativus seeds, taking one gram of solid sample and diluting it with distilled water
in a 1:10 (p/v) ratio [20]. As a maturity criterion, a GI of greater than 80% was adopted.

All experiments were carried out in triplicate; data were subjected to an analysis
of variance (ANOVA), and significantly different means were evaluated using the least
significant difference (LSD) at a significance level of α = 0.05. Statistical analysis was
performed in SPSS® Version 16.0 (Statistical Package for the Social Science, SPSS, Inc.,
Chicago, IL, USA).

2.3. Lignocellulose Degradation

The concentration of lignocellulose was determined according to the protocol of the
National Renewable Energy Laboratory (NREL) with Soxhlet equipment (Model B-324,
Buchi, Spain) considering the moisture, ash content at 550 ◦C and aqueous and organic
extractives of the sample [21]. Additionally, the percentage of lignocellulose degradation
was quantified once a week according to Equation (1).

%Lignocellulose degradation = 1 −
L f

Li
∗ 100% (1)

where Li refers to the lignocellulose content at the beginning of the experiment and Lf is the
lignocellulose content at the time of measurement.

2.4. Product Quality

The end-product was manually sieved with a 1.25 cm mesh. An integrated sample of
4 kg was obtained for each treatment by combining sub-samples taken at the perimeter and
centroid points of each pile. Quality parameters such as the pH, EC, TOC, TN, stability, and
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GI were determined in triplicate. The results obtained in this study were compared with
those obtained from a previous experiment with the same treatments but at the laboratory
scale (20 kg reactors) [10].

3. Results
3.1. Physicochemical Changes during the Process

The temperature profiles of each treatment during the process are shown in Figure 1.
The mesophilic phase in TA and TB was present until day 1 of the process, and it lasted until
day 4 for TC. These results were similar to those previously indicated in the composting
of UPFW, FW, and GW [22]. The longer time in TC was caused by the greater presence of
slow-biodegrading organic carbon [1,23].

Figure 1. Temperature profiles during the composting process.

In the thermophilic phase, TA reached the highest temperature (64 ◦C) after 8 days of
processing. In contrast, in TB, the highest temperature of 60.7 ◦C was reached at 9 days,
showing no significant differences with TC. Regarding the sanitation of the process, if the
temperature was maintained above 55 ◦C for three days, the material would be free of
pathogens and weeds [22]. This condition was achieved with all treatments. The results
indicated that the incorporation of FW, SW, and PR in TA and TB had a significant (p < 0.05)
and synergistic effect on GW composting [13]. This resulted in an advantage compared with
what has been documented in the composting of just GW due to the biological stimulus of
microorganisms that results in the greater degradation of OM and therefore an increase in
temperature. For TC, no temperature differences were observed with respect to what has
been documented in the literature. This may have been associated with the predominance
of lignocellulose, which is difficult to biologically degrade and therefore limits temperature
increases. During the cooling phase, the incorporation of bacterial inocula can affect
bacterial communities, as shown in another study [15]. The incorporation of the bacterial
inoculum in TA increased the temperature (i.e., ∆ 5 ◦C) between days 19 and 27 of the
process. This evidenced that the inoculum stimulated the degradation of organic matter
and lignocellulose, possibly due to the secretion of lignocellulolytic enzymes [24]. Similar
results were reported with the inoculation with ammonifying bacteria, nitrobacteria, and
Azotobacter in pig manure composting [24]. Then, the temperature dropped to 27 ± 3 ◦C on
day 38 of the process. In contrast, TB reached this condition on day 43 and TC required
47 days. Therefore, the inoculum reduced the duration of the cooling phase by 13% and
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23% compared with TB and TC, respectively. In addition, the duration of the cooling phase
between TA and TC (p = 0.0205) showed significant differences.

The results found at the pilot scale showed trends similar to those found in the
study of Oviedo et al. on 20 kg reactors [10]. In both cases, the inoculation increased the
temperature gradients during the thermophilic phase (3–5 ◦C). However, the duration
of both peaks differed between the scales (i.e., 10 and 6 days for the pilot and laboratory
scale, respectively). These differences were probably caused by the mass of the material in
the process and the heat-diffusion transport phenomena that prolonged the duration of
the temperature peak at the pilot scale. In addition, the possible influence of exogenous
microorganisms that could benefit from the incorporation of the inoculum is not ruled out.

Regarding the sanitation product, at both scales, the incorporation of the inoculum
did not generate an antagonistic effect on the quality of the final product. Likewise, there
was no significant reduction in the processing time with respect to the treatment that only
included co-substrates (p > 0.05).

Regarding pH, TA and TB started with slightly acidic pH values (i.e., 5.8 and 6.3 units,
respectively), as shown in Figure 2. During the thermophilic phase, the pH in all treatments
increased to values higher than 8.0, probably due to ammonia volatilization as a conse-
quence of the high temperatures reached [25]. Zhou et al. [26] reported similar pH profiles
(7–9 units). In the cooling phase, there were no significant differences between treatments.
At the end of the process, the lowest pH value was found in TA, which may have been as-
sociated with the nitrification process [26] and the synthesis of phenolic compounds [27]. A
similar result was found in a study of the composting of straw residues, when an inoculum
consisting of Aeromonas caviae sp., Shinella sp., Rhizobium sp., Corynebacterium pseudotubercu-
losis sp., and Streptomyces clavuligerus sp. was applied at the beginning of the cooling phase,
which affected the pH dynamics [28]. In contrast, TC presented the highest pH value (i.e.,
8.65) at the end of the process in this study.

Figure 2. pH changes during the composting process.

The results found at the pilot scale were similar to those found at a smaller scale. The
differences in terms of pH during the process steps were insignificant. Similarities were
found in the rise of pH to alkaline values and a tendency to remain between 8 and 9 units
in the cooling stage. These similarities were associated with the contribution of precedent
proteins from PFW and UPFW and their mineralization during the ammonia volatilization
due to the high temperatures reached [10]. In addition, the bacterial inoculum could affect
the behavior of pH over time, as indicated in other investigations [8].

Figure 3 shows the dynamics of the TOC during composting. The concentration of the
TOC in all treatments decreased over time. During the thermophilic stage in TA and TB,
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a higher degradation of the TOC (19 ± 3%) was achieved compared with TC (11 ± 1.2%).
The differences between treatments was associated with the presence of FW, PR, and AS.
Bohacz et al. [29] indicated that the incorporation of co-substrates stimulates biological
activity, thus allowing for the higher degradation of the TOC and higher temperatures.
After inoculation, a more pronounced decrease in the TOC was observed in TA and showed
significant differences with respect to TB (p = 0.038). These results were associated with
the incorporation of the inoculum that could stimulate the enzymatic activity and the
mineralization of organic matter [30]. At the end of the process, the TOC losses for TA were
35.7%. This value was higher than those found in TB (32.1%) and TC (20.1%), indicating a
synergistic effect of the inoculum on the process.

Figure 3. TOC changes during the composting process.

An effect of the inoculum was evidenced in the different evaluated scales. At the
laboratory scale, there were greater TOC losses (41.1%) compared with what was found
in the present pilot study (35.7%). These differences may be associated with the fact that
the effect of the inoculum was enhanced in the more controlled environment and with a
lower incidence of exogenous microorganisms due to the environmental and operational
conditions of the laboratory-scale reactors. Additionally, oxygen diffusion was better at
this scale due to the holes the presented reactors. This could have stimulated biological
activity and promoted the degradation of OM. In contrast, at the pilot scale, the effect of
compaction and clumping by the inoculum reduced the porosity of the material being
processed and may have adversely affected mineralization.

On the other hand, the concentration of TN in all treatments increased over time (see
Figure 4). The highest TN concentration was found in TC (2.4 ± 0.2%) and was associated
with the availability of this element in the green waste retained by lignin [29]. This was
associated with the fact the inoculum utilized the available nitrogen during the cooling
phase for their metabolism and secretion of enzymes such as xylanase and cellulase [28,29].
According to Feng et al. [31], these enzymes are key to the degradation of lignocellulose.
At the end of the process, the lowest concentration of 1.6 ± 0.3% was obtained in TA, and a
concentration of 2.2 ± 0.2% was achieved in TB. The results indicated that the inoculum
had an adverse effect on the availability of TN in the final product (i.e., possibly associated
with a higher nutrient requirement due to higher biological activity).

The dynamics of nitrogen were similar between the considered scales. In both cases,
the incorporation of the bacterial inoculum generated a decrease in the TN concentration,
while in the other treatments (i.e., without the incorporation of the inoculum), the NT
increased due to the effect of the OM concentration. The main difference was found in
terms of NT concentration (i.e., 1.6 and 1.2% for the pilot and laboratory scales, respectively)
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during the cooling stage. In both cases, the effect of the bacterial inoculum was antagonistic
to the potential to reduce the agricultural quality of the product.

Figure 4. TN changes during the composting process.

3.2. Biodegradation of Lignocellulose

The percentage of lignocellulose in the composting material over time is shown
in Figure 5. At the beginning of the process (i.e., mesophilic phase), the lignocellulose
degradation was limited. This was mainly observed in TC, in which the predominance of
organic compounds of difficult degradation could have limited the biological activity, thus
prolonging the duration of the composting process. In contrast, in TA and TB, the biological
activity was stimulated, and rapidly degrading carbon compounds were consumed, which
increased the temperature and thus enhanced the hydrolysis of hemicellulose and cellulose
when the temperature exceeded 60 ◦C [32].

Figure 5. Percentage of lignocellulose in the composting material over time.

The lignocellulose degradation increased in all treatments after the start of the com-
posting process. During the cooling phase, the percentage of lignocellulose degradation
was 29.1%, 22.7%, and 18.2% for TA, TB, and TC, respectively. These results are consistent
with those reported previously [8] due to the degradation of organic matter, the synthesis
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of phenolic compounds, and the synthesis of humic substances. The higher lignocellulose
degradation for TA is associated with a higher content of TN that promoted the enzy-
matic activity of cellulose, xylanase, and phenoloxidase, among other lignocellulolytic
enzymes [32,33]. Likewise, the pH values closest to neutrality in TA could have stimulated
microbial activity [33]. Furthermore, it was previously reported that delignification takes
place faster under neutral pH than under acidic or alkaline pH [34]. The lignin biodegra-
dation observed in this study was higher than that reported previously (27.81%) for GW
composting inoculated with a complex, non-defined microbial inoculum [8].

On the other hand, lignocellulose biodegradation was higher at the laboratory scale
(31.7%) compared with that obtained at the pilot scale (29.1%). The differences could be
associated with the fact that the environmental conditions at the laboratory scale favored the
biological activity of the bacterial inoculum, promoting the degradation of lignocellulose.
However, the effect of the bacterial inoculum showed a synergistic effect on both evaluated
scales, evidencing higher efficiencies (28%) compared with that indicated in other works [8].

3.3. Product Quality

The physicochemical parameters of the obtained products are shown in Table 1. pH
values in the alkaline range were obtained for the three treatments without significant
differences between treatments (p = 0.15). The pH values in this study were similar to those
reported (i.e., 7.5–9.0) in other lignocellulosic waste composting studies [35,36] This type of
product has the potential to be used in soils with acidic characteristics [37]. Likewise, the
products comply with the Colombian Technical Standard of Quality (NTC 5167).

Table 1. Physicochemical characteristics of the obtained compost product.

Treatment pH EC TOC TN GI

dS/m %, db %, db %

TA 8.4 ± 0.4 a 1.5 ± 023 a 25.4 ± 0.3 a 1.7 ± 0.8 a 95.8 ± 1.4 b

TB 8.7 ± 0.3 a 1.3 ± 0.3 a 27. 4 ± 2.4 a 2.2 ± 1.0 b 85.4 ± 1.2 c

TC 8.6 ± 0.1 a 1.4 ± 0.2 a 32.8 ± 1.7 b 2.4 ± 1.1 b 83.1 ± 2.1 a

Note: EC: electrical conductivity; TOC: total organic carbon; TN: total nitrogen. TA: 50% GW, 32.5% UFW, 2.5%
PFW, 13% SW, and 2% PR with bacterial inoculum. TB: 50% GW, 32.5% UFW, 2.5% PFW, 13% SW, and 2% PR
(uninoculated). TC: 100% GW. The same letters indicate no significant differences (p > 0.05). Different letters
indicate significant differences between treatments for the response parameter (p < 0.05).

The EC for the three treatments was in the range of 1.8–1.9 dS/m; because this was
lower than 3 dS/m, the products are not considered phytotoxic for seeds [38]. Furthermore,
no significant differences in EC were found between the products (p = 0.17) of the three
treatments; therefore, the inoculation or the presence of the mixture of substrates did
not affect this parameter. The EC values obtained in this study were lower than those
previously reported in the co-composting of green waste and food waste inoculated with
lactic acid bacteria, yeasts, and phototrophic bacteria (i.e., 3.5–4.0 dS/m) [39].

The TOC content in all cases was higher than 20%, the minimum value suggested to
increase the content of organic matter in the soil [37]. TC showed the highest TOC content
of 32.8%, which was associated with the predominance of organic carbon compounds of
difficult degradation in GW, which increased the processing time. There were no significant
differences between the TOC of TA and TB (p = 0.028); therefore, in this study, bacterial
inoculation did not have a significant effect on the TOC of the product. On the other hand,
the stability of a product has been identified as a fundamental quality criterion. According
to the Rottegrade test, all treatments can be classified as class V and do not represent a
potential risk due to the nutrient and oxygen competition between microorganisms in
the soil [19].

Regarding the concentration of TN, TB and TC presented the highest concentration val-
ues (i.e., 2.2–2.4%) and had significant differences relative to TA (1.32%). However, the TN
content for all treatments was higher than 1%, which is the minimum TN value required by
Chilean (NCH2880) and Colombian (NTC 5167) regulations. Regarding the maturity of the
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product, the GI allows for the detection of potential inhibitory effects on seed germination.
The TA and TB treatments had GI values greater than 80%. The GI of TA (98.85 ± 2.9) was
the highest, probably due to the increased degradation of lignocellulose and phytotoxic
substances stimulated by the bacterial inoculum [40]. Likewise, the presence of mineral
additives such as PR can increase the availability of nutrients in a product through sorption
mechanisms. However, the GI of the TC treatment was below the recommended value of
80% [37]. This indicates that the product may have had phytotoxic substances that affected
the germination of radish seeds.

4. Discussion

The thermophilic temperatures reached in TA and TB were consistent with those of
previous experiments and those reported for the composting of GW [13,41]. Regarding
sanitation conditions, all treatments had temperatures of above 50 ◦C for three or more
consecutive days. In this regard, different authors have indicated that this is favorable
for the elimination of seeds and pathogens [42]. The bacterial inoculum affected the TA
temperature during the cooling phase. The increase in the temperature gradient of TA has
also been reported in other studies associated with the incorporation of bacterial inocula.
Furthermore, the temperature in this treatment decreased because of the mineralization
and humidification of the organic matter. The cooling phase in TA was reduced by 3 days
compared with TB and 15 days compared with TC. However, no significant differences
were found between TA and TB (p = 0.72) regarding the reduction in the cooling phase.
These results are comparable to those reported by Yu et al. [8] on Bacillus sp. and As-
pergillus sp., with no significant differences in the reduction in the processing time of the
inoculated treatment.

With respect to pH, inoculation led to slight increases in pH values due to the volatiliza-
tion of ammonia caused by lignocellulose degradation. Duan et al. [33] explained that
bacterial strains can secrete enzymes such as carboxymethyl cellulose, ammonifying en-
zymes, and xylanase that can affect pH. This result is similar to that reported by Yu et al. [8].
At the end of the process studied here, the average pH values were between 8 and 9, which
were in the range reported in another study (between 7 and 9) [42].

Consistent with the temperature results, the highest level of TOC degradation was
found in TA and TB throughout the process. However, the greatest amount of degradation
was observed in TA after the incorporation of the bacterial inoculum. This indicated that
Bacillus sp. and Paenibacillus sp. could stimulate the enzymatic activity, mineralization, and
humidification processes [43]. Similar results were reported by Jiang et al. [18], who used
Trichoderma sp. and effective microorganisms. Nevertheless, research with lignocellulosic
waste has shown that the inoculum does not have a significant effect on the degradation
of the TOC and lignocellulose [44]. The differences in the TOC may be due to different
distributions of organic components in the different waste sources and differences in
local microbial communities [45]. Vrsanska et al. [46] reported that the enzymatic activity
during the process depends on the availability of TN, so at the end of the process, its
concentration may decrease. In reports using substrates such as cattle manure with the
incorporation of bacterial inocula, similar trends have been observed regarding decreases
in TN concentration [47]. However, researchers have also reported that inocula do not
adversely affect the concentration of TN but rather increase the inorganic nitrogen [44].

On the other hand, the results obtained in this pilot-scale study (120 kg) had some
similarities to what was observed in laboratory experiments (20 kg reactors) [10]. In the
case of pH, there were no significant differences between both experimental scales for
the product obtained in all treatments. A similar result was reported in the composting
of GW with a microbial compound inoculum after a scale-up from the laboratory scale
(0.05 L reactor) to 1 m3 conical piles [8]. The EC values of the products obtained in both
experimental scales of this study were lower than 3 dS/m. However, the pilot-scale values
(1.3–1.5 dS/m) were lower than those of the laboratory experiment (1.8–1.9 dS/m) due to
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the greater leaching of salts in the pilot-scale piles compared with the laboratory reactors
that were closed vessels.

At both scales, the lowest TN concentration was found in TA and the highest was
found in TC. In the case of TA, this result was probably associated with the fact that
the inoculum consumed TN for mineralization processes [40]. In contrast, the greater
availability of leaves and lignocellulosic material in TC facilitated the retention of TN at
the end of the process. However, this treatment also presented a lower degree of organic
matter stability. On the other hand, higher values of TN (1.7–2.4%) were found at the pilot
scale compared with the laboratory scale (1.3–1.5%) due to the potential environmental
variations of the piles, which could have allowed for the development of different microbial
consortia or nitrogen-fixing bacteria that contributed to the conservation of nitrogen in the
compost [32]. In contrast, due to their experimental configuration, the 20 kg reactors used
in the laboratory had more homogeneous environmental conditions. At both scales, the
TOC was lower for the treatments with the substrate mixture (TA and TB) compared with
TC. Inoculation did not affect the TOC concentration of the product.

The highest GI values were obtained for the TA product at both scales, with significant
differences relative to the uninoculated TB and TC treatments. At the laboratory scale, a
GI value of 98.9% was obtained, while at the pilot scale, a value of 95.8% was obtained.
However, both scales showed no significant differences in the GI of the TA product.

5. Conclusions

The treatment with a substrate mixture and inoculation during the cooling phase (TA)
allowed for a reduction of between 4 and 13 days in processing time compared with the
treatment with a substrate mixture and no inoculation (TB) and the treatment with only GW
(TC). The results indicated that the bacterial inoculum could affect the native microbiota of
the process, although a significant reduction in the process was not achieved. TA showed
the highest level of lignocellulose biodegradation (31.7%). The final product of TA was the
one with the best agricultural characteristics with a pH of 8.3, TOC of 24.8%, TN of 1.32%,
and GI of 98.8%. On the other hand, the scaling effect with the incorporation of the bacterial
inoculum was shown to affect parameters such as the TOC, TN, GI, and, to a lesser extent,
temperature and pH. The differences between scales were due to diffusion and advent
transport phenomena. Likewise, the quality of the product found in this pilot-scale study
and that previously obtained from the laboratory experiment with the same treatments
had similar values of parameters such as the pH, CE, TOC, and GI. However, the greatest
difference was found regarding TN, with higher values for the pilot-scale study. The results
obtained in this paper highlight the importance of optimizing the composting of GW,
specifically with the use of co-substrates and specific inocula, which can be of interest for
composting materials with a high content of lignocellulose such as GW.
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Abstract: Interspecific hybrids of E. grandis × E. camaldulensis were generated to widen the plantation
area. The aim of this study was to assess root capability and development for six different clones of
eucalyptus grown in substrates made with three different composts derived from poultry manure.
A factorial design was used to assess the effect of different composts on six growth variables. The
analysis detected a greater effect from the genotype than the substrate. E. grandis × E. camaldulensis
hybrid vegetative propagation was successful in alternative substrates formulated from composted
poultry manure. GC8 was the genotype that showed the greatest differences for four the different
variables among the substrates, being both the most sensitive and the one with the highest values for
all parameters measured. The hybrids’ vegetative propagation was determined in alternative sub-
strates formulated from poultry manure compost. The physicochemical characteristics of substrates
composed of pine bark and sawdust provided adequate conditions for the growth of eucalyptus. GC8
was the genotype most sensitive to the use of different substrates, showing significant differences in
the ratio of roots/callus, radicular dry weight, and cutting dry weight. These clones might be a good
option for evaluating compost-based substrates for forestry applications.

Keywords: substrates; vegetative propagation; forest valorization

1. Introduction

Eucalyptus is one of the most important economic forest species worldwide [1,2].
E. grandis has fast growth and light wood; however, it is sensitive to frost, and it is mainly
destined for solid use. E. camaldulensis is a slow growth species with a dark and dense wood.
It has wide genetic variation and plasticity, which allows it to adapt to different climatic
and soil conditions, including those with high salinity and low moisture [3]. Hybrids are
able to produce adaptive features and production combinations which are not genetically
possible within species.

A hybrid can only be used if it can be cloned, and hybrid vigor is achieved using
clonal silviculture [4]. In this sense, E. grandis and E. camaldulensis, have the advantage of
easy rooting if variables that intervene in their vegetative propagation are adjusted, such

Processes 2022, 10, 2182. https://doi.org/10.3390/pr10112182 https://www.mdpi.com/journal/processes
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as humidity, temperature, rooting promoter concentration, and substrate, among others.
The substrate is the material that allows the radicular system anchorage [5]. It can be made
up of one or more materials, and must have high porosity and hydric retention capacity
as well as good drainage and aeration [6]. Different materials such as composted pine
bark, peat, perlite, and burnt rice bran are often used, either pure or mixed and in different
proportion, as substrates in eucalyptus vegetative propagation.

Developing peat alternative substrates is necessary for three different reasons: (i) the
sources of peat are limited worldwide; (ii) the pressure for using waste coming from human
or industrial activities is increasing rapidly; and (iii) the economic necessity of using locally
produced waste products is increasing [7]. The most commonly used material in substrate
mixture for forest plant production in nurseries is peat moss, thanks to its physicochemical
characteristics [8]. This material comes from mosses, such as Sphagnum; however, its use
is being debated because of its high cost [9] and its questionable future availability due
to environmental limitations [10]. The substrate mixture should favor well-developed
fibrous root systems to produce quality plants and improve their survival and growth in
the field [11]. To achieve the optimal conditions of the substrate, the mixtures should have
adequate physical characteristics to retain water and facilitate drainage and aeration [12,13].

The use of organic waste derived from agricultural and forestry activities is becoming
important for plant production [4,14]. Pine sawdust and bark are wood waste products of
the forestry industry, and can be obtained at a relatively low cost [15]. However, there is
a lack of information on the possibility of commercial use of these growing mediums in
forest nurseries [16]. In substrate mixtures, different percentages are used depending on
the compost properties and the species under cultivation. Generally, these mixtures have
alkaline pH and high salt content. For this reason, it is convenient to combine them with
materials with lower pH and salt levels [17].

A consequence of the amplification of animal production systems worldwide is the
concentration of animals in small areas, resulting in large amounts of manures and excreta.
This leads to environmental problems, including water and soil pollutions and bad odors
around animal breeding sites [18–20]. Common treatment alternatives for poultry manure
are anaerobic digestion and composting or a combination of both [21–23].

Argentinian eucalyptus and poultry production are mainly concentrated in the same
region of the Littoral, namely, Entre Rios, one of the most important provinces [24]. This
makes it an ideal area to study strategies for using poultry manure as a potential substrate
component for substrates in eucalyptus plantations. The use of a problematic waste as an
alternative to peat for substrate formulation has multiple benefits, for example, recovery
of poultry manure, improving the biogeochemical cycling of nutrients, and minimizing
contamination [25]. For this reason, the aim of this study was to evaluate the effect of
different substrates which included poultry manure derived compost in the development
of six different eucalyptus hybrid clones.

2. Materials and Methods
2.1. Production of Compost and Substrates

The compost was made in the Laboratorio de Transformación de Residuos (LTR)
IMyZA, CICVyA—INTA using manure from hens in automatized production facilities.
The three composts (C1, C2, C3) used to formulate the substrates (S1, S2, S3) had different
initial compositions. Table 1 shows the percentage composition of the three composts [25].
Sawdust and bark have different physical characteristics; sawdust has a larger percentage
of fine particles and can cause problems with excess moisture, while wood shavings have
larger particles and a low water holding capacity [26]. Crushed bare corn cobs combine
fine particles and large ones.
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Table 1. Initial waste percentages (%) 1 used in each compost to formulate the substrates (S1, S2, and
S3).

Type of
Compost

Poultry
Manure

Intact Corn
Bare Cobs

Crushed Corn
Bare Cobs Sawdust Wood Savings

C1 2 40 0 20 20 20
C2 3 60 0 20 20 0
C3 4 60 30 10 0 0

1 All percentages are on a wet weight basis. 2 Compost 1. 3 Compost 2. 4 Compost 3.

Poultry manure is rich in nitrogen waste and can be mixed with materials rich in
available carbon, such as sawdust. Sawdust can retain nitrogen, thereby avoiding ammonia
volatilization, because organisms that decompose organic matter use nitrogen as well. Poul-
try manure contains a low C:N ratio and high porosity. Therefore, degradation processes
can be enhanced by adding carbon-rich materials (co-substrates). The co-composting of
poultry manure with other agricultural wastes improves its physicochemical characteristics
and reduces phytotoxicity, in addition to promoting and managing better use of other local
residues, thereby generating added value. In this sense, we were able to produce compost
with 40–60% poultry manure and other agricultural wastes as co-substrates [25].

Three mixtures were prepared using a capacity of 0.5 m3 mix at the beginning of the
assay. Piles were built in trapezoidal shapes (1.5 m high, 2 m wide and 2 m length). Each
treatment was carried out using three repetitions of 2 m3 piles each. The composting piles
were manually turned every three days during the first active decomposition phase of
the process and every five days when the cell temperature was similar to the ambient
temperature. Moisture content was maintained through irrigation and taking into account
local precipitation. The composting process lasted 83 days. All the composts reached the
stage of stability and maturity as measured from the static respirometric index (SRI < 0.5
mg O2 g−1 OM h−1) and the NH4

+/NO3
− ratio (<0.3), respectively (Table 2). Table 2 shows

the main parameters of the three composts.
The substrates used in this study (S1, S2, and S3) were made of 40% of compost 1

(C1), compost 2 (C2), or compost 3 (C3) and 60% composted pine leaves (Table 3). These
formulations were defined taking into account previous pH and electrical conductivity
measurements of the substrates that had been prepared with different proportions of
composts and composted pine leaves. In addition, we took into account the fact that the
optimum pH for substrates used in plant production should be between 5.2 and 6.3, while
a value below 4.0 can cause root disease [6]. While livestock manure compost has good
physical properties, the soluble salt content is too high and the pH is alkaline [27]. For
this reason, it is necessary to mix it with an acidic material, such as peat, or with compost
with high cationic exchange capacity [7]. The control substrate (C) was made with a 50:50
(v/v) mixture of composted pine bark and burned rice husks, which is routinely used for
vegetative propagation and is recommended by various authors [28,29].

Table 2. Physicochemical characterization of composts used in the substrate preparation.

Parameters 1 Unit C1 C2 C3 Target Value or
Range/Upper Limit Reference

pH 8.0 8.1 8.7 6–8/9 [30]
EC mS cm−1 2.0 3.4 2.7 <0.6/1.5 [30]
D Mg m−3 0.7 0.8 0.5 0.45–0.50/0.55 [30]

OM % 35.0 37.0 87.0 ≥20 [31]
SRI mg O2 g−1 OM h−1 0.20 0.40 0.37 0.5–1.0 [32]
C:N % 14.4 13.6 18.0 ≤20 [31]
Ca mg L−1 8170 9810 2210 ≥1% [33]
Mg mg L−1 251 348 470 ≥0.05% [33]
K mg L−1 6563 8700 11,350 NPK ≥ 6% [33]

NH4
+/NO3

− % 0.0 0.0 0.004 <0.3 [31]

1 EC: electrical conductivity, D: apparent density, OM: organic matter, SRI: static respirometric index, C:N: carbon
nitrogen ratio, Ca: calcium, Mg: magnesium, K: potassium, NH4

+/NO3
−: ammonium nitrate ratio.
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Table 3. Initial substrate formulation, pH, and EC values (mean ± standard deviation with n = 3).

Substrates Composition 1 pH EC *

1 40% Compost 1 + 60% composted pine leaves 6.55 ± 0.09 871 ± 7.1
2 40% Compost 2 + 60% composted pine leaves 6.64 ± 0.17 1387 ± 121.1
3 40% Compost 3 + 60% composted pine leaves 7.03 ± 0.06 1956 ± 48.8

Control 50% burned rice husks + 50% composted pine bark 7.05 ± 0.02 653 ± 1.1

1 The percentages are on a volume basis. The control substrate is routinely used for vegetative propagation in the
IRB; * Electrical conductivity (µS cm−1).

2.2. Forest Assessment of Compost and Substrates

The study was carried out at the Instituto de Recursos Biológicos (IRB), CIRN–INTA in
Buenos Aires, Argentina. Lopez (2017) [34] indicates that in Argentina the first experimental
records of interspecific hybrids were reported by Alliani (1990) [35]. In the Mesopotamia
region of Argentina, the first controlled crosses for the selection of hybrid clones of E.
grandis × E. camaldulensis and E. grandis × E. tereticornis were generated by the INTA clonal
program (Harrand and Schenone, 2002) [36]. More recently, Harrand et al. (2016) [37]
report that the INTA clonal program has 150 hybrid clones in different stages of evaluation,
several of which have been registered in the National Registry of Cultivars (INASE), and
have since 2014 been transferred to nurseries in the region through transfer agreements. In
this study, four clones of E. grandis × E. camaldulensis (GC6, GC8, GC19 and GC24) and two
clones of E. grandis × E. tereticornis (5–105 and 5–128) were used, all originating from the
program clone of INTA. The cuttings were obtained from 30 to 50 cm long young regrowth
of the six genotypes from a cloning garden at the IRB. The cuttings were 10 cm long with
an internode and preferably two opposite leaves, with its foliar area reduced by 50% to
minimize evapotranspiration. Each cutting apical part was cut in a straight shape, while the
basal extreme was cut in beveled edge to originate a greater contact zone with the growth
promoter. Then, the cuttings were put under a Captan® (2 g L−1) fungicide solution for one
minute and treated at their bases with indolbutiric acid 3000 ppm dispersed in industrial
talcum powder. Then, they were implanted in individual 145 cm3 substrate capacity tubes.

The trial was located within a 100 µ crystal polyethylene greenhouse with an autom-
atized irrigation and relative humidity control system. Environmental humidity values
were near 80%, and environmental temperature ranged between 22 ◦C and 30 ◦C. The trial
cuttings were sprinkled weekly with COMBO brand (2.5 cm3 L−1) complete fertilizing
solution with foliar absorption mixed with Captan® (2 g L−1). The fungicide was altered
weekly with Carbendazim® (2 cm3 L−1) to avoid fungal resistance.

From the 55 days from the trial beginning, the humidification system was stopped to
simulate environmental conditions until the plants were removed from the substrates and
their roots washed. Then, the live cuttings were divided in three fractions (shoots, cuttings,
and roots) and dried in a 50 ◦C oven until constant weight was reached. Each fraction was
weighed separately in a precision balance.

The tested variables to assess the growth of the eucalypts clones were survival (SUR),
defined as the proportion of live cuttings from five of each plot, primary leave number
(PLN), average number of shoots (ANS), average amount of leaves per shoot (ALS), total
leaves (TL), average shoot length (ASL), longest shoot length (LSL),roots/callus (R/C), root
length (RL), cutting diameter (CD), radicular dry weight (RDW), shoot dry weight (SDW),
cutting dry weight (CDW), root type (RT), and shoot type (ST).

To evaluate the physicochemical substrate and compost characteristics, the following
parameters were measured in the substrates according to USDA and USCC (2001) [32] and
INTA (2021) [38] (Tables 2 and 3): pH, electrical conductivity (EC), humidity, dry matter,
organic matter, ashes, total organic carbon (TOC), and total nitrogen (TN).
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2.3. Experimental Design and Statistical Analysis

A factorial experimental design was used in which four substrates and six clones were
tested. Eight repetitions for each combination of substrate and clone were analyzed, and
five eucalyptus cuttings were used in each repetition.

A principal component analysis (PCA) was carried out to study the multivariate
differences between the clones grown in different substrates. Subsequently, a Kruskal–
Wallis non-parametric test was chosen to study the differences between the substrates for
each clone and for each variable in particular (p ≤ 0.05). All the statistical analyses were
run using InfoStat [39].

3. Results
3.1. Principal Component Analysis

PCA component 1 explained 57.1% of the variability, while component 2 explained
11.1%. Component 1 allowed us to group different eucalypts genotypes. The highest
vegetable growth values were associated with GC8 and GC19, whereas the others clones
were associated with lower vegetable growth values (Figure 1). The average number
of shoots (ANS) is the variable that best explained Component 2, although there were
no significant differences within the treatments in a later analysis within this particular
variable.
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Figure 1. Principal component analysis plot. References: ANS (Average number of shoots), CDW
(cutting dry weight), CD (cutting diameter), SUR (survival), TL (total leaves), PLN (primary leave
number), ALS (average amount of leaves per shoot), ST (shoot type), LSL (longest shoot length), SDW
(shoot dry weight), RT (root type), ASL (average shoot length), R/C (roots/callus), RDW (radicular
dry weight), RL (root length).

The analysis showed that most of the variables were actually correlated. The ones
considered for the analysis were those that had correlations with ten or less variables,
namely, survival, number of shoots per cutting, total leaves per cutting, roots number/callus
ratio, root length, cutting diameters, dried root weight, and dried cutting weight.

3.2. Substrates Properties in Eucalypts Nurseries

Table 3 shows that the initial pH values are close to the optimum range cited in
the bibliography [40]. Substrate 3 and control showed values significantly higher than
the remaining substrate. On the other hand, the EC values were significantly higher
in those substrates with larger amounts of poultry manure in their initial composition
(substrates 2 and 3).
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3.3. Growth Variables of the Clones Evaluated
3.3.1. Survival Rates

Table 3 shows that the total average survival was 50%. S1 and S3 manifested a 56%
survival rate and C showed 41% survival, while S2 showed 47%. GC19 and GC8 showed a
survival rate greater than 60%. GC24 had the highest percentage of mortality. The highest
survival rate (90%) was found in the combinations of GC8 with S1 and S3 and GC19 with
S2 (Table 4).

Table 4. Survival Percentages (%).

Treatments S1 S2 S3 C Clone

GC6 60 55 68 8 48
GC8 88 53 88 25 63

GC19 60 85 65 50 65
GC24 45 25 15 35 30
5–105 55 30 60 75 55
5–128 30 35 43 55 41

Substrates 56 47 56 41 50

3.3.2. Substrate Effect Analysis Considering Each Genotype

When analyzing the substrate effect, neither the shoots number per cutting or cutting
root length showed significant differences in any of the genotypes.

Only GC19 showed significant differences within total leaves. It was higher in S1 and
S2 (16 ± 6) than in S3 and C (11 ± 5) (Figure 2). An opposite result was obtained when
considering cutting dry weight. GC8 showed significant differences, having a higher CDW
with S3 and C (0.3 ± 0.1 g) than with S1 (0.2 ± 0.1 g). Again, only GC8 showed significant
differences, in this case considering the roots/callus variable. Figure 2 shows that this ratio
was significantly higher in S3 than in the rest of the substrates (S3 = 10 ± 6; S1, S2 and
C = 7 ± 6). The effect of the substrates was significant in more clones when analyzing
the radicular dry weight. GC8 significantly differed between S2 (with the lowest value
0.02 ± 0.02 g) and S1 and S3 (the highest value 0.04 ± 0.02 g). GC24 significantly dif-
fered between S1 and S2 (with the lowest value, 0.01 ± 0.01 g) and S3 (the highest value
0.03 ± 0.02 g). In 5–105 clones, C and S1 had significant differences, with C having the
highest RDW (0.02 ± 0.01 gr) and S1 the lowest (0.01 ± 0.01 g). In the case of 5–128, S1
(0.01 ± 0.00 g) differed significantly from the rest of the substrates, which had a greater
RDW value (0.02 ± 0.01 g). Finally, when we evaluated the effect of the substrates on the
cutting diameter of the clones, we obtained GC6 grown in S1 and S3 showed a significantly
greater diameter than the control (S1 and S3 1.7 ± 0.5 mm and C = 1.4 ± 0.4 mm). The
diameter in GC8 was significantly higher in S3 (2.5 ± 0.8 mm), medium in S2 (2.0 ± 0.8 mm),
and lower in C (1.5 ± 0.7 mm). Those in S1 had an intermediate value between S2 and S3,
with no significant differences between them. GC24 clones had significantly larger cutting
diameter in C than in S3 (1.6 ± 0.3 mm and 1.4 ± 0.5 mm).
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Cutting Dry Weight) in four substrates (1, 2, 3, and control) and six clones (GC6, GC8, GC19, GC24,
5–105 and 5–128). The bars indicate mean values of Total Leaves, Roots/callus, Cutting Diameter,
Radicular Dry Weight, and Cutting Dry Weight of eight replicates ± standard deviation. Different
lowercase letters indicate significant differences between substrates for each variable analyzed
(p ≤ 0.05). Different capital letters indicate significant differences between genotypes for each variable
analyzed (p ≤ 0.05). For no significant difference, no letters are shown.

3.3.3. Genotype Effect Analysis Considering Each Substrate

When we focused on genotype effect, the shoot number per cutting did not show
significant differences in any of the substrates.

S1 presented significant differences in total leaves. GC19 obtained the highest total
leaves per cutting (15 ± 7), while GC24 presented the lowest (9 ± 6). Only these two
genotypes were different; the rest had intermediate values (Figure 2). The same trend was
found using S2 (15 ± 7 for GC19 and 8 ± 2 for GC24). Within S3, the total number of
leaves per cutting was significantly higher in 5–105 (17 ± 8) than in 5–128, GC19 and 5–128
(11 ± 5), which had the lowest. There were no differences within the genotypes grown in
the control substrate.

Using S1, GC8 showed the highest root number/callus (7 ± 4) and 5–105 the lowest
(2 ± 1). The same results were found using S3 (GC8: 10 ± 6 and 5–105: 2 ± 1). In S2, GC8
had the highest ratio value by a significant margin (7 ± 4), while 5–128 had the lowest
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(1 ± 1). The control presented significant differences as well. GC8 and GC24 had the
highest ratio (4 ± 5) and GC19, 5–105 and 5–128 had the lowest (2 ± 1), while GC6 had a
value between these groups.

Regarding root length, there were differences for genotypes grown in S1. GC19 had
significantly longer roots than the rest of the genotypes (18.4 ± 6.3 cm), 5–105 had the
shortest roots (11.7 ± 2.9 cm), and GC8 had an intermediate value (14.3 ± 4.8 cm). GC6,
GC24, and 5–128 had intermediate length between 5–105 and GC8, with no significant
differences. GC19 grown in S2 had significantly longer roots (17.8 ± 5.1 cm) than the rest
of the genotypes (12.9 ± 4.5 cm). In S3, GC19 had significantly longest root than 5–105
(17.2 ± 6.3 cm and 11.4 ± 3.0 cm, respectively).

Another variable that showed significant differences was the cutting diameter. In
S1, the GC8 diameter was significantly higher than that of GC24, which had the lowest
value (2.1 ± 0.7 mm and 1.7 ± 0.7 mm, respectively). Using S2, GC8, GC19 and 5–128 had
significantly higher diameters (1.9 ± 0.7 mm) than that of GC24 (1.4 ± 0.4 mm). Finally, in
S3, GC8 had the highest diameter (2.5 ± 0.8 mm), the diameters of GC6, GC19, 5–105 and
5–128 were grouped in an intermediate level, and the diameter of GC24 was significantly
the lowest one (1.4 ± 0.5 mm). GC8 grown in S3 had the highest diameter (2.5 ± 0.8 mm),
while GC 24 had the lowest (1.4 ± 0.5 mm). In the control (C), only 5–128 and GC6 differed
significantly, with 5–128 having the highest diameter and GC6 having the lowest (2.2 ± 0.6
mm and 1.4 ± 0.4 mm respectively).

Another variable considered was the radicular dry weight. Focusing on S1, GC8 and
GC19 had significantly higher RDW than 5–105 and 5–128 (0.03 ± 0.02 g and 0.01 ± 0.01
g respectively). GC6 and GC24 had no significant differences in values between them. In
S2, GC19 had a significantly higher RDW than the rest of the substrates (0.04 ± 0.04 g)
except 5–105, which showed no significant differences with any of the genotypes. The
genotypes with the lowest values were GC6, GC8, GC24, and 5–128 (0.02 ± 0.01 g). In
S3, there were significant differences between GC8 and 5–105, the first with the highest
RDW and the second with the lowest (0.04 ± 0.02 g and 0.01 ± 0.01 g, respectively); the
remaining genotypes had values between these levels. Again, the genotypes showed no
differences when using the control substrate.

The last variable considered that showed significant differences was cutting dry weight.
For S1, 5–105 had the greatest value (0.2 ± 0.1 g) and GC24 had the lowest ne (0.1 ± 0.1 g).
In S3, 5–105 and GC8 (0.3 ± 0.1 g) had significantly higher values than GC6, GC19, and
GC24 (0.2 ± 0.1 g). In C, GC8 and 5–128 (0.3 ± 0.1 g) showed heavier CDW than GC24
(0.1 ± 0.0 g).

4. Discussion

The differences between the treatments were affected principally by the genotype
(clone). Component 1 from the PCA explained 57.1% of the variability. This fact agrees
with the findings of Woodward et al. (2006) [41], who highlighted the genetic differences
that exist between clones within a species in their investigation. Wherever more than one
clone was used in an experiment, there was a significant difference in the number of shoots
and roots produced between the clones. The authors highlighted the use of PCA, which
allowed them to verify that B availability was the attribute that explained most of eucalypt
biomass variation. Additionally, these analyses showed the characteristics that are crucial
to improving the organic waste compost-based substrates in comparison to commercial
substrates [42]. Rinaldi et al. (2014) [43] used a multivariate approach to data analysis and
summarized the information of a complex substrate–plant system based on a large set of
tested treatments and several observed variables. Their results suggest that a combination
of indicators is needed to evaluate the physiological response of ornamental rosemary
to the different treatments explored and to classify treatments into homogeneous groups
based on plant response. They concluded that multivariate analysis evaluates the influence
of different composts on the substrate properties and the complexity of plant response
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better than single-variable analysis; this analysis should be routinely used in the evaluation
of substrate performance.

Genetic variation for productive and adaptive characteristics has been reported in
various Eucalyptus spp. [44–46]. There is information about variability in rooting and
tolerance to salinity of E. grandis × E. camaldulensis hybrid [1,47]. However, there is a
lack of information about the development of this eucalyptus clone in different substrate
media. Sallesses et al. (2015) [13] evaluated different organic substrates in one eucalyptus
clone. This work contributes to expanding the knowledge on the growth abilities of six
Argentinean hybrid clones of eucalyptus in different substrates.

Rizzo et al. (2015) [24] have found that the compost formulated from initial mixtures
with 40–60% poultry manure is alkaline. Although the authors did not find pH variations
with the increase of poultry manure in the initial mixture, they found higher EC values in
the treatment with 60% poultry manure. Generally, the compost derived from livestock
manure had a lightly alkaline pH and a high salt content; therefore, it is necessary to amend
these conditions before the use of such composts as substrate [30]. In this study, the initial
pH values of the substrates were close to the optimum range.

The highest EC values of organic waste compost-based substrates were strongly influ-
enced by the amount of poultry manure in the mixes, and ranged from 9.8 to 21.5 dS m−1

when the proportions of poultry manure in the substrates increased from 0 to 41.7% [42].
Jayasinghe et al. (2010) [48] found that the components which most contribute to

salinity are Na+, K+, ammonia, nitrate, and sulfate, which were found in greater amounts in
compost-based substrates. The differences in the chemical and physicochemical properties
of the organic wastes and in their proportions in the mixes markedly influenced the
available contents of nutrients in the compost-based substrates [28].

In general, the organic waste compost-based substrates had EC values above the
threshold limit level and high contents of available P, K+, NH4

+-N, and Na+, while the com-
mercial substrates had adequate levels of B for plants and presented lower concentrations
of NH4

+-N, P, K+, and micronutrients. The compost-based substrate with 33.4% of poultry
manure and 25% of sewage sludge in its composition approaches the commercial substrate
in terms of eucalyptus biomass production among the organic wastes compost-based sub-
strates. Salt leaching during irrigation could have mitigated the possible negative effects
of high EC, which is an important attribute to consider when young plants are cultivated.
However, salts can be managed to adequate levels [25]. Even the propagation of seedlings
obtained from vegetative parts of eucalyptus clones instead of seeds can have their growth
impaired by high salt concentrations, even if the plants do not exhibit any deleterious
effects of salinity.

According to Marrón (2015) [49] the presence of heavy metals in the soil following
the spreading of sewage sludge, wastewater, compost, manure, or ash has been shown
by numerous studies, mainly in the upper soil horizons. He found that all studies were
unanimous on the fact that the levels found were under the limit of the regulatory pollution
thresholds (thresholds of the different countries where the experiments were carried out),
did not present a risk for the environment or health, and were not leached to deep soil
horizons or into groundwater. These low risks identified in short-rotation plantations were
linked to the fact that willows, poplars, and eucalyptus were able to efficiently extract most
soluble/exchangeable metals (Cd, Ni, and Zn) present in the sludge or manure as well as
Cr, Pb, Hg, and Cu to a lesser extent.

In general, moderate nitrogen deficiency can improve rooting, although at high levels
more energy is required for vegetative growth and especially for leaf expansion [50].
Consequently, carbohydrates are not stored at suitable levels, reducing the C:N ratio. On
the other hand, extreme nitrogen deficiency can reduce rooting, as it is necessary for nucleic
acid and protein synthesis. Based on the considerations of Hartman and Kester (1983) [51]
and of Haissig (1973, 1986) [50,52], a general model for leaf nutrient concentration can be
established. The mother plant should be well nourished with macronutrients such as P, K,
Ca, and Mg, and should be moderately deficient in nitrogen.
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Organic waste compost-based substrates present the highest available contents of
NH4

+-N and NO3
−-N, which is possibly associated with the higher proportions of poultry

and cattle manure, coffee husk, and sewage sludge in the mixes. In comparison to the
commercial substrates, the levels of NH4

+-N in the organic waste compost-based substrates
are higher, and in most cases above the ideal range recommended by Abad et al. (2001) [10].
The clones (E. grandis × E. urophylla) preferentially absorbed NH4

+-N in relation to NO3
−-

N. However, as verified by Atiyeh et al. (2000) [53], the high content of NH4
+ in poultry

manure could affect plant roots, which may cause detrimental effect in the plant growth.
Studies on the effects of various types of compost on forest production are quite

disparate and highly variable. Composted manure did not increase root development or
water status in poplars, but increased soil water retention properties. This type of compost
caused growth gain. Compost of municipal solid residues stimulated the growth of poplar
and eucalyptus. Compost or mulch of Southern fern moderately stimulated the growth of
eucalyptus seedlings (+8 to 20%) [49]. In most cases, the spreading of sludge, pretreated
wastewater, manure, compost, and industrial effluents actually caused an increase in
organic carbon, organic matter, and nitrogen in the soil and increased the productivity of
willows, poplars and eucalyptus, filling the deficiencies in N and K of the trees.

In this study, the highest values of eucalyptus growth were obtained with S3, the
substrate made with compost derived from corn bare cobs and poultry manure. This might
have happened because growth is a function of total pore space [54]. A substrate with low
bulk density is economically favorable because it significantly improves the operational
capacity of the growing medium, decreasing the cost of transport and manipulation of the
materials [55].

Several authors agree with the results found in this study. Oliveira Junior et al.
(2011) [56] concluded that the presence of livestock manure in the formulation of substrates
gives rise to benefits such as an increase in the supply of nutrients, a reduction in costs in
the production of seedlings, and a decrease in the dependence on forestry in relation to
commercial substrates. On the other hand, Santos et al. (2000) [57] highlighted that it is
difficult to find a material that meets all the requirements of the species that are cultivated.
However, Da Silva et al. (2012) [58] obtained the best results for the production of clonal
seedlings of E. urophylla × E. grandis hybrids using coconut husk fiber and carbonized rice
husk as pure components of the substrate, indicating that it is possible to find materials that,
in a pure state, can be used as substrates. In this sense, Sallesses et al. (2015) [13] obtained a
better agronomic response in hybrid clones of E. grandis × E. camaldulensis with a substrate
based on composted poultry manure (100%). Although this compost had limitations of use
due to the high electrical conductivity, limited thermophilic phase, and a certain degree
of toxicity [59], when used as a substrate for eucalyptus seedlings they obtained the best
results. In this sense, composts of livestock origin, despite the limitations on their use due
to their physicochemical properties, could be used as substrates in forestry.

These alternative substrates, when well characterized and corrected by suitable mix-
tures, make it possible to produce plants with better quality more rapidly and avoid
over-exploitation of natural peatlands [60]. The use of those substrates contributes to
resolving the problem of local waste generation (e.g., production waste and poultry ma-
nure). Alternative substrates must be increasingly used in order to include horticulture in
sustainable agricultural systems [7].

An alternative to improve the agronomic performance of organic wastes composted-
based substrates in order to reach the performance presented by commercial substrates
would be to increase the addition rate of plant residues rather than animal waste, thereby de-
creasing EC and nutrients contents. The combination of peat with organic waste is another
strategy that can reduce high salinity, heterogeneity, and/or high content of contaminants
and nutrients in substrates [61].

Marrón (2015) [49] attempted to compile the results of studies about the effects of
land applications of various kinds of residues (principally organic), including sewage and
industrial sludge, wastewater, manure, compost, ashes, biochar, and landfill leachates in
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plantations, under natural conditions, or under controlled pot conditions of the three species
mostly used for short-rotation coppice (SRC), namely, willow, poplar, and eucalyptus.
Agronomic (at plant and soil levels) and environmental (soil and water contamination)
effects were reviewed. The authors found that only 8% of the 288 references were from
South America. In contrast to agriculture, where manure is primarily used, in short rotation
coppice is used less than one third of the time. In the present study, we found clone
preference and synergism for specific substrates. Zaller (2007) [62] highlighted differences
of vermicompost effects between crop varieties and provided recommendations on the
optimum proportion of vermicompost amendment to horticultural potting substrates.

These results suggest that further research is necessary on the final use of these com-
posts in agricultural applications. This is a strategic way of solving a specific waste problem
by recycling it and turning it into a valuable component for a cultivation substrate for
specific primary productions. These results suggest that the interactions among substrates
and clones are worthy of further investigation.

5. Conclusions

The studied substrates showed higher survival than that of the control. E. grandis ×
E. camaldulensis hybrid propagation could be carried out in alternative substrates formulated
from poultry manure compost. The physicochemical characteristics of substrates composed
of pine bark and poultry manure compost provide adequate conditions for the growth of
eucalyptus. In this sense, the composting treatment of poultry manure and its use in forest
nurseries contributes to the circular economy approach by minimizing negative effects on
the environment.

GC8 was the genotype most sensitive to the use of different substrates, showing
significant differences in several vegetal growth parameters (roots/callus ratio, radicular
dry weight and cutting dry weight). This clone might be a good option to evaluate compost-
based substrates for forestry applications.
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Abstract: This work proposes a suitable treatment for the leachates from a sewage sludge composting
process using a specific windrow (biopile). The biopile’s evolution and organic content degradation
were followed for 2 months with regular leachate spraying to assess the physico-chemical and
biological impacts, and determine the risk of enrichment with certain monitored pollutants. The final
objective was the valorization of the biopile substrates in the composting process, while respecting
the quality standards of use in a circular economy way. Classical physico-chemical parameters
(pH, conductivity, dissolved organic carbon (DOC), total dissolved nitrogen (TDN), etc.) were
measured in the leachates and in the water-extractable and dry-solid fractions of the biopile, and the
catabolic evolution of the micro-organisms (diversity and activities), as well as the enrichment with
persistent organic pollutants (POPs) (prioritized PAHs (polycyclic aromatic hydrocarbons) and PCBs
(polychlorinated biphenyls)), were determined. The results showed that the microbial populations
that were already present in the biopile, and that are responsible for biodegradation, were not
affected by leachate spraying. Even when the studied compost leachate was highly concentrated with
ammonium nitrogen (10.4 gN L−1 on average), it significantly decreased in the biopile after 2 weeks.
A study on the evolution of the isotopic signature (δ15 N) confirmed the loss of leachate nitrogen in its
ammoniacal form. The bio-physico-chemical characteristics of the biopile at the end of the experiment
were similar to those before the first spraying with leachate. Moreover, no significant enrichment
with contaminants (metal trace elements, volatile fatty acids, or persistent organic pollutants) was
observed. The results show that it would be possible for composting platforms to implement this
inexpensive and sustainable process for the treatment of leachates.

Keywords: compost; leachate treatment; reuse on site; sewage sludge; green waste

1. Introduction

The European Union’s waste management policy, which has been implemented for
more than a decade [1], continues to influence the actions of the EU member states, with
increasingly ambitious targets being set over the years. One of the main objectives is to
move towards a sustainable development model known as the circular economy [2]. In
France, the National Waste Prevention Program (Programme National de Prévention des
Déchets—PNPD) guides the strategies for the public policy of waste prevention and plans
to reduce household and similar waste by 15% for the 2021–2027 edition [3]. In the reduction
of waste quantities and the circular economy model, the recovery of non-avoidable wastes is
a priority, and material recovery is prioritized before energy recovery. Among the material
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recovery routes, composting and methanization are often considered for urban organic waste
(bio-waste, green waste, sludge from sewage treatment plants, etc.).

The composting process is an aerobic transformation of fermentable materials under
controlled conditions. Two phases follow one another during composting: a bio-oxidation
and hygienization phase with a rise in temperature, and a maturation phase with a drop in
temperature, which makes it possible to obtain a stable material rich in humic compounds.
Stabilized compost is mainly used as an organic amendment [4] and also in bioremedia-
tion [5]. This technique thus enables a large proportion of fermentable organic waste to be
valorized via material recovery.

Sewage sludge, the final residue of urban wastewater treatment, is well-suited to
this type of recovery. The MIATE (materials of agronomic interest derived from water
treatment) compost in France, which is generally obtained by a joint treatment with green
waste, can be used in agriculture according to the NFU 44-095 quality standard of AFNOR
(Association Française de Normalisation) [6]. This standard specifies the thresholds for
certain physico-chemical and biological parameters in order to guarantee the quality of
the compost produced for an organic soil amendment. In particular, the total phosphorus
in P2O5 must be less than 3% by raw weight (RW), the dry weight (DW) expressed as
raw weight must be greater than or equal to 50%, the sum of seven monitored PCBs
(polychlorinated biphenyls) must not exceed 0.8 mg kg−1 DW, and limit values are given
for some PAHs (polycyclic aromatic hydrocarbons) (4 mg kg−1 DW for fluoranthene,
2.5 mg kg−1 DW for benzo(b)fluoranthene, and 1.5 mg kg−1 DW for benzo(b)pyrene) and
for some trace metal elements (TMEs) (300 mg kg−1 DW for Cu, 180 mg kg−1 DW for Pb,
and 3 mg kg−1 DW for Cd).

Regardless of the method used (mixture of several substrates or not), the composting
process leads to the production of leachates, or compost juices, resulting from the perco-
lation of water (process and metabolic water) in the materials treated mainly during the
bio-oxidation phase. Several organic (dissolved and particulate organic matter, volatile fatty
acids) and inorganic (ammonium, nitrates, phosphates) compounds are present in leachates,
as well as pathogens (Salmonella spp., Listeria monocytogenes, etc.) and, potentially, inor-
ganic and organic pollutants (PCBs, cadmium, copper, lead, etc.) [7]. Leachate production
amounts vary between 5 and 170 L t−1 of waste, according to the literature [8]. In France,
these liquids have to be treated and/or eliminated, according to Article 22 of the Decree of
22 April 2008, governing the Classified Installations for the Protection of the Environment
(ICPE) [9]. The choice of draining leachates by returning them to a wastewater treatment
plant (WWTP), which is often the least technically restrictive option, generally represents a
high cost, and regulatory constraints compromise this solution. Among the most widely
used alternative techniques to treat leachates are reverse osmosis [10], evaporation [11],
and electrochemical oxidation [12]. These technologies require a heavy investment for the
acquisition and the daily operating cost. Other more rustic techniques are used to treat
leachates, such as reed filters [13,14] and agro-industrial materials [15]. Concerning the
reed filter, this method requires a substantial layout to support the continuous flow of
effluent and a highly optimized sizing in order to limit the saturation of the system, which
is highly conducive to odor pollution and problematic for sites in urban areas. For the other
rustic methods, their application on an industrial scale deserves further investigation.

The aim of this research was to evaluate a low-cost alternative procedure to treat, and
reuse on site, the compost leachates produced during the bio-oxidation phase of composting,
in accordance with a circular economy approach and its economic and environmental issues.
For this purpose, we worked on a platform producing MIATE compost, which generates
leachates with a high organic matter content.

The treatment process was based on the spraying of leachates at regular time intervals
on selected green waste biopiles in order to favor the liquid retention and biodegradation
of the organic load of the leachates coming from the sewage sludge bio-oxidation step of
composting (mixed with green wastes). The potential degradation of a specific biopile and
the assessment of the potential risk of its enrichment with certain tracked pollutants or un-
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wanted compounds were investigated through physico-chemical analysis, microbiological
activity, and microbiological diversity studies. The obtained results could hypothetically
validate the ultimate the valorization of biopile substrates in the composting process in a
circular economy way, respecting the quality standards of use for MIATE composts.

2. Materials and Methods
2.1. Study Site: Setting up of the Biopile and Trial Progress

The study was performed at the SARL Biotechna composting platform (43◦22′37.4”
N 5◦11′27.8” E) located in Ensues-la-Redonne, France. Biotechna has been an ICPE site
since 2004 and treats up to 30,000 t of green waste and 30,000 t of WWTP sludge each year
to produce MIATE compost according to the French standard (NFU 44-095). During the
industrial composting process, between 2000 and 3000 m3 of leachates (derived from the
bio-oxidation step) are produced each year. These leachates are stored in a watertight tank
before their treatment in WWTPs.

The biopiles were composed of a mixture of 80% crushed green waste (size: 80–110 mm)
and 20% green waste compost (size: 20 mm) favorable to leachate retention and treatment
conditions. This composition was selected after optimization pre-studies, considering
the materials that are available on site in a self-centered circular economy (results not
presented here). These pre-studies consisted of various mesocosm tests with different
mixtures of crushed green waste (with or without sieving—20 mm) and green waste
compost, through which the composition was optimized to guarantee the retention ca-
pacity and biodegradation of the leachate (a majority of crushed green waste allowed
structuration of the biopile and a good aeration to favor biological activity). The di-
mensions of the experimental biopiles were 5 m long, 4 m wide, and 2.3 m high. The
total surface area covered was 20 m2, for a total volume of 46 m3. Watering was car-
ried out on a surface of 12 m2 at the top of the biopile to avoid rapid percolation in
the peripheral areas and the loss of leachates. A sprinkler system with 6 sprinklers
(Ref. Sprinkler head—Pendent K80 DN 15 1

2 Male—68◦—TY325) overhung the windrow
and sprayed 1.5 m3 (flow rate = 37.5 L min−1) during each watering (the equivalent of 5.4%
of the sprayed volume of the biopile). Furthermore, these watering conditions ensured
an optimal retention capacity and avoided percolation at the bottom of the biopile and
potential olfactory disturbances due to bad odors. The experiment was undertaken over
8 weeks, for a total of 4 waterings, to examine the potential for biopile enrichment with
tracked pollutants or unwanted compounds. A watering frequency of 2 weeks allowed
for the observation of the potentially significant evolutions of the monitored analytical
parameters. The different steps and sampling campaigns carried out during the trial are
presented in the Supplementary Materials, Table S1. For each watering step, 3 sampling
campaigns were defined: sampling after the supply was completed (“after supply”), sam-
pling one week after watering (“after 1 week”), and sampling two weeks after watering
(and before the next watering) (“after 2 weeks”). During each watering step, samples were
systematically collected before and after watering. A control biopile was monitored during
the experiment, with the same characteristics (composition and size) and conditions of
spraying as the test biopile, but with clean water instead of compost leachate.

The analyses of the liquid fractions (water extracts and leachates) were carried out on
the quantification of dissolved organic carbon, total dissolved nitrogen, phosphate, nitrate,
volatile fatty acids, and the monitoring of some spectroscopic indices, such as specific
ultraviolet absorbance at 254 nm (SUVA254) and the E2/E3 index (ratio of Abs 250 nm/Abs
365 nm, with Abs meaning absorbance). For the solid phase, the total carbon, total nitrogen
with nitrogen isotopy (δ15 N), total trace metal elements, and total phosphorus, as well as
some PAHs and PCBs of interest, were monitored.

2.2. Sampling and Pretreatment of Solid Samples

During each sampling campaign, 3 solid samples were collected randomly from the
windrow at a depth between 30 and 80 cm, in order to accommodate the sampling variability
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of such a heterogeneous substrate. Two were located oppositely and at the periphery of the
sprayed area, and one was located in the center of this area. Each sample was sieved using
a 50 mm mesh sieve before 3 successive quarterings to obtain a representative sample of
about 1 kg, which was distributed into bags and stored at 4 ◦C for further analysis.

The dry-solid samples obtained after oven drying at 105 ◦C were grinded in 3 steps:
2 successive grindings in a Fristch mill with a sieve size of 2 mm followed by a sieve size
of 0.25 mm, and a final grinding in an RM 200 mortar grinder to obtain fine particles for
the analysis of the solids.

2.3. Sampling and Pretreatment of Liquid Samples

During each watering campaign, 6 L of leachate was sampled and stored in amber
glass bottles in darkness at 4 ◦C prior to analysis.

The water extracts [16] obtained from fresh samples were carried out according to the
following protocol: 6 g of fresh solid was mixed with 60 mL of ultra-pure water produced
by a Millipore water system (Milli-Q® Direct, Darmstadt, Germany). The samples were
shaken at 125× rpm for 2 h and then centrifuged at 8000× rpm for 15 min at 20–22 ◦C. Both
the supernatants and the leachate samples were filtered through 0.45 µm PolyEtherSulfone
filters before the analysis.

For each sampling campaign, the obtained analytical values corresponded to the average
and confidence interval for the 3 collected samples (n = 3). The result for each compound
(i) analyzed in the water extracts was expressed using the following Equation (1):

Concentration (i) =
C mg L−1∗ V(L)
Dry Weight (g)

= X mg g−1 DW (1)

where the dry weight (DW) is the exact mass obtained after drying at 105 ◦C, C is the
measured concentration of a physico-chemical value in solution, and V is the volume of the
ultra-pure water used for the water extraction, which corresponds to 0.06 L.

2.4. Sample Treatment and Analysis
2.4.1. Measurements of pH, Conductivity, Temperature and Humidity

The pH and conductivity were measured in the water extracts and leachate samples
using multi 3420 portable probes provided by WTW.

Temperature measurements were obtained on site using a TCK mobile probe during
the sampling campaigns in the biopile at a depth of 50 cm. To evaluate the humidity of the
samples, approximately 200 g of fresh (raw) sample was placed in an oven at 105 ◦C. The
drying was monitored for 72 h, and the weight was measured regularly until a stable dry
weight was reached.

The moisture X was calculated according to the following Equation (2):

Moisture (%) =
Raw weight (g)− Dry weight (g)

Raw Weight (g)
= X (2)

2.4.2. Water Extract (WE) Analysis
Dissolved Organic Carbon (DOC) and Total Dissolved Nitrogen (TDN) Analysis

The measurements of the DOC and TDN were carried out with a multi N/C® 2100
S [17]. This method allowed for the simultaneous determination of the carbon and nitrogen
content in the water extract samples. Each sample (250 µL) was injected twice, and the
average was reported as the DOC (mgC L−1) or TDN (mgN L−1). The detection limits were
3.19 mgC L−1 for DOC and 1.16 mgN L−1 for TDN.

Ammonium (NH4
+) and Volatile Fatty Acid (VFA) Analysis—Fluorescence Microplate

Reagents:
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The reagents used in this work were: o-phthaldialdehyde (OPA), N-acetylcysteine (NAC),
N′-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC), N-(1-naphthyl)ethylenediamine
(EDAN), 7-aza-1-hydroxybenzotriazole (HOAT), and absolute ethanol (EtOH).

• Ammonium

Ammonium was assayed using a microplate method with fluorescence detection
(top configuration), following the formation of a fluorescent derivative (isoindole) by the
reaction of the ammonium ions, OPA and NAC [18]. After preheating the microplate reader
(Synergy™ HTX Multi-Detector Microplate Reader—BioteK) to 30 ◦C, 100 µL of the sample
was dropped into the well; then, 20 µL of NAC (20 mM) was added, followed by 30 µL of
OPA (13 mM). After shaking inside the reader (orbital mode with an amplitude of 3 mm),
the fluorescence was measured at λexc = 415 nm and λem = 485 nm.

• Volatile Fatty Acids

The volatile fatty acids were analyzed in the same microplate reader with a fluores-
cence detection method [19]. The reader was preheated to 40 ◦C before depositing the
following: 150 µL of HOAT (6 g L−1) and EDAN (1 g L−1) at a pH of 5; 30 µL of the sample;
and 20 µL of EDC at 100 g L−1 in EtOH. After first shaking for 5 min, 25 µL of KH2PO4
(250 mM) in NaOH (0.35 M) was added before a second shaking for 2 min. Finally, 20 µL of
OPA (60 g L−1) in EtOH was added before a third shaking for 5 min. The readings were
taken at λex = 335 nm and λem = 442 nm.

Anion Analysis—Nitrate (NO3
−) and Phosphate (PO4

3−)

The anions were analyzed using ion chromatography on an ICS-3000 HPLC sys-
tem (Dionex) equipped with an AG11-HC guard column, an AS11-HC analytical column
(4 × 250 mm), a Dionex CD-25 conductivity detector, and a 200 µL injection loop. The anal-
yses were performed in isocratic mode (22.5 mM NaOH in helium-purged deionized water)
at 30 ◦C, with a flow rate of 1.5 mL min−1. An external electrochemical suppression system
(ACRS 500 4 mm) was added to improve the signal-to-noise ratio [20]. The system control
and data processing were performed using the Chromeleon7® software (ThermoFisher
Scientific, Waltham, MA, USA). The quantification limits were 0.06 mgN L−1 for NO3

− and
0.16 mgP2O5 L−1 for PO4

3−.

Monitoring of Spectroscopic Indices

The molecular properties of the dissolved organic material were monitored by UV-
visible absorption. The spectra were performed on a Shimadzu UV-1800 spectrometer
over a wavelength range of 200 to 1000 nm using a 10 mm quartz optical cell—3 mL
volume. We calculated two spectroscopic indices to evaluate the evolution of the organic
matter contained in the water extracts, representing WEOM (water-extractable organic
matter) [16,21,22].

• The E2/E3 ratio was used to monitor the degree of aromaticity of the organic matter
and the molecular size [23]. It was calculated as follows:

E2/E3 = Abs 250 nm/Abs 365 nm
Abs: Absorbance

• The SUVA254 was measured to determine the abundance of aromatic carbons and
provide a quantitative value of their content per unit concentration of dissolved organic
carbon [24,25]. The SUVA254 was obtained by dividing its absorbance at 254 nm by its
DOC value (mgC L−1) and the cell path length (m), and was expressed in L mgC−1 m−1.

2.4.3. Analysis of Solid Substrates
Total Carbon (TC) and Total Nitrogen (TN) Analysis

Elemental and isotopic analyses were performed using a coupled elemental analyzer
(EA Flash HT Plus, Thermo Fisher Scientific, USA) with a mass spectrometer (IrMS Delta
V Advantage, Thermo Fisher Scientific). Stable nitrogen analyses were performed via a
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combustion reactor (1000 ◦C) under a carrier gas flow (helium: 100 mL min−1) with the
sample sealed in a tin capsule and introduced via an automatic injector. The gases were sep-
arated on a chromatographic column before being quantified via the catharometric detector,
and were then introduced into the mass spectrometer for isotopic analysis. The δ15 N ratio
(15 N/14 N = δ15 N) analyses were expressed relative to atmospheric nitrogen [26–28].

Analysis of Total Phosphorus (TP) and Trace Metal Elements (TMEs)

Grinded solid samples were mineralized using a Start D microwave digester
(Milestone, Brondby, Denmark). A total of 0.2 g of the finely ground sample (Section 2.2)
was mineralized in 3 mL of Trace Metal Grade hydrochloric acid (Fisher Chemical Illkirch,
Illkirch-Graffenstaden, France, HCl 35–38%) and 6 mL of Trace Metal Grade nitric acid
(Fisher Chemical Illkirch, France, HNO3 67–69%). After recovering the sample in a 25 mL
volumetric flask with ultrapure water, the sample was filtered through a 0.45 µm cellulose
ester membrane filter.

The mineralized samples were analyzed using inductively coupled plasma optical
emission spectrometry (ICP-OES) [29–31]. A JY 2000 Ultrace Sequential (Horiba Jobin Yvon,
Edison, NJ, USA) was used, with a 2400 line min−1 array, a monochromatic system, a
cyclonic quartz spray chamber, and a radial plasma measurement system. Quality controls
and accuracy were checked using two certified reference materials (CRM) of plant (CRM
DC 73349) and soil (CRM DC 73323) with accuracies within 100 ± 10%.

Analysis of Persistent Organic Pollutants (POPs)

The solid samples for PAH and PCB analysis, stored at −80 ◦C, were freeze-dried
before being ground to obtain particles of 0.25 mm. The extraction was performed in
an ultrasonic bath for 15 min on 1 g of sample spiked with deuterated standards, which
was placed in 40 mL of a solvent mixture of 1/1 hexane (n-Hexane ≥ 97%, HiPerSolv
CHROMANORM® for HPLC) and dichloromethane (Dichloromethane≥ 99.8%, HiPerSolv
CHROMANORM® for HPLC). The supernatant was filtered through a 0.45 µm PTFE
(polytetrafluoroethylene) filter. The extract was concentrated to a volume of 5 mL under a
gentle stream of N2 with Turbovap® II at 35 ◦C. The extract was finally purified on a Florisil
SPE cartridge (1 g 6 mL) provided by Restek using a two-step elution with hexane (25 mL)
and dichloromethane (5 mL).

A GC–MS method for PAH and PCB identification and quantification was modified
from a previous study [32]. The GC–MS system was a Clarus 600/600 C from Perkin Elmer,
equipped with a programmable temperature-vaporizing (PTV) injector programmed from
50 to 250 ◦C at 200 ◦C min−1. This enabled the identification and quantification of 7 PCBs
(PCB 28, PCB 52, PCB 101, PCB 118, PCB 138, PCB 153, and PCB 180) and 3 PAHs (fluo-
ranthene, benzo(b)fluoranthene, and benzo(a)pyrene). However, benzo(b)fluoranthene
and benzo(k)fluoranthene could not be separated with the analytical method and thus,
the compound analyzed was benzo(b,k)fluoranthene. A Perkin Elmer DB-5 MS column
(30 m × 0.25 mm × 0.25 µm) was used and 1 µL was injected in the splitless mode. A spe-
cific oven temperature program from 60 to 280 ◦C was developed to separate all compounds:
60 ◦C for 1 min, heated to 150 ◦C at 40 ◦C min−1, then heated to 280 ◦C at 6 ◦C min−1 and
held for 20 min. Helium was used as the carrier gas at a constant flow rate of 1 mL min−1.
The ion source temperature was fixed at 250 ◦C and compound ionization was performed
by electron impact ionization (70 eV). The quadrupole mass spectrometer operated with
the simultaneous collection of a full scan and selected ion recording (selected ion full ion
mode, or SIFI mode). The limits of detection (LOD) for the PCBs and PAHs ranged from
2.45 to 19.11 µg kg−1 DW and 2.13 to 11.70 µg kg−1 DW, respectively.

2.4.4. Microbiological Analyses

The functional diversity of bacterial communities was studied using EcoplateTM biolog
microplates, which contained 96 wells corresponding to three repetitions each of 31 carbon
sources and three wells containing water as controls [17,33]. After a respiratory process,
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the use of a carbon source led to the reduction of triphenyltetrazolium (TTC) to formazan,
absorbing at 590 nm.

A fresh sample equivalent to 5 g of dry weight, stored for 24 h at 4 ◦C after collection,
was added to 100 mL of 0.1% sodium pyrophosphate and stirred at 80× rpm for 2 h. An
amount of 2 mL of the “S1” supernatant was placed in an Eppendorf tube, then centrifuged
at 500× rpm for 10 min to obtain the “S2” supernatant. The organic matter was standardized
by measuring the absorbance of the “S2” supernatant at 600 nm, diluted ten times with
sterile 0.85% NaCl solution. When necessary, the “S2” supernatant was re-diluted with
sterile 0.85% NaCl to obtain a final volume of 40 mL with an Abs = 0.03.

Two indices were calculated after measuring the absorbances after 48 h of incubation at
40 ◦C: The Shannon–Weaver index, H′, which provided information on the diversity of the
bacterial communities in the sample [34], and the AWCD (average well color development)
index, which provided information on the overall microbial catabolic activity present
in the sample [35].

• The Shannon–Weaver index was calculated using the following formula:

H’ = −∑Pi lnPi, where Pi = Abs(i)/∑Pi, where Abs(i) is the optical density for each
positive well i and ∑Pi is the sum of the color development of all positive wells.

• The AWCD index was calculated using the following formula:

AWCD = ∑Abs(i)/31, where Abs(i) is the optical density for each positive well (i), and
31 is the number of wells.

2.5. Data Clustering for Statistical Analysis

The objectives were to study the potential abatement and fate of certain compounds
and physico-chemical parameters of the leachate after several inputs into the biopile.
As seen before, after each leachate addition, three sampling steps were investigated
(Section 2.1). For each measured parameter, the average values calculated on all watering
steps according to these three sampling steps led to statistical comparisons between these
three steps, in order to evaluate the abatement over a period of 2 weeks after spraying
the biopile with compost leachate. The first watering was discarded from the dataset for
statistical processing because the obtained values corresponded to an anomaly. The non-
parametric Kruskal–Wallis test with Dunn’s procedure was applied to evaluate significant
differences between the measured averages. The statistical analyses were performed using
XLSTAT statistical and data analysis solutions (Paris, France; https://www.xlstat.com).

PHREEQC (https://www.usgs.gov/software/phreeqc-version-3, 2021) was used to
model the speciation of ammonia nitrogen in the biopile.

The EcoplateTM biolog values (AWCD values obtained for each well) were also ana-
lyzed by principal component analysis (PCA) to explain the variance between the different
microcosms. For each treatment, the barycenter of the 3 replicates was calculated. The PCA
approach, carried out on AZURAD® (http://www.azurad.fr/logiciel-plans-experiences.
php), made it possible to project the quantitative variables (substrates consumed) and the
individuals (sampling campaigns) measured from the biologs.

3. Results and Discussion
3.1. On-Site Characteristics of the Biopile

The average temperatures were, respectively, 74.0 ± 4.6 ◦C (n = 8) and 75.0 ± 5.3 ◦C
(n = 8) for the biopile watered with clean water (control biopile) and for the biopile watered
with leachate (test biopile). The humidity was equal to 53.0 ± 3.4% on average for the
control biopile and 48.0 ± 4.5% for the test biopile. These values corresponded to optimal
conditions for microbial growth during the thermophilic phase [36,37].

3.2. Physico-Chemical Characteristics of the Leachates

During the entire experimentation period, the physico-chemical characteristics were
determined in the different leachates sprayed on the biopile; the results are presented in
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Table 1. A high nitrogen content was noticed, mainly attributed to ammonium ions (more
than 80%) and a high ionic strength with an average conductivity value of 49 mS cm−1.
The conductivity ranges of the leachates were in the range of other values reported in the
literature (1.4 to 82.6 mS cm−1) [8].

Table 1. Physico-chemical parameters of the leachates. Min and Max: the values measured during
the trial for each parameter (n = 4, except for NO3

− and PO4
3−); and *: LOQ.

Watering
pH Conductivity DOC NO3− NH4

+ TDN PO43− VFAs

- mS cm−1 mg L−1 mgN L−1 mgN L−1 mgN L−1 mgP2O5 L−1 mg L−1

I 8.0 54 2846 <0.06 * 8809 9670 4.9 <23.4 *

II 7.9 46 3323 134 11673 12346 5.2 <23.4 *

III 8.2 58 1549 162 10099 10686 <0.16 * <23.4 *

IV 7.9 39 4095 <0.06 * 11183 13260 <0.16 * <23.4 *

Mean 8 49 2953 - 10441 11490 - -

SD 0.1 9 1068 - 1271 1615 - -

Min 7.9 39 1549 <0.06 * 8809 9670 <0.16* -

Max 8.2 58 4095 162 11673 13260 5.2 -

DOC: dissolved organic carbon; TDN: total dissolved nitrogen; and VFAs: volatile fatty acids; SD: standard
deviation; LOQ: limit of quantification.

3.3. Water Extract Analysis

− Evolution of Physico-Chemical Parameters

Table 2 shows the values obtained after the physico-chemical analysis of the water
extracts (WEs) throughout the experiment in the test biopile. The results show that the
biopile WEs were impacted by the different leachate inputs. Although the pH remained
close to neutral (7.8), we noted a strong increase in the average conductivity. The latter
doubled at the end of the trial to 4 mS cm−1, compared to 2 mS cm−1 before the first
addition of leachate. In addition, the detection of volatile fatty acids was only achieved in
two samples that were collected 2 weeks after watering (Supplementary Materials, Table
S2). Their presence suggests that anaerobic areas could sometimes exist in the biopile [38],
but that most of the time, aerobic conditions are predominant.

Table 2. Physico-chemical data (±CI, n = 3) of the water extracts (WEs) from the test biopile substrate.
Min and Max: the values measured during the trial for each parameter (n = 12, except for VFAs and
before supply); and *: LOQ.

Sampling
Campaigns

pH Conductivity DOC NO3− NH4
+ TDN PO43− VFAs SUVA254 E2/E3

- mS cm−1 mg g−1

DW
mgN g−1

DW
mgN g−1

DW
mgN g−1

DW
mgP2O5 g−1

DW
mg g−1

DW
L mgC−1

m−1 -

Before first
supply 7.7 ± 0.26 2 ± 0.2 15.00 ±

12.62
0.027 ±

0.032 0.32 ± 0.16 1.34 ± 0.75 0.107 ± 0.050 <0.4 * 1.41 ± 0.70 4.71 ± 0.11

After 8 weeks 7.9 ± 0.15 4 ± 1.3 8.85 ±
9.68

0.080 ±
0.110 6.30 ± 6.07 9.54 ± 2.84 0.083 ± 0.021 1.5 2.55 ± 2.28 4.47 ± 0.48

Mean 7.8 3.6 7.03 0.061 6.33 7.94 0.115 - 2.16 4.53
SD 0.1 0.7 1.72 0.051 2.50 3.21 0.041 - 0.50 0.48

Min 7.6 3 4.75 0.003 3.10 4.02 0.052 <0.4 * 1.62 3.28
Max 8.0 5 9.33 0.159 10.34 13.18 0.199 9.2 3.55 5.17

DOC: dissolved organic carbon; TDN: total dissolved nitrogen; SUVA254: specific ultraviolet absorbance at 254 nm;
E2/E3: absorbance ratio at 250 nm/365 nm; and VFAs: volatile fatty acids; CI: confidence interval; SD: standard
deviation; LOQ: limit of quantification.

The weak variation in the DOC values in Figure 1 shows that biopile enrichment with
leachate spraying is negligible, although the leachates contained a high organic carbon con-
tent (average concentration equal to 2953 mg L−1, Table 1). No significant differences were
demonstrated between the initial and final DOC values for the test biopile, thus demon-
strating a lack of accumulation of organic matter (non-parametric Mann–Whitney test,
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p > 0.05), as well as between both biopiles (non-parametric Mann–Whitney test, p > 0.05).
Furthermore, a decrease in the DOC values was observed after watering with water or
leachate, which suggests that hydrosoluble organic compounds present in the biopiles
could be washed off during the watering. Indeed, during the biodegradation phase of the
organic matter from both the substrate and leachate present in the biopile, some organic
compounds such as simple sugars and organic acids were produced [39] and could then be
brought into the biopile core during watering. Moreover, the concentrations of nitrate and
phosphate ions were not affected by the leachate additions.
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From the qualitative indices determined by spectrophotometry, an evolution of the
organic matter quality during the 8 weeks of testing could be observed. Indeed, the
E2/E3 index varied differently for the watering steps: a non-significant decrease took place
immediately after the waterings and a slight increase was observed during the following
2 weeks. Such behavior could be correlated with the previous results on DOCs, with the
leaching of simple organic compounds resulting in higher E2/E3 index values during the
waterings, and the following production of organic compounds by biodegradation leading
to a slight increase in this ratio.

The SUVA254 index did not vary significantly during the experiment. This index is
mainly related to the degree of aromaticity and the molecular weight of the organic matter,
and therefore the stabilization of humic substances [40]. It is quite normal that, at this stage
of evolution, after 8 weeks of testing and with still-active biodegradation in the biopile, no
trend could be observed.

These results demonstrate the very low impact of the leachate on the overall composi-
tion of the biopile. They also demonstrate that it is possible to implement a simple process
on site that is capable of optimally processing leachate without considerably enriching the
green waste mixture.

− Particular Evolution of Ammonium

Nitrogen compounds, and particularly ammonium ions, are of great interest due to
their major contributions to the treatment of sewage sludge compost leachates. Indeed,
more than 80% of the nitrogen introduced by the leachate corresponded to ammonium ions
(Table 1). Figure 2a represents the temporal evolution of ammonium during the trial. We
observed that the control biopile, watered with clean water, contained very little TDN. The
test biopile, watered with leachate, was impacted by successive supplies of leachate with
a high ammonium load. The evolution of ammonium during the experiment showed a
decrease during the two weeks following a watering.
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extracts, and (b) monitoring of the ammonium nitrogen (NH4
+) abatement evolution in the test
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test with Dunn’s procedure, p value = 0.05.

To underline the effects of successive leachate additions on the ammonium ion concen-
trations, a Kruskal–Wallis test with Dunn’s procedure was undertaken; the results are pre-
sented in Figure 2b (except for the first one, as explained previously). Thus, the reduction in
the ammonium nitrogen load is very significant 2 weeks after each watering. This decrease
can be explained either by: (1) biological effects related to the microbial growth conditions
inside the windrow (Section 3.1), or (2) the loss of ammonia nitrogen by volatilization
linked to the elevated temperatures (>75 ◦C) reached in the biopile (Section 3.4).

3.4. Solid Sample Analysis

− Evolution of Physico-Chemical Parameters

Table 3 presents the physico-chemical parameters measured in the solid samples
collected in the test biopile during the entire experiment. The DW decreased with each
successive watering, from 69% RW to 52% RW on average during the whole campaign. No
specific enrichment of the biopile with metallic trace elements was noticed during the trial,
with the initial concentration values (before supply) being very close to those measured
after 8 weeks. This phenomenon was also observed for the total phosphorus.
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Table 3. Physico-chemical data (±CI, n = 3) of solid samples from the biopile substrate; Min and Max: the
values measured during the trial for each parameter (n = 12, except for TP, TMEs, and before the supply).

Sampling
Campaigns

TC TN TC/TN δ15 N TP TMEs (mg kg−1 DW) DW
mg g−1

DW
mgN

g−1 DW - ‰ mgP2O5
g−1 DW As Cd Cr Cu Ni Pb Zn % RW

Before first
supply

324 ±
38 24 ± 3 13 ± 13 6.7 ±

0.9
8.2 ±

1.6
1.1 ±

0.4
0.3 ±

0.1
17.9 ±

4.7
44.0 ±

9.3
9.7 ±

2.4
19.1 ±

4.0
120.7 ±

25.1 69 ± 11

After 8
weeks

345 ±
12 24 ± 4 15 ± 3 5.2 ±

0.5
9.0 ±

0.6
1.5±
0.5

0.3 ±
0.1

16.9 ±
3.0

49.6 ±
5.2

10.0 ±
1.2

23.1 ±
7.3

133.2 ±
7.2 47 ± 8

Mean 328 25 13 6.5 8.4 1.3 0.3 20 46 9.8 20 124 52
SD 9.12 2.93 1.56 0.7 0.6 0.2 0.05 4.7 3.0 0.2 3.3 7.9 8.0

Min 317 21 10 5.2 8.0 1.1 0.2 16.9 44.0 9.7 16.6 119 42
Max 345 32 16 7.4 9.0 1.6 0.3 25.5 49.6 10.0 23.1 133 62

TC: total carbon; TN: total nitrogen; TP: total phosphorus; TMEs: trace metal elements; DW: dry weight; and RW:
raw weight; CI: confidence interval; SD: standard deviation.

Concerning the total carbon, its concentration remained the same during the study.
This was expected, since the organic carbon input from the leachate in a green waste
windrow was negligible compared to the organic carbon already present in green waste
substrates. The measured carbon was essentially organic compounds derived from fresh
plant waste.

The C/N ratio was followed, as it is usually indicative of the stabilization and matu-
ration of the composting product [41] and it gives a qualitative evaluation of the organic
matter decomposition [42]. Herein, the C/N ratio remained constant with an average of 13,
which was suitable for further composting conditions even after the leachate inputs [43].

− Particular Evolution of Total Nitrogen

The evolution of the total nitrogen concentration in the test biopile showed an increase
immediately after the leachate inputs (Figure 3a) and a significant decrease 1 week later
(Figure 3c), except after the first watering. Moreover, in Figure 3b,d, the nitrogen isotopic
signature (δ15 N) confirmed this trend by increasing after the leachate inputs (average value
7.1‰), and decreasing 2 weeks later (average value 5.5‰) (Supplementary Materials, Table S3).
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The change in the isotope ratio of the total N clearly suggests that a loss occurred from
the liquid pool of N, since a loss from solids is not affected by Rayleigh isotope enrichment
in the remining pool.

The loss of nitrogen decreased with ammonium nitrogen. Our calculation with the
PHREEQC model (Supplementary Materials, Figure S1) showed that, at a biopile tem-
perature of 75 ± 5 ◦C, NH3 accounted for about one third of the total ammonia and that
this percentage reached 40% at 85 ◦C. The volatilization of NH3 from an aqueous solution
is a process that is known to cause fractionation of δ15 N [44]. Therefore, the loss of to-
tal nitrogen following the two weeks after watering was probably caused mainly by the
volatilization of NH3 [45]. It should be noted that losses of nitrogen in its gaseous form
(NH3) occur in the various nitrogen transformation processes [46].

− Persistent Organic Pollutant Analysis

The analysis of seven PCBs and three PAHs in the solid phase of the test biopile,
monitored with the French standard (NFU 44-095), showed low levels of organic pollutants
before and after 8 weeks. Regardless of the sample, no detectable PCBs were observed (all
concentrations were under the detection limits). All three PAHs were detected, but only
two of them were quantified, with benzo(a)pyrene being present under its quantification
limit (Supplementary Materials, Table S4). The total concentration of fluoranthene and
benzo(b,k)fluoranthene before and after 8 weeks of spraying were approximately the
same—around 120–130 µg kg−1. The concentration levels determined for the PAHs were
equivalent to those found in the scientific literature [47]. These results demonstrate that the
biopile was not contaminated by PAHs or PCBs from the leachate spraying.

3.5. Microbiological Analyses

The microbiological analyses showed no temporal evolution from week 0 (W0) to week
4 (W4), with a similar catabolic diversity (Figure 4a). This suggests that the leachate inputs
did not significantly modify the catabolic diversity in the biopile for these first 4 weeks.
From the fourth week onwards, the diversity significantly decreased compared to W0 in
the control biopile. In addition, the diversity in the test biopile significantly decreased by
the sixth week compared to W0. This could be related to the addition of organic matter
from week 0 (W0) to week 4 (W4), which may favor the maintenance of certain microbial
communities in the test biopile.
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Figure 4. (a) Evolution of the Shannon–Weaver index (H′, n = 3), and (b) evolution of the global
microbial activity (AWCD: average well color development, n = 3). Different letters indicate a
significant difference between plots according to the Kruskal–Wallis test with Dunn’s procedure;
p value = 0.05 for (a); p value > 0.05 for (b); and * indicates a significant t-test result, α = 0.001.

The overall microbial activity (Figure 4b) in week 6 decreased significantly from that
measured at week 4 for both types of biopiles. However, there was no change in the global
trend of microbial activities from the beginning to the end of the experiment. A significant
difference at W0 between the control and test biopiles was noted before the first watering.
The windrows that were put in place a few days before the start of the test could explain
this result. However, after the first watering, the respective microbial activities of the
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two biopiles were similar. We can therefore identify two evolutionary trends during our
campaign: a first phase, with high catabolic diversity and microbial activities, and a second,
with lower catabolic diversity and microbial activities.

A principal component analysis [48,49] of the biological data is presented in Figure 5
according to PC1 and PC2, which supported 69% of the variance. The PCA clearly shows a
difference in the catabolic profiles of the microbial communities [50] for both the control
and test biopiles, depending on the time of incubation (W0 to W8) and according to PC1
(49% of variance). The projections from the four first weeks of incubation (on the positive
part of the axis) were indeed discriminated from the projections of W6 and W8 (on the
negative part of the axis). Moreover, it should be noted that the microbial catabolic profiles
between the control and test biopiles also differed according to PC1. At W0, the microbial
communities present in the test biopile were involved in the transformation of substrates
such as 2-hydroxybenzoic acid, which is typical of a lignocellulosic substrate. However,
after spraying, it was mainly compounds from carbohydrate families and amino acids
which were the most degraded during campaigns W2 and W4. The microbial communities
involved in the degradation of labile substrates in the biopile were potentially introduced
and/or favored by the leachates. No marker was strongly and positively correlated to
the projections from campaigns W6 and W8. This can be explained by a lower catabolic
diversity and microbial activity.
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3.6. Assessment of Biopile Efficiency in the Perspective of Its Valorization

The evolution of microbial populations during the trial indicated that indigenous
micro-organisms, which are responsible for the biological degradation within the biopiles
(Figure 4), are well-adapted to degrade the available substrates and those potentially
introduced by the leachates.

In the solid phase, among the physico-chemical parameters monitored in the French
standard (NFU 44-095) which governs the production of sewage sludge composts, the
TME and POP results showed that the biopile was not enriched by leachate additions
(Supplementary Materials, Tables S3 and S4). In terms of agronomic criteria, the total
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nitrogen and total phosphorus thresholds measured in the leachate-watered biopile were
similar to those measured in the control biopile (Figure 6).
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These results validate the process of the elimination of compost leachates by spraying
them on a green waste biopile. As the biopile substrate must ultimately join the composting
process for its on-site valorization in a circular economy, it has been shown to meet the
standards of use for MIATE composts (i.e., in accordance with the NFU 44-095 standard for
monitored pollutants and agronomic parameters).

From an economical point of view, the current annual cost for the composting plat-
forms used to treat leachates in a sewage treatment plant is around EUR 130,000. The
alternative process described in this study would have a much lower cost, essentially equal-
ing the cost of purchasing the leachate sprinkling device (EUR 20,000 for an autonomous
watering device for a biopile). The material used as a substrate for the biopile is available
on the composting platform, and the completion of the biopile would be carried out by
staff internal to the company and would require only the completion time (about one day
every 2 months for the management of a biopile).

4. Conclusions

This study allowed us to propose an on-site alternative approach for the treatment of
leachates from sewage sludge composts on a green waste biopile with zero discharge (no
percolate). The microbiological analysis indicated that the microbial populations already
present in the biopile were able to ensure the biodegradation, and that the leachate input
did not significantly modify the catabolic diversity of the biopile. The monitoring of
the physico-chemical parameters showed that the leachate inputs did not significantly
enrich the biopile with organic or inorganic elements or compounds (total organic carbon,
phosphate, total phosphorus, TMEs, or POPs). A significant total nitrogen abatement in
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the solid phase was observed after each leachate addition every 7 days, and in the water
extracts every 15 days, resulting in ammoniacal nitrogen loss.

The duration of the leachate treatment on a biopile could be improved and increased
while respecting the MIATE compost product standards of use, as the biopile substrate
should ultimately reach the composting process for its on-site valorization from a circular
economy perspective. Another point of interest for this method of valorization is the
optimization of the composting process. Future work should involve experiments with the
introduction of the biopile substrate at the start of the bio-oxidation process in a certain
proportion, in order to determine the potential impacts of the microbiological input on the
effectiveness of the biodegradation of organic matter. We hope that the maturation phase
would also be impacted and reduced over time, which would be a positive point in the
management of the composting platform.

Thus, composting platforms could treat their leachates on site with a simple and
rustic method that is economically viable and sustainable, and this could be expanded
to other waste-composting process (household, agricultural, or industrial biowastes) that
produce leachates.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr10061196/s1: Table S1: Watering schedule and sampling
campaigns during the trial; the numbers represent the number of weeks, the roman numerals
represent watering events, and * means after watering; Table S2: Physico-chemical data (± CI, n = 3)
of the water extracts (WEs) from the test biopile substrate; CI: confidence interval; SD: standard
deviation; Min and Max: the values measured during the trial for each parameter (n = 12, except
for VFAs and before supply); and *: LOQ (limit of quantification); Table S3: Physico-chemical data
(± CI, n = 3) of the solid samples from the biopile substrate; CI: confidence interval; SD: standard
deviation; and Min and Max: the values measured during the trial for each parameter (n = 12, except
for TP, TMEs, and before the supply); Figure S1: Speciation of dissolved NH4

+ (0.5 M) as a function
of temperature, calculated using PHREEQC (USGS), Version 3.7 with the database Phreeqc.dat.; Table
S4: Persistent organic pollutants (Mean ± CI, n = 5) of solid samples from the biopile substrate; CI:
confidence interval; *: LOD (limit of detection); and **: LOQ (limit of quantification).
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Abstract: By-products from forestry, agriculture and nature areas are used in compost bedded-
pack housing (CBP) systems for animals. In this communication, we discuss the application of a
CBP system to animal farms and aspects related to the recycling and reuse of the materials in the
context of a circular economy. This study is based on data from ongoing projects and literature. The
following systems are discussed: (i) composting material applied to a specialized animal housing
system; (ii) adding a horticultural component to the animal farm by reusing the compost, and (iii) a
cooperative mixed cattle and crop farming system. The success of integrating a compost bedding
component in the system depends largely on the skills of managing the composting process, the
application of the material in the field, and the cost of acquiring the material. When materials are
amply available, then a real contribution to the circular economy can be made. Cooperation between
farmers in the utilization of by-products is another route to a more circular economy. Moreover, the
analyzed systems can be seen as a Greenhouse Gases (GHG) mitigation practice because they store
carbon in the soil and improve soil quality.

Keywords: by-products; composting material; animal housing; field application; circular economy;
carbon storage

1. Introduction

There are many definitions of circular economy [1]. One definition is “an economic
system of closed loops in which raw materials, components and products lose their value
as little as possible, renewable energy sources are used, and system thinking is at the core”.
The three key Rs of sustainability are Reduce, Reuse and Recycle. Thus, the recycling and
reuse of materials in agriculture contribute to a sustainable circular economy. An example
is the recycling of wood remnants from sawmills, straw from grain farming, grass cuttings
from nature areas and roadsides, and discarded thatch from roofs. Such materials are used
in animal housing as bedding. In this communication, we focus mainly on the bedding
materials used in cattle barns, especially the innovative compost bedded-pack (CBP) barns
where the materials are gradually mixed with animal excreta and regularly aerated. After
some time, when the bedded-pack is (semi) composted, the compost is applied to the land
and reused as a soil improver.

The majority of cows in the Western world are housed in cubicle barns (free stalls;
Figure 1) [2,3]. One cubicle per cow is ideal and a limited amount of bedding material is
used (see Figure 1). The CBP barn (Figure 2) has a lying and movement area which, on
average, is more than twice that in a cubicle barn [4]. The bedding material layer increases
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over time as fresh material is regularly added. The amount of bedding material used
is known to be significantly higher than the quantity used in cubicle housing [4] and it
gradually undergoes a composting process [5]. The CBP system for cattle was initially
developed in Israel and the USA and spread, with some modification, to Europe in the last
decade. Presently, it is increasing as a system in Brazil [6]. It allows cows more freedom of
movement than conventional tie-stalls and cubicle barns [2–4]. The CBP is composed of
a large bedded-pack, located in part of the barn and most times separated from the feed
alley by a 0.5–1 m high concrete wall. A successful composting process requires the input
of oxygen, so the bedded-pack is mechanically cultivated once or twice daily (see Figure 3).
Additional assistance to the composting process is provided, especially in the Netherlands,
by supplementary aeration of the bedded area. For this, pipes are laid on the floor under
the bedded-pack (Figure 3), which facilitates either the sucking or pushing of air through
the pack [3].
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Most studies describe the CPB barn as animal welfare friendly (less lameness, fewer
hock and leg lesions, and more natural behavior than in common housing systems) [7,8],
but opinions differ on the effects on animal health. A review study [4] did not indicate
real differences with respect to somatic cell count in milk from CBP compared to cubicle
housing, but a study in progress using data from the FreeWalk project reported higher
cell counts in the CPB system [9]. In general, a tendency towards increased longevity of
the cow herd is observed while estimates of the costs of housing differ. A multi-criteria
analysis in Europe estimated higher costs for the CBP system mainly because of its larger
surface area per animal [10]. In contrast, US researchers reported lower costs for the CBP
system [2]. Although housing construction requirements and costs differ among countries
there is a general agreement that the CBP system has higher bedding costs than cubicle
housing [2,10,11].

Compost bedding systems are also used in poultry husbandry [12]. Manure from
poultry is drier than manure from cattle, which results in different management of the pack.
Scratching of the pack by the birds serves as a natural means of aeration, in contrast with
the mechanical cultivation used in CBP for cattle.

Compost production experiments in catering companies dealing with food waste [13],
as well as agronomic characteristics of [14] and gaseous emissions from the CBP materi-
als [15] were studied in view of circular processes. To our knowledge, no study has been
reported linking CBP as a holistic system to the circular economy. This communication
study attempts to fill that gap. Aspects of three possible CBP systems (animal based, animal
plus horticulture, and mixed farming) are illustrated in the context of a circular economy.
Furthermore, farmer and consumer perceptions towards the compost bedding systems
are summarized, and the key practices and difficulties to the successful application of the
system are synthesized and discussed on the basis of existing projects and literature sources.

2. Materials Used

This communication synthesizes the results from previous and ongoing studies. It
is based on results from: (1) the FreeWalk project [16], with some additional analysis and
observations. The FreeWalk project collected animal, climate, and nitrogen and phosphorus
data from a group of study farms across six European countries. A sample of 22 CBP
case farms and 22 reference cubicle farms with cattle were monitored during six visits
in a two-year period (2018–2019). The case and reference farms were paired based on
similar characteristics and region. Farmer and consumer perceptions of the two housing
systems in the participating countries were assessed using surveys during 2018. In total,
78 farmers from six European countries, all known to are working or acquainted with the
two housing systems, and 3693 consumers from eight European countries, participated in
the respective surveys. (2) First outcomes of the Climate Care Cattle farming project [17],
which monitors 60 innovative farms in Europe in relation to carbon management and
methane and ammonia emissions from the barns and fields. (3) Information about the
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management of bedding materials in poultry housing. (4) Literature sources (39), which
supported describing the merit of compost bedding material systems for a circular economy.

3. Practices and Synthesis of Results
3.1. Circular Systems of Applying Bedding Material

Three such systems are described:

3.1.1. Application on a Dairy Farm

Wood chips and sawdust, among other materials, are used to develop the bedded-pack
of, on average, 15 m2 per cow with a rather wide variation between countries [2–4]. The
pack is mechanically aerated by use of a tractor with tillers. Additional aeration is provided
by pipes installed to stimulate the composting process [3]. In spring, the exhausted pack
material is transported and superficially spread on the land (Figure 4).
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3.1.2. Application on a Poultry Farm

In Central Europe, corn spindle granules as left over from the maize harvest, among
other materials, are used as bedding. In a fattening period of 28–40 days, 1 kg bedding/m2

will end up as 0.8 kg bedding/kg live weight at a stocking density of 18–20 birds/m2 [12].
Scratching of the pack by the birds serves as a natural means of aeration, while moisture
is supplied via the ventilation system to assist the composting process, which can start as
early as 10 days after installation. Problems arise if slab formation occurs due to coccidial
disease or another reason, which means the animals cannot scratc anymoreh. Animal
welfare guidelines require the litter to be degradable. Mulching is a possibility to prevent
or solve the formation of slabs (Figure 5). Although some farms greatly appreciate hard,
flexible litter, others find that too much of it is eaten as ballast by the laying hens [12]. The
resulting compost from these farms can be easily marketed.
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3.1.3. Added Horticultural Activity Utilizing Composted Bedded Materials

During the grazing season when the cows are at pasture, the CBP barn can be used to
grow horticultural products, such as tomatoes and lettuce (Figure 6). The building has a
horticultural green-house type roof that allows sunlight to enter. A layer of about 10 cm
of sandy soil is spread over the bedded-pack, on which seedlings can be planted and the
underlying compost supports plant growth [11]. This approach can lead to the sale of a
mixture of agricultural products such as milk and vegetables from the one farm and the
production system is readily visible to visiting buyers of the produce. However, the system
also carries risks. Firstly, the addition of sand to the bedding and its later removal is a
tedious chore that must be repeated each year; secondly, the horticultural component of the
system requires additional temporary labor and skills [11].
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Veld & Beek, Doorwerth, the Netherlands.

3.1.4. Cooperative Crop–Cattle Farm Exchange of Composting Materials and Manure

European agriculture has seen a continuous trend of intensification and specialization
with the result that mixed farming systems now cover only 14% of the total agricultural
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area [18]. Intensification has advantages in economies of scale (efficiency of labor and
equipment) but can also have drastic environmental consequences (on water and soil
quality, on the atmosphere and biodiversity). Market volatility has increased over the years,
and alongside climate change this threatens the resilience of specialized farms. For these
reasons, “new” farming systems that adopt circular approaches are advocated with a view
to further improve efficiency, while reducing their climate and environmental impacts [18].

One such a system involves closing the mineral loop by the exchange of materials and
manure, and by the better use of manure (Figure 7). The mixed farming system fits this
concept [19]. For instance, crop farming allows the composted materials to be incorporated
into the soil. Collaboration on a local level will also play a crucial role in integrating
different farming resources together with crop and livestock farmers, as illustrated in
Figure 7.
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3.2. Perceptions towards Bedded-Pack Barns and Compost
3.2.1. Farmers’ Perceptions

Eighty-seven farmers from the six European countries involved in the FreeWalk project
were selected on the basis of their experience with both CBP and cubicle housing systems
and asked their opinions on these systems [11]. This was done via questionnaire during
group meetings, guided by the local researchers who explained the questions. A Likert
scale of 1 to 7 was used to compare the systems (1 = very negative to 7 = very positive).

The farmers from the various countries expressed quite similar opinions about a
set of characteristics of the two housing systems (Table 1). Those from all six countries
considered the CBP system more sustainable and it offered more market opportunities than
the common cubicle housing system. In addition, the composted bedding material was
judged a better soil improver. However, the cost of the bedding material was considered a
highly significant negative aspect of the CBP system by all farmers [11]. In Europe, prices
for fresh bedding materials range from around 100 euro to over 300 euro per ton [3].
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Table 1. Appreciation of composting bedding material in CBP versus regular manure in cubicle
housings (C) by farmers from these two farm housing systems in six European countries (scores from
1 = very negative to 7 = very positive) 1,2.

All Six Countries Total

CBP C CBP-C Mann-Whitney Test

Cost aspect
Cost of bedding material 3.58 5.53 −1.95 0.000 ***

Sustainability aspects
Bedding material and slurry as soil improver 6.15 3.61 2.54 0.000 ***

Bedding material and slurry as fertilizer 5.82 4.06 1.76 0.000 ***
Bacteria in bed and milk 5.15 4.91 0.23

Smell 5.98 4.53 1.45 0.000 ***
Marketing aspects

Better animal life certificate 6.05 3.52 2.54 0.000 ***
High quality dairy products 5.69 4.06 1.63 0.000 ***

High quality manure products 5.67 3.32 2.34 0.000 ***
1 Mann–Whitney two-tailed exact significance test was applied; *** p < 0.001. 2 Number of farmers participating:
from the Netherlands CBP 24 and C 20, Germany CBP 7 and C 7, and other 4 countries (Austria, Italy, Slovenia,
and Sweden) CBP 10 and C 10. Source: Adapted from Klopčič et al., 2021 [11].

3.2.2. Consumers’ Perceptions

An extensive consumer survey [20] was carried out in eight European countries
to compare the three most widely used cattle housing systems. The survey of random
participants, which was carried out by a marketing bureau, used photographs of the
various housing systems to illustrate them to the respondees. A Likert scale of 1 to 10 was
used (1 = not worried at all/fully safe to 10 = very worried/not safe at all). Overall, the
consumers were concerned over the safety of their food but felt that products grown using
the compost from the CBP barns was safer (Table 2). Only small differences existed between
countries [20]; otherwise, all of the differences mentioned here were statistically significant
(p < 0.05). Males were less concerned than females over food safety but still felt that food
from the CBP system was safer. Younger consumers were more concerned about food
safety than older consumers, and across all age groups, the youngest age group felt that
food grown in the barn compost was less safe. Those in urban areas were more concerned
over food safety than those in suburban areas and, compared with those in rural areas, felt
that the food from the compost system was less safe [20]. Some responses in focus groups
indicated concerns over antibiotic seepage, bacteria in the pack, and the hygiene of the
pack [11].

3.3. Choices and Dilemmas
3.3.1. Management of the Bedded-Pack

Two key variables in managing the pack and creating a proper composting process are
pack temperature and moisture content [2]. A high temperature (45–65 ◦C) is considered
necessary to create effective composting and material sanification [5,13,21]. The pack
temperature (10 to 50 ◦C) and moisture content (55 to 70%) at 20 cm deep of the 22 CBP
included in project FreeWalk are illustrated in Figure 8 over 12 months [22]. A higher
temperature was associated with lower moisture content. Clearly, the optimal composting
temperatures are not reached in practice. This is partly because the system is still in
development, but also because the need is not felt, such as in the summertime when
the packs are mostly good looking and dry enough. In fact, under these conditions a
semi-composting process takes place.

An over-wet pack is detrimental to the composting process, and it also increases the
dirtiness of the cows. Thus, managing the pack requires a particular skill set [4,5,22]. In
Europe, bedded-packs tend to be drier and warmer during the summer period. However,
higher temperatures most likely result in increased ammonia and methane emissions from
the pack [15] and increased thermophilic bacteria activity in the pack [23].
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Table 2. Mean scores and standard deviations for worry about (a) the safety of food consumed in
general (1 = “not worried at all” to 10 = “very worried”) and (b) safety of consuming food products
using the compost from the compost bedded-pack housing system (1 = “fully safe” to 10 = “not safe
at all”) by country and in total 1,2.

(a) Food Safety Worry in General (b) Compost Food Products Safety

Variable Mean Std. Dev Mean Std. Dev.

Country
Austria 6.01 cd 2.20 3.02 bc 1.85

Germany 6.15 c 2.18 3.13 c 1.86
Italy 7.62 a 1.79 3.15 c 1.90

Netherlands 5.65 d 2.15 3.21 c 1.66
Norway 5.65 d 2.67 2.60 a 1.97
Slovakia 6.94 b 2.22 3.07 bc 2.00
Slovenia 7.88 a 2.10 2.37 a 2.24
Sweden 5.77 cd 2.43 2.77 ab 2.09

Total 6.49 2.36 2.94 1.96
1 The different letter within each mean column section indicate the significant differences between variable options
as evaluated by Tukey’s HSD (p < 0.05). 2 The number of consumers who participated in the survey from Austria
was 415; Germany 633; Italy 592; the Netherlands 423; Norway 401; Slovakia 410; Slovenia 397; and Sweden 422.
Source: Adapted from Waldrop et al., 2021 [20].
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3.3.2. Bacterial Flora

Household litter composted in bedded-pack barns at higher temperatures was found
to have high levels of thermophilic aerobic sporeformers (TAS) [24]. This may threaten the
quality of sterilized milk products and, consequently, its use was prohibited in barns in the
Netherlands. Certain strains of mastitis bacteria also like high temperatures [25], while
other strains do not [7].

The moisture content of the bedding material, the relative humidity at 0.10 m and
1.30 m above the surface, and the season of sampling, all significantly affected the level of
TAS [23]. The relationship between moisture content and TAS is illustrated in Figure 9. A
higher moisture content of the pack seems to be associated with less thermophilic activity,
probably because of the lower temperatures and composting activity inside such a pack.
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3.3.3. Application in the Field

An important benefit of composted bedding material is as a source of organic matter
and nitrogen fertilizer for the soil [14,26] as illustrated in Figure 10. Although compost
is known to improve the soil structure and bioactivity, the composting process is more
complicated than generally appreciated. When the composting of bedding materials was
experimentally simulated in trials of three months duration, the stability of the organic
matter did not indicate real evidence of composting [14]. Further, some farmers have
claimed an increased ash content (nonorganic matter) of grass samples harvested from
compost treated swards [27], but this was not observed in the survey of the farmers
described above (Table 1).
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The slow release of nitrogen from the bedding materials has been reported by sev-
eral authors [28,29] so grassland management and fertilizer appplication may need to be
adapted for the effects of compost bedding material as a fertilizer and soil structure improver.
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3.3.4. Opportunities

The product from the successful composting of bedding materials mixed with excreta
of animals is commercially valuable. Selling the compost in bags or loose as pellets provides
the opportunity for additional income [29,30]. An example is the providing of organic
bedding material by a CBP farmer in Slovenia to farmers engaged in the production of
vegetable and flower seedlings.

Some farmers use the heat of the composting bedded-pack to warm up their farm
office or visitors’ room, or to prevent the animal drinking bowls from freezing. In another
case, a German farmer with both a CPB and cubicle barn reused about 75% of the CBP
compost as bedding material in the cubicle stalls with the remainder used as fertilizer. It
was estimated that this reduced the total bedding material costs by 80%. Afterwards, the
bedding material from the cubicles was used in the farm biogas plant to produce energy.
These are examples of circularity within or between farm businesses.

The relatively high cost of the bedding materials is a negative factor but new materials
such as Posidonia oceanica and miscanthus [31], and grass harvested in nature areas and
on roadsides [32] should be less expensive.

Within the European Green Deal Package [33] there are opportunities to increase
carbon storage in soil to combat climate change. In the CBP system, carbon enters the
farm via industry or agricultural by-products and is mixed with animal manure. This is
then applied to the soil thereby sequestering carbon, which might otherwise be lost to the
atmosphere. Carbon certificates are being considered as a tool for advancing the Green
Deal objectives. An innovative farmer in the Netherlands has already deployed a novel
climate mitigation practice on his farm. The air from manure storage, rich in ammonia and
methane, is pushed through tubes to a special drainage system 60 cm underground from
where it diffuses into the soil. The ammonia and methane are thought to be fixed by soil
bacteria, although this is not yet proven.

4. Discussion

The EU New Deal [33], and the Horizon Europe Research Program 2021–2027 [34],
together with similar worldwide programs have, as top priorities, the achievement of
carbon neutrality. The recycling and reuse of organic materials, including the use of organic
bedding materials in CBP systems, can help to increase carbon storage in the soil. This
contributes to mitigating global warming, improves soil structure and bioactivity, and
enhances biodiversity. It is enhancing a circular economy.

While in Israel and Brazil there is widespread use of CBP systems, the number of
such systems in all other countries remains limited [2,3]. Much more common are the
conventional ‘deep straw’ barns (yards) [2]. In these barns, the lying area consists of
straw, which is stapled over time, but composting is not a systematic part of the system
and the surface per cow is less than in CBP. Deep straw barns are most widely used for
fattening cattle and suckler cows. The relatively dry manure of these animals helps to
maintain a rather dry pack. The pack tends to grow in volume during the season, while in
CBP, composting degrades the material to smaller particles, which makes the pack more
compact [21].

Although the CBP housing system is still in development [2,3], both farmer and
consumer surveys revealed positive impressions of its sustainability compared to cubicle
or tie-stall barns [11,20]. The CBP system was also preferred on food safety criteria [20].
Alongside these positive impressions, however, are some concerns on the possible risk
of bacteria and antibiotic transfer from the compost bedding material to the growing
vegetables and horticultural products from compost treated soil [11].

The high material costs of the wood by-products and straw due to competition from
bio-gas and other industries adversely affects the economic viability of the system. Ac-
cordingly, exploration of cheaper by-products and waste products will be of increasing
interest [11,14,31].
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The operation of a successful bedded-pack system requires particular management
skills. The composting process is affected by the temperature and moisture content of
the bedding, as well as the ambient temperature and humidity [4]. In temperate climates,
maintaining adequate conditions and a proper composting process in the bedded-pack
to achieve a stable humus-like end-product, especially during the winter, can be a severe
challenge [5,14,22].

While the composting process is enhanced by higher temperatures, such tempera-
tures also facilitate the growth of thermophilic bacteria [23,24]. Bacteria such as (X)TAS
are disliked by dairy processing companies in some countries because of their possible
effects on sterilized dairy products [24]. To date, research with CBP systems did not find
any detectable (X)TAS in cows’ milk even though detectable levels were found in the
bedded-pack [35]. In addition, several strains of mastitis-causing bacteria thrive in sim-
ilar conditions to that of composting bacteria and microbes [7,24,25]. This suggests that
the microbiology of the bedded-pack aerobic and anaerobic processes and the possible
transfer of bacteria to the animal and animal products may be complex and requires more
fundamental research. Maintaining optimal animal hygienic procedures is likely to be
important [25].

Combining all of the new insights gained concerning the management of the bedded-
pack leads to the conclusion that the moisture and dry matter content may be the best
indicator for the quality of the pack [22]. A dry pack (above 40% dry-matter) has, indeed,
several advantages such as a better composting process and cleaner cows [25], affecting
the quality of the end-products. However, the risk of TAS [23,24] and particular mastitis
bacteria presence [25] increase with the combination of higher dry matter content and
higher temperatures of the pack. The composting process and risk of TAS presence is
expected to slow down when the pack reaches above approximately 65% dry matter, but
more knowledge is needed to typify the ongoing processes in this dry matter range.

In addition, new insights into ammonia and carbon dioxide emissions from com-
posting bedded-packs would be particularly beneficial in evaluating these systems. One
study indicated that the critical pack Carbon:Nitrogen (C:N) ratio at which volatile N loss
from the barn was zero, was 35 in line with critical ratios found in other studies [36]. The
authors concluded that controlled thermophilic composting of a woodchip bedded-pack, at
a relatively high C:N ratio, has the potential to minimize volatile N loss from the CBP barns.
Another study [37] showed ammonia emission to be reduced by 32% but methane emission
was increased by 34% compared to a reference cubicle housing system with slurry.

Organic bedding materials enriched with nitrogen and phosphorus from manure and
urine is a good soil improver [26] comparable with old fashioned manure from tie-stall
and deep straw barns. The CBP system aims to degrade the materials in the compost to a
product ideal for spreading on grassland swards or soil. However, when the composting
process is incomplete, its application to grassland may result in some large particles which
take longer to degrade. This is not a problem in soil application where the compost is
incorporated into the soil at some depth, as in arable farming.

A mixed animal-crop farming system can make a positive contribution to the circular
economy [18,26]. Such a system can be operated either within a single farm business or by
cooperation between specialised animal and arable or open field vegetable farms [19]. Its
use in individual farms, or via cooperation between farms, may also reduce the import of
animal protein feed from outside of the farm, thereby conserving resources and reducing
fossil fuel use while contributing to replenished soil carbon reserves [19,34].

Most studies cited in this communication are on-farm based studies. Aditionally,
models scaling-up from farm to regional or international level [38], including Life Cycle
Analysis (LCA) studies [13,39], are recommanded to picture the whole cycle of by-products
and materials. Such studies should preferably also compare composting to other processes,
such as using the materials for energy production and include the complete (international)
transport and marketing chain [39].
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5. Conclusions

The recycling and reuse of by-products in agriculture can contribute to a sustainable
circular economy. In this communication, we focused on the recycling of bedding materials
from animal barns, especially the innovative CBP barns, and on cooperative crop-animal
farm exchange of composting materials and manure. A holistic and synthesizing approach
was used to evaluate the contribution of these systems to the circular economy.

Both farmer and consumer surveys revealed positive impressions of CBP’s sustainabil-
ity compared to cubicle or tie-stall barns. Reuse of the compost from the CBP system is also
promising for horticultural production. However, managing the bedded-pack requires a
particular skill set, and the high costs of wood by-products and straw can adversely affect
the economic viability of the system. Accordingly, an exploration of cheaper and suitable
by-products and waste products is of crucial interest.

Mixed animal-crop farming systems that foster the exchange and reuse of materials
would make a positive contribution to the circular economy. The recycling and reuse of
organic materials helps to increase carbon storage in soil. This contributes to mitigating
global warming and improved soil structure and bioactivity. Greater insight into ammonia
and carbon dioxide emissions would be beneficial in evaluating these systems. Addition-
ally, the scaling-up of models from farm to regional, national, or international level is
recommended to obtain an overview of the complete cycle of by-products and materials.
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Abstract: A considerable amount of food waste ends up in centralized treatment plants due to the
lack of preventive measures, resulting in significant environmental impacts. Hospitality food waste
management is even more resource-intensive because of animal by-products regulation. According
to this regulation, companies must store and then consign waste to specific waste managers. The
extensive need for transportation of high-moisture-content materials is the leading cause of the
impact. Moreover, the management of category III animal by-products is costly for companies. A
previous study has shown the economic benefits of decentralized animal by-product treatment by
intensive composting in catering companies. Although the produced compost was characterized by
exceptional quality parameters, it was phytotoxic. The investigation of hospitality waste management
is scarcely discussed among scholars, and waste management on a regional scale is nearly absent. This
study examines the regional management of hospitality food waste by exploiting the municipal waste
management infrastructure and intensive composting at the source. The co-maturation experiment
with animal by-products and municipal green waste primary composts showed that the phytotoxicity
parameters of the cured compost were in the optimal range or below the thresholds (conductivity
(1.1 mS cm−1), dissolved organic carbon (82 mg kg−1), and NH4

+/NO3
− ratio (0.0027)). Additionally,

the amounts of total nitrogen, water-soluble nitrogen, and water-soluble phosphorus in the compost
were rated as very high. Finally, inventory and environmental impact analysis of the current and
planned management approaches showed a reduction in 12 of 18 impact categories.

Keywords: animal by-products; intensive composting; industrial symbiosis; catering; compost
quality parameters; hospitality; life cycle assessment; life cycle inventory

1. Introduction

Food waste (FW) is a major concern, and its quantity will most likely increase in
parallel with population growth. The Food and Agricultural Organization of the United
Nations (FAO) has forecasted that by 2050, food production will increase by over 70 % to
feed 9.1 billion people [1]. This growth would definitely result in a substantial generation
of FW, considering that nearly one-third of food is currently wasted [2]. Additionally, as
the Boston Consulting Group states, this wastage could increase from 1.6 to 2.1 billion
tons by 2030 if the current tendency does not change [3]. Although FW prevention is
most preferable, only avoidable FW streams can be addressed, which represents 64% of
the total FW [4]. Therefore, there is a need for conventional but sustainable end-of-pipe
treatment methods.

In this regard, the hospitality sector has the potential for more sustainable management
of unavoidable FW. For instance, in the European Union (EU), hotels, restaurants, cafeterias,
and other examples in the hospitality sector generate approximately 12 million tonnes
of FW annually [5]. However, kitchen waste of catering companies is no longer referred
to as FW; instead, according to Regulation (EC) No. 1069/2009 (Animal By-products
regulation) [6], the waste is now entitled as Category III animal by-products (ABPs).
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Because Category III ABPs can increase the spread of contagious diseases, this waste must
be managed in accordance with the health rules presented in Commission Regulation (EU)
No 142/2011 [7]. According to these rules, catering companies must separate and store
FW in refrigerators under specific conditions before the ABP manager transfers them for
further treatment. This ABP management causes increased environmental impact due
to electricity consumption for refrigerating and the frequent transportation of ABPs that
contain considerable moisture content and is also expensive for a catering company [8].

Kliopova et al. (2019) indicated that costly ABP management could be avoided by
adopting intensive composting equipment. Such an approach would avoid costly ABP
management services and significantly reduce the environmental impact. Additionally,
the resulting product was characterized by outstanding quality parameters (e.g., organic
matter (OM) [85% of dry matter (DM)], water-soluble N (840 ppm), P (2089 ppm), and K
(15,875 ppm)), trace amounts of heavy metals, and practically no microbiological contami-
nation [8]. However, the primary compost contained an abundance of SO4

2− (2800 ppm as
received) and Cl− (11,300 ppm as received) anions, which are toxic to plants at high con-
centrations (>300 ppm) [9]. These anions are a part of the total conductivity (5.89 mS cm−1),
which was significantly higher than the threshold limit of 4 mS cm−1 [10]. Furthermore,
the primary compost stability, expressed as the concentration of dissolved organic car-
bon (DOC, 87,264 mg kg−1), was far from that of mature compost (<4000 mg kg−1) [11].
Moreover, the sole maturation of the primary FW compost for one month did not help to
stabilize the parameters (Kliopova et al., 2019). The compliance of SO4

2−,Cl−, conductivity,
and biodegradability values with corresponding thresholds is crucial for safe agricultural
application; therefore, additional measures to control these parameters are needed [12].

As the produced primary ABP compost is characterized by outstanding nutritive
properties, it can be considered as an amendment for low-quality green waste compost
(GWC). The GWC often contains minor quantities of N (0.5–1.5% DM), P (0.1–0.2% DM),
K (0.4–0.8% DM) [13], and OM (between 8.5 and 28.6% DM) [9]. Poor compost quality is
a problem because the majority of countries have established limits for quality compost,
and if the produced compost does not comply with the limits, it is considered a waste. For
instance, in Lithuania, compost produced from GW and FW must contain more than 25%
DM of OM, and the sum of total N (TN), P2O5, and K2O must be over 2.5%. Similarly, the
Canadian standard for certification requires compost to contain more than 0.7, 0.5, 0.75,
and 20% of N, P, K, and OM, respectively, to be classified as quality compost [14]. For this
reason, it is important to meet requirements to utilize products in the market.

This study investigates the possibility of improving the environmental and economic
performance of catering Category III ABP management in a region by applying industrial
symbiosis compared to conventional ABP management. The industrial symbiosis approach
was chosen because the municipal GW stream can be incorporated into the system to
optimize compost quality and increase the amount of higher value compost production.
Interestingly, in this study, the GW was not exploited as a co-substrate, as typically found
in other studies [15]; however, the authors suggest the use of already produced GW
primary compost, which is an abundant material in municipal GW composting sites [16].
The addition of ABPs primary compost to GW primary compost would increase the
concentration of important nutrients and OM in the maturated mixture, thus increasing the
price of the final product. As poor nutrient concentration is considered one of the reasons
for reduced compost usage, the addition would promote a more extensive application of
compost in agriculture, reducing environmental impacts [17].

In general, researchers agree that FW management in the hospitality sector is scarcely
documented in the scientific literature [18]. Moreover, most of the studies are focused
on the management of avoidable FW [18]; these studies mostly consider preventative
measures [19]. To the authors’ knowledge, the combination of the management of unavoid-
able hospitality FW following ABP regulation, the principle of industrial symbiosis, and
exploitation of existing municipal GW management systems has not been addressed by
other researchers.
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The main objectives of this study are as follows:

1. Conduct primary ABP compost production experiments in three catering companies,
investigate quality parameters, and select one for further analysis;

2. Perform maturation experiments of selected ABPs and GW primary composts and
analyze quality parameters of the produced compost;

3. Run the life cycle inventory of the currently employed ABP composting plant in the
region and analyze the quality of the compost produced;

4. Compare the environmental performance of conventional management and sug-
gest catering ABP management approaches by applying the life cycle assessment
(LCA) method;

5. Run an economic assessment of the suggested alternative.

2. Materials and Methods
2.1. Experimental Conditions and Equipment

The experiment was performed at three Lithuanian catering companies that generated
between 25 and 35 kg d−1 (approx. 10 t y−1) of Category III ABPs (FW referred to as ABPs
according to Regulation (EC) No. 1069/2009). Two of them were kindergartens, which
had a consistent menu such as a typical restaurant; thus, at the end of a day, leftovers and
preparation waste were quite uniform because of very few different dishes. As kinder-
gartens have a very strict diet, vegetables and grains were the prevailing ingredients for
the dishes, accompanied by main entrees (meat-based) and also dairy products and fruits.
Consequently, preparation and unavoidable residues (peelings of potatoes, beets, and
carrots, banana skins, apples, etc.), and unconsumed meals comprise very homogeneous
FW streams. Conversely, the third catering company had heterogeneous FW because meals
were prepared according to the changing demands of customers. Due to differences in
FW composition and its potential impact on final product parameters, the three catering
companies were considered.

Across the catering companies, two different technologies for closed-loop intensive
aerobic treatment were utilized: the Oklin GreenGood 10s [8] and the Green Service
Bioreactor Bio-10 [20]. The three intensive automatic composting machines were installed
in each company in accordance with the requirements presented in the manuals. Oklin
equipment for exhaust air treatment uses an activated carbon filter, whereas Green Service
applies a nano-filter deodorization unit before removing the generated gas through a
ventilation system.

Both intensive composting machines are designed to treat a batch of FW in a 24-h
cycle. After the cycle was completed, the primary compost produced was removed, leav-
ing approximately 10% of the compost as an inoculum for the successive cycle. The
Oklin technology incorporates a specific microorganism strain under the brand name
ACIDULOTM, whereas Green Service uses the Ecibulo brand, which is composed of
halophilic, eosinophilic, and thermophilic germs [21]. Green Service also emphasizes
the need for the inoculum and even replenishment of microorganisms every year. Mi-
croorganisms, intensive aeration, agitation, and temperature regimes are the main factors
influencing rapid FW degradation, moisture evaporation, and mass reduction of up to
50–90%. During composting, Oklin equipment maintains temperatures above 55 ◦C, but
for 1 h, the temperature is increased to 70 ◦C to eliminate pathogens [8]. Green Service
technology follows the same pattern; during processing, the temperature is maintained in
the range of 54–56 ◦C, but at the end of the composting, the temperature is increased to
70 ◦C for 1 h.

The experiment was divided into two parts. The first part was the production of
primary composts in the three catering companies. The experiment started in June 2018,
during which 20 cycles (one cycle duration was one working day or 24 h) were conducted
in the catering companies. The first catering company transformed approximately 28 kg
per cycle (total 560 kg of ABPs per 20 cycles) to 6.72 kg (total 134.3 kg of ABPs). The
second catering company composted 14.63 kg per cycle (total 292.6 kg) of ABPs to 3.18 kg
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(total 63.5 kg). The third catering company composted 9.83 kg per cycle (total 196.5 kg)
of ABPs to 2.39 kg (total 47.8 kg) of the primary compost. In each catering company,
each batch (produced per cycle) was poured into a clean polypropylene bag and mixed
with the other simultaneously gathered batches. After completion of the 20 cycles, the
sampling procedure was performed. Three samples from the primary compost of ABPs1
were collected. Sampling was performed by taking 10 specimens from the top, middle,
and bottom locations of the collected ABPs1 primary compost in random order and then
uniformly mixing these 10 specimens to form one sample. The second and third samples
of ABPs1 were prepared in the same manner. The same sampling procedure was applied
to the primary compost of ABPs2 and ABPs3.

GW primary compost was prepared at a municipal GW composting site. The GW
primary compost production started in the first week of April 2018 and ended at the end
of July 2018. The waste available at the municipal GW composting site was used as a
substrate. After composting was completed, three samples were taken from the pile of
the primary GW compost. The samples were prepared in the same manner as the ABPs1,
ABPs2, and ABPs3 samples.

The second part of the experiment was the co-maturation of the selected ABPs and
GW primary composts in the municipal GW composting site. The experiment started at the
beginning of August 2018. The ABPs2 primary compost was selected for the second part of
the experiment because it contained higher concentrations of TN and total P (TP), and had
a more attractive visual appearance than ABPs1 and ABPs3. A total of 15% of ABPs2 and
85% of GW primary composts were mixed (by mass) and loaded into a standard open home
composting bin (V-approx. 700 L) for co-maturation. During maturation, the substrate was
thoroughly mixed at least once a week. Finally, the samples were collected after 60 days
(in October 2018) and 90 days (in November 2018) of co-maturation. All these ABPs and
GW (including the compost produced in the conventional ABP treatment plant) samples
were delivered to the agrochemical research and joint-stock company “Jurby Water Tech”
laboratories to analyze the quality parameters.

2.2. Evaluation of Mass Balance during Composting Processes

The Utena municipality (Lithuania) was chosen to assess current catering ABP man-
agement and compare it to the new approach. The most important features of the region
were the number and location of municipal GW composting sites, distance from a catering
company to ABP managers, and technology used for ABP management. The average
distance from the catering company to the municipal GW site was 15 km, whereas the
distance between the companies and ABPs managers was 50 km.

The N balance was calculated according to the study by Yang et al. (2019) [22]. These
authors found that the N loss via N2O was 0.07%, N loss via NH3 was 9.88%, N loss via
leachate was 0.38%, unaccounted N was 2.81%, and TN loss was 13.13% from the initial N
content for forced aeration systems. Similarly, N balance was assessed for passive aeration
systems [22]. In this case, the N loss via N2O was 0.09%, N loss via NH3 was 8.10%, N loss
via leachate was 5.17%, unaccounted N was 2.62%, and TN loss was 15.98% of the initial
N content.

The P balance was evaluated using the study of Iqbal et al. (2015). These authors
found that the TP loss with filtrate during composting was approximately 3% from initial
P [23]. Similarly, based on the study of Sommer (2001), the loss of total K (TK) with filtrate
was 12% from initial K [24]. CO emissions were assessed according to EMEP/CORINAIR,
whereas CH4 emissions for open (3.4 kg t−1 of waste) and closed (0.9 kg t−1 of waste)
composting were taken from the study of Boldrin et al. (2009) [25]. The heavy metal loss
was calculated considering that 2% of the heavy metals present in compost will be washed
with leachate [26].
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2.3. Life Cycle Assessment Methodology

The environmental impacts of the conventional and suggested catering ABP manage-
ment scenarios were calculated and compared using the LCA method. The ReCiPe method
at the midpoint level was used to perform the impact assessment based on ReCiPe2008 by
Goedkoop et al. (2008) [27] and an updated version ReCiPe2016 by the National Institute for
Public Health and the Environment [28]. In terms of the environmental impact categories
at the midpoint, all 18 impact categories were calculated. The LCA Ecoinvent Database
v3.6. (2019) was applied as the background source for life cycle impact analysis [29]. The
potential environmental impacts of management scenarios were calculated using the LCA
software SimaPro 9.1 [30]. The functional unit used was 10 t y−1 of the ABPs.

3. Results and Discussion
3.1. Parameters of Primary Composts

The analysis of the primary composts obtained and produced during the first part
of the experiment showed expected yet variable quality parameters (see Table 1). The
analysis of the produced ABPs1, ABPs2, and ABPs3 primary composts confirmed that
the quality parameters rely heavily on the input FW. For instance, ABPs2 and ABPs3
from kindergartens had relatively similar menus; hence, the produced primary composts
were similar as well. However, noticeable differences in NPK values between ABPs2
and ABPs3 kindergarten primary composts were observed. Regarding TN, the ABPs2
primary compost contained 2.38% DM, whereas ABPs3 had slightly less (1.92% DM),
showing that ABPs2 had more N-rich waste such as fish or meat meal residues. The
ammonification rate difference between the primary compost of the ABPs1 (518 ppm
NH4

+) and ABPs2 (1534 ppm NH4
+) was notable, but these two catering companies utilized

separate intensive composting technologies with diverse microbial communities. However,
it is possible that the inoculation procedure was disrupted, resulting in highly fluctuating
(518–1534 ppm) NH4

+ concentrations in the primary composts analyzed. Regarding the
inoculum, technology applied for the ABPs2 and ABPs3 treatments used halophiles, which
are effective under extreme conditions such as low pH (<4), high conductivity (>5 mS cm−1),
and temperature (>55 ◦C), potentially influencing the swift mineralization of biomass [31].

Because these extreme conditions are detrimental to typical composting microflora,
these microbes can easily dominate. Moreover, when the temperature was increased to
70 ◦C, pathogens and potentially the most typical composting microbes were eliminated.
For this reason, when processed, ABPs were removed from the automatic composting
machine and left at ambient temperature, and the microbial activity was significantly
reduced. As a result, the ammonification process was impeded, leading to the preservation
of NH4

+ in the compost. In addition to high temperature, forced air supply for 24 h of
batch processing also influenced the N behavior. Most of the time, the temperature was in
the range of 40–60 ◦C, which is optimum for conversion or organic N to ammonium and
inhibitory for nitrifying bacteria [32]. Therefore, NH4

+ dominated NO3
− in the primary

compost. The forced air supply may have also contributed to the NH4
+ concentration.

According to de Guardia et al. (2010), the aeration rate can considerably increase the
ammonification rate, for example, from 36.7 to 43.1% for household waste or from 52.0 to
71.4% for pig slaughterhouse sludge [33].

The pH of ABPs1, ABPs2, and ABPs3 primary composts was correlated with NH4
+

concentration. Because NH4
+ increases the pH, the highest pH was found in the spec-

imen containing the largest amount of NH4
+ (1534 ppm). As NH4

+ concentrations
decreased in ABPs3 (970 ppm) and ABPs1 (518 ppm) specimens, the pH decreased to
5.0 and 4.7, respectively.
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Table 1. Major agronomical parameters of primary GW and ABPs composts.

Quality Indicators * Primary GW
Compost

Primary ABPs1
Compost

Primary ABPs2
Compost

Primary ABPs3
Compost

E. coli **, cfu g−1 ≤1×103 ≤1×103 ≤1×103 ≤1×103

Conductivity, mS
cm−1

1.04
(1.02–1.08)

5.77
(5.70–5.81)

5.40
(5.37–5.42)

5.51
(5.47–5.55)

pHKCl
7.4

(7.3–7.5)
4.70

(4.6–4.8)
7.1

(7.0–7.1)
5.0

(4.9–5.1)

DM % 66.18
(64.13–67.21)

88.92
(86.97–91.20)

84.21
(82.08–87.04)

75.77
(72.16–78.21)

OM, % DM 18.31
(16.94–19.23)

83.22
(82.14–84.63)

88.34
(87.48–89.35)

92.89
(91.94–93.85)

TN, % DM 0.72
(0.69–0.75)

1.81
(1.79–1.84)

2.38
(2.35–2.41)

1.92
(1.86–1.98)

TP, % DM 0.71
(0.69–0.75)

0.39
(0.38–0.40)

0.65
(0.60–0.67)

0.54
(0.49–0.53)

TK, % DM 0.62
(0.59–0.64)

1.44
(1.40–1.51)

1.26
(1.23–1.28)

1.02
(1.01–1.04)

Water-soluble N,
ppm

189
(182–195)

546
(520–566)

1534
(1501–1563)

1015
(967–1045)

Water-soluble NO3
−

+ NO2
−, ppm

159
(153–164)

27.82
(25.03–31.15)

52.89
(48.21–58.01)

45.05
(40.14–47.67)

Water-soluble NH4
+,

ppm
30.39

(26.71–35.54)
518

(489–524)
1481

(1453–1505)
970

(919–998)
Water-soluble P,

ppm
53.6

(51.0–55.2)
1321

(1302–1349)
1898

(1845–1915)
1917

(1851–1966)
Water-soluble K,

ppm
854

(812–887)
10,319

(10,204–10,495)
10,745

(10,406–11,008)
11,054

(10,524–11,386)

Cl, ppm 471
(428–511)

7155
(7120–7230)

9240
(9028–9484)

9797
(9715–9887)

SO4, ppm 628
(598–662)

1820
(1773–1858)

1089
(1026–1184)

987
(976–1003)

DOC, mg kg−1 486
(446–517)

80,892
(80,506–81,508)

42,970
(42,397–43,394)

41,190
(41,024–41,386)

Bulk density, g L−1 795 688 776

Notes: * Data are reported as mean with n = 3 and the largest and lowest values in parentheses. **—Contamination
by E. coli was measured only once per sample.

The conductivity among the primary composts varied from 5.4 to 5.77 mS cm−1,
possibly contributing to extreme conditions. For example, Setia et al. (2010) stated that at a
conductivity above 5.0 mS cm−1, soil respiration declined over 50% [34], whereas other
researchers reported that the inhibitory value for microbial activity during composting
was 8 mS cm−1 [35]. In addition to inhibitory effects, the high conductivity of the primary
composts illustrates the effective release of NH4

+, P, and K from organic compounds. These
conductivity values were far from those of composts used in agriculture; for instance, Turan
(2008) stated that 2 mS cm−1 is the ideal value [36], whereas Staugaitis et al. (2016) referred
to 1.1–1.5 mS cm−1 as optimum values for stable products.

The unfinished degradation process is clearly illustrated by the abundance of DOC,
also referred to as biodegradability (compost stability). The ABPs2 (42,970 mg kg−1) and
ABPs3 (41,190 mg kg−1) primary composts had nearly identical concentrations of DOC,
whereas that of ABPs1 was twice as high (80,892 mg kg−1). All of these primary composts
exceeded the stable compost threshold of <4000 mg kg−1 by 10 to 20 times [11]. Although
the primary compost was not stable, high concentrations of DOC indicated microbial
activity [37]. In addition, Kliopova et al. (2019) reported that primary compost produced in
an intensive composting machine had relatively high concentrations of fulvic and humic
acids, which indicates that the composting process was not simple evaporation of water [8].

Water-soluble P solubilization during the treatment period was comparatively high.
The soluble P-concentration ranged from 1321 to 1917 ppm (1920–2477 mg kg−1 according
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to the bulk density). The high solubilization rate may be due to low molecular weight acids
in the total pool of DOC and the activity of P-solubilizing microorganisms [38].

The concentration of water-soluble K accumulated for 24 h was extremely high. The
water-soluble P was nearly identical in samples from the catering companies and varied
from 10,319 to 11,054 mg kg−1. K is not incorporated in organic compounds such as N
or P; instead, it is concentrated in cells in the form of salts [39]. For this reason, when
cells collapse during composting, K salts are released into the media, resulting in a high
K concentration.

In the analyzed samples, contamination by E. coli was below the limit value (see
Table 1). These results are consistent with those of a previous study by Kliopova et al.
(2019) and Pandey et al. (2016), who also indicated that closed-loop composting equipment
can produce compost without any pathogenic microorganisms [40].

The GW primary compost had typical values found across Lithuania municipal GW
composting sites [9]. Generally, the primary compost had low quantities of TN, TP, and
TK, as well as their soluble forms. In contrast to catering companies, in primary GWC, the
nitrates were dominant over NH4

+, indicating the prevalence of nitrifying bacteria.

3.2. Parameters of Cured Compost

The co-maturation of ABPs2 and GW primary composts resulted in a product with
no phytotoxic qualities (see Table 2). The conductivity (1.1 mS cm−1) was in the optimum
range, excluding the possibility of osmotic imbalance (dehydration) of a plant cell. The pH
after 60 days of maturation was 6.63, but reached 7.0 after 90 days. This is the optimal pH
because N, K, Ca, Mg, and S are more available in the pH range of 6.5–8.0, whereas P is
more available in a pH between 5.5 and 7.5 [41]. The DOC (82 mg kg−1) was significantly
lower than the threshold (<4000 mg kg−1), resulting in a very stable product. In fact, even
if the co-maturation duration was shortened, the compost stability would have met the
requirement. Cl− concentration (298 ppm), which is another parameter associated with
toxicity in plants, was also below the limit value of > 300 ppm. The SO4

2− concentration
(808 ppm) remained high, and concentrations above 300 may be detrimental for susceptible
plants [9]. However-, the concentration of sulfate (128 ppm) was reduced significantly after
90 days.

Table 2. Results of co-maturation of GW and ABPs primary composts.

Parameters for Quality
Indication

** Values for Quality
Indication

* Maturated Composts
ABPs2 + GW

Quality Assessment
of Compost (After

2 Months)After 2 Months After 3 Months

Conductivity, mS cm−1 <0.6→ > 2 1.1
(1.07–1.14)

0.9
(0.98–0.92) Medium

pHKCl <5.6→ 8.5 6.63
(6.56–6.71)

7.0
(6.9–7.1) Medium

DM, % <21→>50 58.18
(56.89–59.6)

60.35
(60.05–60.60) Very high

OM, % DM <16→ >45 20.32
(19.81–21.17)

17.30
(17.01–17.82) Low

N, % DM <0.5→ >2.0 1.36
(1.28–1.42)

0.97
(0.89–1.08) Medium

P, % DM <0.21→ >0.8 0.93
(0.80–1.01)

0.76
(0.69–0.82) Very high

K, % DM <0.6→ >2.5 0.76
(0.70–0.82)

0.45
(0.42–0.47) Low

Water-soluble N, ppm <51→ >200 388
(372.0–406.1)

344
(341–348) Very high

Water-soluble NO3
− +

NO2
−, ppm <51→ >200 387

(371–405)
344

(341–348) Very high
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Table 2. Cont.

Parameters for Quality
Indication

** Values for Quality
Indication

* Maturated Composts
ABPs2 + GW

Quality Assessment
of Compost (After

2 Months)After 2 Months After 3 Months

Water-soluble NH4
+, ppm - 1.06

(1.03–1.10)
0.013

(0.010–0.018) -

Water-soluble P, ppm <26→ >100 214
(236–250)

190
(188–192) Very high

Water-soluble K, ppm <91→ >300 832
(809–862)

700
(697–703) Very high

Water-soluble Ca, ppm <101→ >500 318
(311–325)

201
(196–205) High

Water-soluble Mg, ppm <31→ >120 105
(95–114)

81
(80–83) High

Cl, ppm <51→ > 300 298
(271–328)

248
(241–258) High

SO4, ppm <51→ > 200 808
(788–832)

123
(119–128) Very high

DOC, mg kg−1 < 4000 82 0 Stable compost
E. coli, cfu g−1 ≤ 1×103 6.4×104 2.3×103 Polluted

Notes: * Data are reported as mean with n = 3 and the largest and lowest values in parentheses. **—Maturated compost quality was
assessed according to Staugaitis et al. (2016). The first and second values refer to the lower (very low quality) and upper (very high quality)
limits of the parameter in question.

Another parameter for compost stability determination is the NH4
+ to NO3

− ratio.
Many researchers claim that the NH4

+ to NO3
− ratio should be less than 1. In the exper-

iment, the NH4
+:NO3

− ratio was only 0.0027, suggesting excellent stability. Moreover,
due to effective NH4

+ oxidation, the maturation period could be considerably reduced,
maintaining the NH4

+ to NO3
− ratio lower than one.

Many parameters associated with the fertility of the product exceeded the value,
which was determined to be valuable according to a study conducted by Staugaitis et al.
(2016). The compost produced in the experiment had several parameters that surpassed a
very high rating, such as TP (0.93%; very high > 0.8%); water-soluble N (388 ppm; very high
> 200 ppm); water-soluble P (214 ppm; very high > 100 ppm); water-soluble K (808 ppm;
very high > 300 ppm); DM (58.18%; very high > 50%) (see Table 2). However, the most
important agronomical parameter of OM was considerably low because of the prevalence
of low OM containing GW primary compost and degradation of organic material during
maturation. Nevertheless, if the ABPs2 portion in the mixture was increased by 20 to 30%,
the OM percentage would notably increase.

Although the parameters associated with phytotoxicity and compost fertility exhibited
excellent values, during the experiment, E. coli (6.4 × 104) exceeded the limit value of
1 × 103 cfu g−1, and the microbial count of the GW and ABPs primary composts was below
the threshold value. The increase in E. coli colony count could be due to uncontrolled
disturbances and low temperatures during maturation.

As a solution for emerging E. coli problems, specific microorganism mixtures can
be introduced during co-maturation. After the analysis conducted in the Department of
Veterinary Medicine, Jelgava University of Agriculture, the specifically developed probiotic
mixture (microbiological preparations) showed that E. coli (strain No. ATCC25922) colony
numbers were significantly reduced in only 24 h [42]. The comparison of both produced
composts revealed that composting with the probiotics completely eliminated E. coli and
Salmonella as well as other types of pathogens (e.g., Enterobacter cloacae) [43].

3.3. Current and Planned Hospitality ABPs Management Approach

To reveal the environmental benefits of catering ABP management, a comparison of
existing and suggested approaches to treat 10 tons of ABPs was performed. First, a field
study of the current ABP plant was conducted. During the study, the researchers found
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that the technology used was composting under fabric cover with forced aeration (air
supply through perforated tubes under the piles) to minimize the need for pile turning
(a windrow turner was used only two times per composting cycle) and accelerate the
composting process. However, compost turning was applied for mixing catering ABPs
(55%), GW (35%), and biomass combustion ash (10%) to adjust the moisture content and
C/N ratio. After surveying the plant’s staff, it was assumed that the substrate mass was
reduced by approximately 62%, whereas the dry material reduction was approximately
36%. Composting with forced aeration generated 6.07 t y−1 of leachate.

After the plant staff survey and analysis of the produced compost quality and con-
tamination parameters (average value n = 3), and analysis of scientific literature, the mass
balance was calculated (see Figure 1). According to the compost quality analysis and loss of
material during composting (see Section 2.2), the NPK in the input material was calculated.
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Figure 1. Existing hospitality ABPs management in the selected region.

After material flow analysis, the energy demand data for the composting operations
were gathered. Electricity consumption in the plant was 2.4 kW h t−1 of biodegradable
waste (BDW), amounting to a total of 41.29 kWh for 17.2 t y−1 of the substrate. Regarding
diesel consumption, the staff reported that all the machinery consumed 1.26 kg t y−1 BDW,
resulting in a total 21.68 kg of fuel for the composting operation.

Conventional catering ABP management in the selected region requires considerable
energy for transportation. In the case of the catering company, which generates 10 t y−1

ABPs, it is assumed that the ABPs will be collected every week (52 picks per year), consisting
of 192.3 kg per pick. Because the average distance between the catering company and
the ABP manager is 50 km, the need for transportation is 26,000 tkm y−1. Moreover, the
transportation of the product (6.46 t y−1) to agricultural fields in the region would also
amount to 50 km, amounting to a total of 306.74 tkm.

The suggested management approach is shown in Figure 2. The flowchart presents
the management of one catering company’s ABPs by applying intensive composting at the
source of generation, followed by co-maturation of GW and ABPs primary composts in the
closest municipal GW composting sites.
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Figure 2. Existing hospitality ABPs management in the selected region.

The scheme in Figure 2 presents the flow of nutrients and materials during the appli-
cation of the novel management approach. The box with an air blower and agitator presets
intensive composting on the premises of a catering company, and the gray pile depicts
typical municipal GW composting.

During the intensive composting of catering ABPs, no wastewater was generated due
to external heating and evaporation. For this reason, the quantities of K and P remained
the same in the lower-mass material. In a previous study, Kliopova et al. (2019) reported
that 0.0416 kg of NH3 was generated per ton of catering ABPs. These findings were used to
evaluate the loss of TN in the form of NH3 (0.343 kg) from the system. As N2O emissions
were not measured, the emissions factor for aerated compost was taken from Yang et al.
(2019). The N balance was calculated in accordance with N emissions.

Concentrations of heavy metals were also taken from the study of Kliopova et al.
(2019), as additional laboratory analysis would be redundant due to the nature of source
segregated FW, which is nearly heavy metals-absent. Heavy metal concentrations of GWC
were taken from Staugaitis et al. (2016) as a more reliable source of data. The authors
analyzed composts of multiple GW composting sites and showed average heavy metal
concentrations across Lithuania. The heavy metal concentrations in both primary composts
were used to assess the amount of heavy metals in the mixture before maturation.

CH4 and CO emissions were distributed across the composting and maturation pro-
cesses. A total of 80% of CH4 and CO were assigned to composting and 20% to maturation.

During the novel ABP management, the majority of diesel is consumed during munic-
ipal GW composting. The staff of the GW composting plant of the region reported 0.756 kg
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per ton of GW, representing 18.9 kg per 25.0 t for GW composting. In the case of the
suggested management approach, diesel is used to mix ABPs and GW primary composts
before maturation by using the plant compost-turning machine (capacity 2800 m3 h−1)
with diesel consumption of 16 L h−1 or 0.016 L per ton of BDW (one cycle). It is assessed
that two cycles would be sufficient to ensure proper mixing of the primary composts,
amounting to 0.23 kg of diesel for 16.6 tons of primary composts.

Most importantly, the novel ABP management approach proposed can substantially
reduce transportation needs. As the production of primary compost in a catering company
is no longer waste, ABP regulation does not apply to this subproduct. Therefore, the
transport of the primary compost to the closest municipal GW composting sites is suggested.
In the case of the selected region, 10 t y−1 of ABPs would be transformed into 2.17 t y−1 of
the primary compost and transported for 15 km (empty return) to the closest municipal
GW composting site (32.49 tkm) every two weeks or 26 times per year (83.3 kg). Moreover,
the delivery of the produced compost to the surrounding agricultural fields would be less
intensive compared to the current management approach. Six GW composting sites with
a radius of 15 km cover 85% of the region’s territory. For this reason, the delivery of the
product (10.29 t y−1) for field application would amount to 154.16 tkm.

3.4. Current and Planned Hospitality ABPs Management Environmental Impact Assessment

To highlight the environmental benefits, current and planned catering ABP man-
agement approaches were interpreted by applying the LCA method. After the analysis
(characterization) of both approaches, a reduction was observed in 12 environmental im-
pact categories from a total of 18. For instance, the environmental impact in the climate
change category was reduced by 48%, ozone formation by 107%, fossil resource scarcity by
83%, etc. (see Figure 3). The same impact categories with their corresponding units were
depicted in Table 3.
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Table 3. Comparison of current and planned situations in 18 environmental impact categories.

Impact Category Unit Current
Situation

Planned
Situation

1 Global warming 100a kg CO2 eq 7935 4141
2 Stratospheric ozone depletion kg CFC11 eq −0.0087 −0.0156
3 Ionizing radiation kBq Co-60 eq 646 988
4 Ozone formation, Human health kg NOx eq 80.9 −5.48
5 Fine particulate matter formation kg PM2.5 eq 14.8 5.32
6 Ozone formation, Terrestrial ecosystems kg NOx eq 77.0 −11.8
7 Terrestrial acidification kg SO2 eq 57.7 23.6
8 Freshwater eutrophication kg P eq 1.57 8.28
9 Marine eutrophication kg N eq −0.40 −0.64
10 Terrestrial ecotoxicity kg 1,4-DCB 18,236 3572
11 Freshwater ecotoxicity kg 1,4-DCB 173 212
12 Marine ecotoxicity kg 1,4-DCB 221 263
13 Human carcinogenic toxicity kg 1,4-DCB 63.7 75.2
14 Human non-carcinogenic toxicity kg 1,4-DCB 2969 2129
15 Land use m2a crop eq −4,567,849 −6,760,311
16 Mineral resource scarcity kg Cu eq −7.16 −10.7
17 Fossil resource scarcity kg oil eq 2364 413
18 Water consumption m3 −34.9 −46.2

3.5. Economic Assessment of the Proposed Management Approach

The savings for a catering company were evaluated in a previous study (Kliopova
et al., 2019), amounting to 4203 EUR per year, when the produced compost is used in the
catering company premises. However, when the primary compost cannot be matured and
used for the needs of the company, it is suggested to divert the primary compost to GW
composting sites, as it was analyzed in the present study. In this case, system boundaries are
enlarged, encompassing municipal GW composting sites, which also receive extra earnings.
The pay-pack period of implementation of an intensive composter will be approximately
2.1 years (see Table 4).

Table 4. Economic evaluation (savings) due to installation of an intensive composter at the catering company.

Analyzed
Parameters

Units
Price

Situation before
Implementation

(Conventional ABPs
Management)

Situation after
Implantation of

Intensive Composter
Savings

EUR unit−1 Units y−1 Units y−1 Unites y−1 EUR y−1

ABPs t 446.11 10 0 10 4461.1
PC t - 0 2.17 −2.17 0

* Electricity kWh 0.15 3300 5160 −1860 −279.00
** Diesel fuel L 1.00 0 54.6 −54.6 −54.6

Total savings: 4127.5

Notes: * Animal by-products in a catering company are stored in a separate freezer with an installed power of 0.35 kW); electricity
consumption of intensive composter: 5160 kWh t−1 of raw ABPs. ** Diesel fuel consumption for ABPs primary compost transportation to
GW composting site: 32.49 tkm (diesel consumption 7 L km−1).

As it was suggested that ABP management increases the nutritive properties of GW
compost, the price of the improved compost is assumed to increase from 7–13 to 20 EUR t−1.
For this reason, established symbiotic relationships between catering and municipal GW
composting sites would allow them to double the income as GW compost producers. In
the case of our example, 13.7 t of higher quality compost can be produced using 2.17 t of
ABPs primary compost as an amendment; expected incomes were 274 EUR or on average
137 EUR more in comparison to the current situation per catering company.
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4. Conclusions

The analysis of ABP primary compost produced by the three catering companies
has shown outstanding nutritive properties, such as the amount of OM (75–89% DM),
TN content (1.5–1.38% DM), and water-soluble P concentration (1321–1917 ppm). How-
ever, the primary composts were phytotoxic, containing large concentrations of SO4

2−

(987–1820 ppm), Cl− (7155–9797 ppm), high conductivity (5.40–5.77 mS cm−1), and biodegrad-
ability (41,190–80,892 mg kg−1).

The co-maturation experiment with ABPs2 and GW primary compost resulted in the
stabilization of parameters associated with phytotoxicity. The cured compost conductivity
was in the optimal range (1.1 mS cm−1), biodegradability (82 mg kg−1) in a stable range,
Cl− (298 ppm) below the limit considered detrimental for the susceptible plant; however,
SO4

2− remained high 808 ppm. According to the selected quality assessment method, the
quality of the cured compost was exceptional. Parameters such as DM, TP, and soluble
forms of NPK in the produced compost ranged from high to very high values.

The analysis of the current ABP management approach in the analyzed region showed
that these catering wastes were composted by centralized intensive composting under
forced aeration and fabric cover. In the plant, ABPs (55%) were mixed with GW (35%) and
biomass combustion ash (10 %) to adjust the moisture content and C/N ratio. In addition,
to treat 10 t y−1 of ABPs, 21.68 kg of diesel was needed. In contrast, the transportation
need for the current approach amounts to 26,000 km. Although the nutritive properties
of the compost were high, the compost contained large amounts of heavy metals (e.g.,
880 g Zn t−1 DM).

The analysis of the environmental impacts of current and suggested ABP manage-
ment approaches has revealed that in the case of implementation of the novel method,
environmental performance can be increased in 12 impact categories from a total of 18.
Marked reductions were achieved in climate change (48%), ozone formation (107%), and
fossil resource scarcity (83%) impact categories.

The economic assessment proved that the symbiotic relationship between catering
companies and GW composting sites results in economic benefits for the involved parties.
Production of primary compost from 10 t of ABPs and delivery to the closest GW com-
posting site would allow savings of EUR 4.1 thousand per year for a catering company.
Additionally, co-maturation of GW and ABPs primary compost would allow a production
of 13.7 tons of higher value compost in the composting site, which is two times higher than
typical GW compost in the Lithuanian market because of better nutritional properties.
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Abstract: The percolation of rainwater and runoff water through household waste in the dumpsite
generally leads to an overabundance of leachate in Moroccan landfills, which is a source of soil,
surface water and groundwater contamination. In order to ecologically solve the problem posed
by the leachate in the dump site, to safeguard the environment and to contribute to sustainable
development, we have carried out this study which aims to study the possibility of composting
leachate with green waste and phosphate washing sludge. Various combinations with five substrates
(leachate, green waste, sugar lime sludge, phosphate washing sludge and olive mill wastewater)
in different proportions were used to build five windrows. A 24 h contact between the phosphate
sludge or sugar lime sludge and the leachate took place prior to the addition of the green waste
for the construction of the different windrows. This contact time ensured the absorption of a
significant portion of the leachate and the disappearance of bad odor. A significant reduction
was obtained with streptococci and mesophilic flora after 24 h of contact. The monitoring of the
physicochemical parameters throughout the composting process showed that the temperature of
the different windrows followed a good pace presenting all composting phases. Moisture, pH, C/N
ratio and the percentage of degradation of the organic matter conformed to the quality standards
of the compost. The combinations of the alkaline treatment and the composting process allowed a
significant hygienization of the leachate. The results of the humification parameters and the E4/E6
ratio suggest that the composts obtained with phosphate sludge were the most stable and mature
and can be used in the agricultural field or green space.

Keywords: olive mill wastewater; leachate; compost; phosphate sludge; physicochemical and
microbiological analyzes; sugar lime sludge

1. Introduction

In developing countries, solid waste management remains crucial because of demo-
graphic change, forced urbanization, and the improvement of living standards in each
country [1]. In Morocco, the daily quantity of household waste generated is estimated
at 18,000 tons, and this amount is increasing, with direct and indirect negative effects
related to the nature and quantity of waste, its disposal, and treatment. This situation has
prompted Morocco to opt for the technique of landfilling as a means of managing these
huge quantities of waste characterized by their high organic matter content (65%) and high
humidity (85%). However, the storage of these wastes at landfill sites produces harmful
effluents (leachate), resulting from the combined action of rainwater and natural fermenta-
tion, known for their high loads of organic and mineral substances and thus pathogenic
microorganisms, which creates a major environmental problem given the emissions of bad
odors, soil and groundwater pollution [2].
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Today in Morocco, in addition to the production of household waste, there are three
other serious environmental problems such as that of the phosphate industry. It repre-
sents one of the main drivers of the country’s economy. Morocco, with its large share
of phosphate reserves (three-quarters of the world’s phosphate reserves), is the world’s
leading exporter of phosphate derivatives, with an international market share of more
than 30% [3]. This mining industry faces many major environmental challenges, resulting
from the huge quantities (28.1 million tons per year) of phosphates washing sludge that
Cherifian Phosphates Office (OCP) generates [4]. All these by-products are deposited
together at the level of basins on the sites of the laundries, where they are stored. Moreover,
the sugar industry generates an enormous amount of sugar lime sludge, by-products of
the purification of beet juice, which increases each year with the increase in sugar beet and
cane production. It is estimated that nearly 270,000 t of sugar lime sludge are produced
each year [5]. This huge quantity of sugar lime sludge is always dumped outside the plants
in wild lands without any valorization or treatment. Beyond their richness in calcium,
phosphoric acid and magnesium assimilated by the plant are also considered perfect to
activate agricultural soils and increase their pH [6], hence, the need for their exploitation.
The olive industry is another kind of industry that constitutes a real polluting activity
due to its production of huge quantities of olive mill wastewater. The discharge of these
wastes into the environment without any prior treatment causes negative impacts due to
their high organic loads, which are poorly biodegradable and highly toxic to plants, water,
and soil microorganisms [7]. So far, these effluents have small economic value in Morocco.

Today, this situation of continuous accumulation of liquid and solid wastes (leachates,
phosphate sludge, sugar lime sludge, and olive mill wastewater) encourages researchers to
fit perfectly into the challenges of sustainable development by controlling and revalorizing
these wastes on a large scale in order to protect the environment and fight against the
resulting pollution in nature. From the point of view of the physicochemical characteristics
of these substrates, composting seems to be the first effective solution for better ecological
management, which will allow developing countries to engage with the stakes of the
circular economy, which are at the same time an environmental, economic, and social issue.

In order to improve the performance of the composting process and to optimize
the quality of final composts, we opted to carry out a comparison between the effect
of using different concentrations of phosphate sludge and sugar lime sludge. Indeed,
the physicochemical characteristics of phosphate sludge are almost identical to those of
sugar lime sludge with regard to pH, organic matter, and total organic carbon.
The main objective of this work was the valorization of phosphate sludge and sugar
lime for the treatment by composting of leachates, and the elimination of their bad odors
in order to obtain valuable composts that could be used in the agricultural valorization
without negative effects on the soil and the crops. This study presents ecological and
socio-economic benefits in the context of sustainable development related to the protection
of the environment and natural resources through the recycling and valorization of large
quantities of leachate.

2. Material and Methods
2.1. Composting Materials and Process Operation

Five types of waste including leachate (L), green waste (GW), phosphate sludge (PS),
sugar lime sludge (SL), and olive mill wastewater (OMW) were used.

These wastes have various origins:

a Olive mill wastewater is recovered from Bouchane oil mill, Morocco.
b Green waste (grass) was collected from the garden of the Faculty of Science Semlalia

Cadi Ayyad University of Marrakesh, Morocco. This type of green waste was chosen
to ensure better absorption of the leachate.

c The phosphate washing sludge was obtained from the Youssoufia region, Morocco.
d Leachate was sampled from the ECOMED landfill in Marrakech, Morocco on 2 March 2020.
e Sugar lime sludge was from the Doukkala sugar industry, Morocco.
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The physicochemical properties of the initial substrates used in this work are presented
in Table 1.

Table 1. Physicochemical properties of the initial substrate.

Characteristics L GW OMW PS SL

pH 8.0 ± 0.04 7.9 ± 0.03 5.1 ± 0.01 7.9 ± 0.1 8.1 ± 0.05
TKN (% DM) 0.4 ± 0.1 2.8 ± 0.1 0.4 ± 0.1 0.04 ± 0.1 0.3 ± 0.1

Organic matter (% DM) nd 81.2 ± 0.6 nd 10.7 ± 2.1 12.7 ± 0.2
TOC (% DM) nd 45.1 ± 0.3 nd 5.9 ± 1.2 7.1 ± 0.1
Humidity (%) 95.7 ± 0.1 12.1 ± 0.6 90.5 ± 0.1 2.4 ± 0.1 4.7 ± 0.06

BOD5
(mg O2 /L) 1400 ± 0.0 nd nd Nd nd

COD
(mg O2 /L) 25,750 ± 403.7 nd 190,550 ± 14,131.3 Nd nd

BOD5/COD 0.05 nd nd Nd nd
Ni 0.07 ± 0.01 0.9 ± 0.3 0.01 ± 0.0 27.7 ± 1.1 0.8 ± 0.2
Cu 0.0 12.6 ± 0.1 0.0 32.4 ± 0.6 10.0 ± 0.2
Pb 0.01 ± 0.0 1.4 ± 0.1 0.01 ± 0.0 1.1 ± 0.01 0.7 ± 0.02
Zn 0.04 ± 0.0 55.8 ± 0.7 0.3 ± 0.01 302.2 ± 6.2 23.0 ± 0.6
Cr 0.07 ± 0.0 0.7 ± 0.04 0.0 51.4 ± 1.0 0.9 ± 0.02
As 0.5 ± 0.1 0.4 ± 0.1 0.0 19.6 ± 0.4 1.9 ± 0.02

L (leachate); GW (green waste); OMW (olive mill wastewater); PS (phosphate sludge); SL (sugar lime); TKN (total Kjeldahl nitrogen); TOC
(total organic carbon); BOD5 (biochemical oxygen demand); COD (chemical oxygen demand); Ni ( nickel); Cu (copper); Pb (lead); Zn (zinc);
Cr (chromium); As (arsenic).

One day before composting is started (2 March 2020), we prepared five barrels with
80 L leachate in each barrel. This proportion was chosen in order to recover the largest
possible quantity of final compost. A barrel control without any treatment was maintained
and the other barrels were subjected to different treatments (Table 2) in order to test the
effect of the alkaline sludge on the removal of fecal contamination indicators.

Table 2. Treatments carried out for each barrel.

Barrels Treatments % of Sludge (w/v)

Barrel 1 L 0
Barrel 2 L + SL 20
Barrel 3 L + PS 20
Barrel 4 L + PS 50
Barrel 5 L + PSW 50

L (leachate); L + SL (leachate + sugar lime); L + PS (leachate + phosphate sludge); L + PSW (leachate + phosphate
sludge + olive mill wastewater).

Subsequently, the barrels were carefully mixed and incubated 24 h at ambient tem-
perature. This contact time is necessary for the reaction of chemical substances in the
phosphate sludge and sugar lime sludge with the leachate. To maintain homogeneity of
the mixture, the barrels were mixed five times during the contact time. After 24 h of contact
between leachate/phosphate sludge and leachate/sugar lime sludge, we collected about
500 mL of sample from each treatment for physicochemical and microbiological analyses.
Then, a sufficient quantity of green waste was added to each barrel in order to absorb
the maximum of leachate and obtain a final C/N ratio between 25 and 28. The mixtures
from each barrel were carefully mixed by turning to ensure good homogenization and the
implementation of the windrows (1 m length, 0.7 m wide, and 0.5 m high) was performed
on plastic sheeting to prevent leachate losses. The quantities (in kg) of the different wastes
according to the windrows are shown in Table 3.
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Table 3. Composition of the five windrows in kg.

Windrows GW (kg) PS (kg) L (L) SL (kg)

W1 33 0 80 0
W2 33 0 80 16
W3 33 16 80 0
W4 33 40 80 0
W5 33 40 80 0

GW (green waste); PS (phosphate sludge); L (leachate); SL (sugar lime).

2.2. Monitoring Composting

We conducted regular manual turning twice a week to ensure aeration of the windrows,
as the aeration rate is considered one of the key factors affecting the composting process
and the final quality of the compost; the windrows were watered whenever the moisture
content dropped below 50%. It should be noted that windrow 5 was watered on day 7 and
day 21 by olive mill wastewater (7 L in total).

The temperature was measured every day during the first week and once every
3 days for the rest. The value given corresponds to the mean of five measurements taken
at different locations and varying depths of each windrow. At predetermined periods
(start of composting, 7, 14, 21, 35, 49, 63, 77, 91, and 112 days), sampling was carried out
uniformly throughout each windrow, at the surface and at different depths in order to
obtain a homogeneous sample for physicochemical and microbiological analyses.

2.3. Physicochemical Analysis

The five windrows were characterized according to the main conventional physico-
chemical parameters monitored during composting. The samples taken were subjected to
various analyses, including the moisture content, which was determined on a 100 g sample
after drying in an oven at 105 ◦C for 24 h. The pH was measured in a 1:10 (w/v) aqueous
extract. The organic matter (OM) content was obtained by calcination at 650 ◦C for 6 h.
The total organic carbon (TOC) was calculated according to Equation (1) [8]:

COT (%) =
OM (%)

1.8
(1)

Total Kjeldahl nitrogen and assimilable phosphorus were determined according to the
Kjeldahl method and the Olsen method, respectively. The heavy metals were determined
by ICP-MS. All analyses were carried out in three replicates.

2.4. Determination of the Bacterial Population

Microbiological analyses were carried out on the leachate before any addition of
sludge, on the leachate after 24 h contact with the sludge, and on the initial and final
composting stages.

The samples collected were analyzed for microbial load indicators of fecal contam-
ination and some pathogenic microorganisms. Fecal coliform and total coliform were
determined on tergitol 7 and TTC agar. Bile esculin-azid agar was used for the enumeration
of fecal streptococci. Salmonella spp. was identified using SS agar and confirmed on a triple
sugar iron medium. Enumeration of the total mesophilic flora was performed on nutritious
agar and diagnosis of Pseudomonas aeruginosa was performed using cetrimide agar as a
selective medium.

2.5. Humification Process

In order to prove the stability and maturity of the five final composts, we calculated
the humification indices (humification index (HI), humification rate (HR), and degree of
humification (HD)), which are based on the quantification of the humic fraction compared
to the fulvic fraction. For this purpose, we carried out the extraction of the total humic
substances from the compost according to the method of [9]. The separation of humic (HA)
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and fulvic (FA) acids was carried out by acidification with a sulphuric acid solution (6 N).
The humidification rate, humidification degree, and humidification index are calculated
according to Equations (2) [10], (3) [11], and (4) [12] respectively:

Humification rate (HR%) = (Carbon of total humic matter/Total organic carbon) × 100 (2)

Humification degree (HD%) = (Carbon of total humic matter/Carbon of Humin) × 100 (3)

Humification index (HI) = Carbon of humic acid/Carbon of fulvic acid ratio (4)

2.6. Statistical Analysis

All the results are expressed as the mean and standard deviation. The physicochem-
ical and microbiological results were analyzed by the ANOVA using XLStat Premium,
version 2013.

3. Results and Discussion
3.1. Moisture Content

Generally, the moisture content is necessary for the bacterial activity and the degrada-
tion of organic matter during composting [13]. According to [14], the optimum moisture
content is between 40% and 60%. The evolution of the moisture content of the different
windrows during the composting process is shown in Figure 1. The results showed that
windrows W1, W2, W3, W4, and W5 started with a moisture content of 73.2%, 67.5%, 64.2%,
58.2%, and 58.4%, respectively. The highest moisture content was recorded for W1, which
does not contain any sludge, followed by W2 (20% of lime sludge). In fact, the results
obtained in this study showed that phosphate sludge supplementation to the leachate
decreased the moisture content as the amount added increased compared to the control.
Thus, the phosphate sludge ensures better absorption of the leachate. The moisture content
decreases in all windrows progressively to reach at the end of composting 53.3%, 45.5%,
42.2%, 40.7%, and 40.5%, respectively for W1, W2, W3, W4, and W5. This decrease could
be attributed to the evaporation due to the increase in temperature generated by the micro-
bial activity during composting [15]. Moreover, it is the consequence of the composting
conditions, which we have proceeded to ensure the smooth running of the process, stirring,
and aeration that leads to water loss in the form of steam. It should be noted that the
difference between the windrow control and the windrow containing sugar lime sludge is
significant (p < 0.05), but the difference between the windrow control and the windrows
containing phosphate sludge is highly significant (p < 0.01).
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3.2. Temperature Evolution

According to [16], the success of composting depends on the temperature reached
during the process. Indeed, the ability of the composting process to hygienize the compost
from pathogens is associated with temperature [17]. The results in Figure 2 showed that
the temperature curves for the five windrows had classic composting patterns, but no
significant difference was detected between the control and the four different treatments.
The thermophilic phase was established on the first day of composting and lasted almost
10 days, reaching maximum values of 54 ◦C for W1 and W3, followed by 53 ◦C for
W4 and 51 ◦C for W2 and W5. This rapid increase observed during the initial phase
is due to the degradation of simple compounds by microorganisms producing heat as
a by-product [18,19]. After this phase, the temperature of the five windrows gradually
decreased which may be in relation to the cold days as proved by the values of the ambient
temperature. Then it increased again on the 63rd, 77th, and 84th days of composting.
From 91 days, the temperature of the five windrows dropped to ambient temperature
values, reflecting the maturity and stability of the composts. This indicates that simply
metabolizable organic compounds have been decomposed and only compounds resistant
to metabolization persist [20].
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According to [21], this last phase of composting (maturation) is characterized by the
humification process, which consists of the polymerization of organic compounds into
more stable compounds (humus).

3.3. Evolution of the pH

The evolution of pH during composting is shown in Figure 3. The change in pH of
windrow 2 compared to the control was not significant, but the change in pH of windrows
3, 4, and 5 compared to the control was highly significant (p < 0.01). From the first week
of composting, there was a slight decrease in the pH of the five windrows due to the
accumulation of organic acids and the dissolution of CO2 during the degradation of simple
molecules [22]. The increase in pH for the five windrows in the following week could
be explained by the ammonia production associated with the degradation of organic
matter [23]. From day 21 to day 35, the pH of the five windrows decreases probably in
relation to the volatilization of NH3

+. Afterwards, a slight increase in pH was observed
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in the five windrows due to the disappearance of easily degradable organic matter [24],
and then the pH of the five windrows stabilized at relatively basic values: 8.6, 8.8, 8.8, 8.9,
and 8.9 for W1, W2, W3, W4, and W5, respectively. Recommended pH values for mature
compost are normally between 7 and 9 [25]. Throughout the composting process, and even
with the same concentration of phosphate sludge, windrow 5 showed a lower pH than
windrow 4, which could be logically associated with watering by the olive mill wastewater,
which has a pH = 5.1 (Table 1).
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3.4. C/N Ratio Evolution and Organic Matter Degradation

The C/N ratio is one of the factors used to control the composting process [26].
The C/N ratio decreased gradually and followed an almost similar trend in the five
windrows (Figure 4). This is probably due to the loss of carbon in the form of carbon
dioxide due to the degradation of organic matter and the increase in total nitrogen content
due to organic matter mineralization of the initial substrates by the microorganisms [27].
At the end of composting, the C/N ratio of the final composts was 11.8, 13.0, 13.7, 12.2,
and 12.7 for windrows 1, 2, 3, 4, 5, respectively, which proves that the final composts were
mature and stable, as they were within the range recommended by [28].
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The organic matter content of the final composts was within the range recommended
by [27]. It was in the order of 53.0%, 38.0%, 31.9%, 24.6%, 24.6%, and 25.0% for W1,
W2, W3, W4, and W5, respectively. The maximum organic matter degradation (Figure 5)
was observed for W4 (34.1%), followed by W3 (33.9%), W5 (32.5%), and W2 (30.1%), while
for W1, which did not contain any sludge, the organic matter degradation was only 15.1%.
These results showed that the addition of phosphate sludge or sugar lime sludge had a
significant impact on the degradation of organic matter. The percentage of organic matter
degradation was not similar in the two windrows W4 and W5 that underwent the same
treatment (50% PS) due to the fact that windrow 5 was watered by olive mill wastewater
on day 7 by 5 L and day 21 by 2 L. This result showed that the 7 L watering by the olive
mill wastewater contributed to a slight increase in organic matter in windrow 5 of about
1.9% DM compared to windrow 4.

Processes 2021, 9, x FOR PEER REVIEW 9 of 18 
 

 

W3, W4, and W5, respectively. The maximum organic matter degradation (Figure 5) was 
observed for W4 (34.1%), followed by W3 (33.9%), W5 (32.5%), and W2 (30.1%), while for 
W1, which did not contain any sludge, the organic matter degradation was only 15.1%. 
These results showed that the addition of phosphate sludge or sugar lime sludge had a 
significant impact on the degradation of organic matter. The percentage of organic matter 
degradation was not similar in the two windrows W4 and W5 that underwent the same 
treatment (50% PS) due to the fact that windrow 5 was watered by olive mill wastewater 
on day 7 by 5 L and day 21 by 2 L. This result showed that the 7 L watering by the olive 
mill wastewater contributed to a slight increase in organic matter in windrow 5 of about 
1.9% DM compared to windrow 4. 

 
Figure 5. Organic matter contents in the different windrows. 

3.5. Monitoring of Microbiological Parameters 
3.5.1. Microbiological Characteristics of the Raw Leachate 

Microbiological analyses of the raw leachate (Table 4) used in this study showed a 
total absence of Salmonella spp. and Pseudomonas aeruginosa. The absence of these patho-
genic microorganisms could be explained, among other things, by the alkaline nature of 
the leachate, which is unfavorable for the development of these bacteria [29]. Total and 
fecal coliforms are frequent in the environment. However, their absence in the leachate 
sample may be due to the absence of favorable conditions for their development. Indeed, 
results relating to the evolution of fecal coliforms suggest that these microorganisms are 
seasonally dependent: a decrease in the bacterial load of fecal coliforms during the cold 
season has been recorded [30].  

An abundance of fecal streptococci was detected in the leachate sample. Indeed, fecal 
streptococci are very good indicators of fecal contamination and are more resistant to en-
vironmental factors than coliforms [31]. A high concentration of mesophilic flora was also 
observed. In general, the total mesophilic flora provides information on the indigenous 
microflora brought by pollution; it is used as an indicator of overall pollution [30].  

Table 4. Results of the microbiological analyses on raw leachate from the landfill of Marrakech. 

Microorganismes CFU/mL 
Fecal streptococci  9050 

Fecal coliforms  0 
Total coliforms 0 

0

10

20

30

40

50

60

70

W1 W2 W3 W4 W5

Organic matter 
(% DM)

Begnning Final

Figure 5. Organic matter contents in the different windrows.

3.5. Monitoring of Microbiological Parameters
3.5.1. Microbiological Characteristics of the Raw Leachate

Microbiological analyses of the raw leachate (Table 4) used in this study showed a total
absence of Salmonella spp. and Pseudomonas aeruginosa. The absence of these pathogenic
microorganisms could be explained, among other things, by the alkaline nature of the
leachate, which is unfavorable for the development of these bacteria [29]. Total and fecal
coliforms are frequent in the environment. However, their absence in the leachate sample
may be due to the absence of favorable conditions for their development. Indeed, results
relating to the evolution of fecal coliforms suggest that these microorganisms are seasonally
dependent: a decrease in the bacterial load of fecal coliforms during the cold season has
been recorded [30].

Table 4. Results of the microbiological analyses on raw leachate from the landfill of Marrakech.

Microorganismes CFU/mL

Fecal streptococci 9050
Fecal coliforms 0
Total coliforms 0

Total mesophilic flora 163,500,000
Pseudomonas aeruginosa 0

Salmonella spp. 0
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An abundance of fecal streptococci was detected in the leachate sample. Indeed, fecal
streptococci are very good indicators of fecal contamination and are more resistant to
environmental factors than coliforms [31]. A high concentration of mesophilic flora was
also observed. In general, the total mesophilic flora provides information on the indigenous
microflora brought by pollution; it is used as an indicator of overall pollution [30].

3.5.2. The impact of Adding Phosphate Sludge on the Content of Microorganisms in
the Leachate

Before starting the composting process, we proceeded to carry out a direct contact of
24 h between the sludge and the leachate, in order to evaluate the effect of the different
treatments on the bacterial load of the raw leachate.

The addition of phosphate sludge and sugar lime sludge allowed a significant reduc-
tion in fecal streptococci and total mesophilic flora (Figures 6 and 7); almost similar trends
were observed for the two treatments phosphate sludge 20% and sugar lime sludge 20%.
With 20% sugar lime sludge, a 53.7% reduction in fecal streptococci was observed, while
with 20% of the phosphate sludge, a 51.9% destruction was observed after 24 h of contact.
When the phosphate sludge addition was increased to 50%, 56.4% to 57.8% destruction of
fecal streptococci was observed.
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Processes 2021, 9, x FOR PEER REVIEW 11 of 18 
 

 

 
Figure 7. Evolution of the total mesophilic flora in the different treatments after 24 h of contact. 

3.5.3. The Effect of Composting on the Hygienization 
To evolve the effect of composting as a hygienization process, we conducted counts 

of the microbial community considered at the beginning and the end of the composting 
process. Although there was a significant drop in the total mesophilic flora due to the 
addition of phosphate sludge and sugar lime sludge, the addition of green waste was sat-
isfactory in terms of increasing the total mesophilic flora (as well as fecal streptococci) 
required to start composting Figure 8. At the beginning of composting, the total meso-
philic flora was predominant: 1 × 109 CFU/g for W1, 8.45 × 108 CFU/g for W2, 7.8 × 108 
CFU/g for W3, 6.5 × 108 CFU/g for W4, and 5.65 × 108 CFU/g for W5. Towards the end of 
composting, this flora remained abundant in the final composts: 1.6 × 108 CFU/g, 1.32 × 
108 CFU/g, 8.73 × 107 CFU/g, 1.03 × 108 CFU/g, and 1.07 × 108 CFU/g for W1, W2, W3, W4, 
and W5, respectively. This could be explained by the environmental conditions that favor 
the reinstallation of the new mesophilic flora, which is essential for obtaining a mature 
product [32]. Although there was a reduction in fecal streptococci in the control (90%), a 
high level of fecal streptococci (2.83 × 103 CFU/g compost) was still observed even after 
112 days of composting. However, treatment with sugar lime sludge resulted in a greater 
reduction than the control (97.5%). No fecal streptococci were detectable after 112 days in 
the three composts treated with phosphate sludge. This reduction could be attributed to 
the alkaline treatment and the hygienization process known in the composting operation. 
The study of [33] considered the increase in temperature and the increase in pH that leads 
to the release of ammonia as the main factors involved in the reduction of pathogens from 
biosolids during composting. We can conclude that the combination of the alkaline treat-
ment and the composting process stabilized the final products to meet those recom-
mended in [28]. 

0

20,000,000

40,000,000

60,000,000

80,000,000

100,000,000

120,000,000

140,000,000

160,000,000

180,000,000

200,000,000

Raw leachate LSL (20%) LPS (20%) LPS (50 %) LPSW (50%)

CFU/ml

Figure 7. Evolution of the total mesophilic flora in the different treatments after 24 h of contact.

83



Processes 2021, 9, 1735

The concentration of the total mesophilic aerobic flora was considerably destroyed
after 24 h of contact for all four treatments: 89.3%, 96.3%, 98.6%, and 98.4% for W-SL (20%),
L-PS (20%), L-PS (50%), and L-PSW (50%), respectively. The percentage of reduction in
total mesophilic flora was higher than that of fecal streptococci, indicating its sensitivity
to lime.

The treatments have successfully reduced the pathogenic agents. These results confirm
those found by [5], which demonstrated the effectiveness of alkaline treatments in pathogen
reduction. Although pathogen reduction was satisfactory, a complete composting cycle
was necessary for better hygienization of the final products.

3.5.3. The Effect of Composting on the Hygienization

To evolve the effect of composting as a hygienization process, we conducted counts
of the microbial community considered at the beginning and the end of the composting
process. Although there was a significant drop in the total mesophilic flora due to the
addition of phosphate sludge and sugar lime sludge, the addition of green waste was
satisfactory in terms of increasing the total mesophilic flora (as well as fecal streptococci)
required to start composting Figure 8. At the beginning of composting, the total mesophilic
flora was predominant: 1 × 109 CFU/g for W1, 8.45 × 108 CFU/g for W2, 7.8 × 108 CFU/g
for W3, 6.5 × 108 CFU/g for W4, and 5.65 × 108 CFU/g for W5. Towards the end
of composting, this flora remained abundant in the final composts: 1.6 × 108 CFU/g,
1.32 × 108 CFU/g, 8.73 × 107 CFU/g, 1.03 × 108 CFU/g, and 1.07 × 108 CFU/g for W1, W2,
W3, W4, and W5, respectively. This could be explained by the environmental conditions
that favor the reinstallation of the new mesophilic flora, which is essential for obtaining a
mature product [32]. Although there was a reduction in fecal streptococci in the control
(90%), a high level of fecal streptococci (2.83 × 103 CFU/g compost) was still observed
even after 112 days of composting. However, treatment with sugar lime sludge resulted
in a greater reduction than the control (97.5%). No fecal streptococci were detectable after
112 days in the three composts treated with phosphate sludge. This reduction could be
attributed to the alkaline treatment and the hygienization process known in the composting
operation. The study of [33] considered the increase in temperature and the increase in
pH that leads to the release of ammonia as the main factors involved in the reduction of
pathogens from biosolids during composting. We can conclude that the combination of the
alkaline treatment and the composting process stabilized the final products to meet those
recommended in [28].

3.6. Humification Process during Composting

According to [34], the monitoring of humification parameters during composting
could be a representative index of the evolution of compost maturity and stability, since
compost quality is confirmed by the quantity of stable humus formed after the biodegra-
dation of organic matter [35]. The results reported in Table 5 showed that at the end
of composting (112 days), all composts containing phosphate sludge had their degree
of humification and their humification rate above 70% and 35%, respectively, which are
considered standards, indicating a good humification [36]. Similarly, the CAH/CFA ratio
was 1.9 for compost 3, 3.5 for compost 4, and 3.0 for compost 5. These values were higher
than the 1.6 value estimated by [37] for stabilized organic matter.

In contrast, the E4/E6 ratio for the composts treated with phosphate sludge and
sugar lime sludge is less than five, indicating that the composts are mature and its humus
particles are complex [38]. The E4/E6 ratio of the control is higher than five, which proves
that the degradation of organic matter in the control (without sludge) was less advanced
and that the humic substances formed are not stable. According to [39], an E4/E6 ratio
higher than five shows the presence of fulvic and the formation of small molecules.
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Table 5. Humification indices of the five final composts.

Composts C1 C2 C3 C4 C5

Humification index (IH) 0.9 ± 0.1 1.3 ± 0.2 1.9 ± 0.2 3.5 ± 0.6 3.0 ± 0.2
Humification rate (HR%) 27.0 ± 0.7 41.7 ± 0.6 53.9 ± 0.6 78.1 ± 2.4 76.6 ± 0.2

Humification degree (HD%) 43.6 ± 0.0 59.2 ± 5.5 78.4 ± 2.4 95.7 ± 0.3 97.8 ± 2.7
E4/E6 11.8 ± 0.6 3.5 ± 0.3 2.7 ± 0.1 3.5 ± 0.2 3.7 ± 0.1

According to these results, the addition of phosphate sludge has a significant effect on
the humification index, the humification rate, the degree of humification, and the E4/E6
ratio compared to the control and even compared to the compost treated with sugar lime
sludge. Therefore, the addition of phosphate sludge allowed obtaining a more stable and
mature compost compatible with the use in agricultural fields or green spaces.

3.7. Effect of the Composting Process on Available Phosphorus Content

As shown in Figure 9, a significant increase in available phosphorus content from
the beginning to the end of the composting process was recorded in the five composts.
This increase was in the order of 34.1%, 34.7%, 31.4%, 53.5%, and 40.7% for C1, C2, C3, C4,
and C5, respectively. These results could be explained by the activity of phosphorus
solubilizing microorganisms during the composting process to release more assimilable
phosphorus than it was in the initial substrate. The difference in average available phospho-
rus content at the beginning and final stages of the process could also be attributed to the
initial organic matter composition of each windrow (Figure 5), which directly influences
the available phosphorus content in each compost. According to [40], the form and rate of
phosphorus change during the composting process is influenced by the type of waste used
to prepare the compost and the degradation of organic matter by microorganisms.
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These results require a complete and detailed speciation of phosphorus and its dy-
namics during composting to understand its evolution and bioavailability.

3.8. Visual Quality of the Final Composts

The results of Table 6 show the effect of the addition of phosphate sludge and sugar
lime sludge on the final quality of the composts. For the control (C1), which was not
treated, the color was the darkest compared to the other composts. The two composts
obtained with 20% of sugar lime sludge (C2) and phosphate sludge (C3) had a similar color
(brown). However, by increasing the concentration of phosphate sludge, the final color
of the compost 4 can be less brown. Watering windrow 5 with the olive mill wastewater
modified the final color of the compost 5. Compared to the control (C1), the treatment of
50% of phosphate sludge ensured a finer texture similar to that of soil characterizing a
good degradation of the material during the composting cycle, followed by the two other
treatments of 20% of phosphate sludge and sugar lime sludge. The unpleasant odor of
the leachate has completely disappeared. In addition, there was a complete absence of
impurities (plastic, glass, etc.) in the five composts as stipulated by [28].

Table 6. Macroscopic observations on the final composts.

Compost 1
(C1)

Compost 2
(C2)

Compost 3
(C3)

Compost 4
(C4)

Compost 5
(C5)

Texture Fine to coarse Fine to coarse Fine to coarse Fine to coarse to mostly fine
Color Dark brown Brown Brown Light brown Brown

Bad odor Absent Absent Absent Absent Absent

3.9. Heavy Metals Concentration

The concentration of heavy metals is considered among the main factors that affect
the quality of compost and limit its use and marketing [41]. During the composting the
concentration of heavy metals may decrease or increase [42], because the water evaporation
which occurs during composting and the solubilization of heavy metals [43] influenced by
the physicochemical changes (pH, CEC, NH4

+, NO3
−).

Six heavy metals: nickel, chromium, copper, zinc, lead, and arsenic were analyzed
at the beginning and at the end of the process. The results (Table 7) revealed that the
heavy metal contents of the windrows varied from one treatment to another. The increase
observed in Cu, Zn, Ni, Cr, and As contents towards the end of the process could be
due to weight loss due to the degradation of organic matter and loss through respira-
tion during the composting processes [43,44]. A similar result for the increase in Zn, Cr,
and Cu has been shown by [41]. On the contrary, Pb concentration decreased towards
the end of composting, with the exception of windrows 2 and 3 where an increase was
observed. This result is in agreement with that of [45] who showed that when SO4

2− and
PO4

3− increase the lead content decreases and also the results obtained by [46] and [41]
who found that the lead content increases during composting. The concentrations of
heavy metals analyzed in the five final windrows (produced composts) were very low
compared to the range concentrations defined by the [28]. Therefore, the composts pro-
duced do not contain heavy metals in proportions probable to present a risk for soil, plant,
or groundwater contamination.
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Table 7. Heavy metals concentration in windrows compared to the French Norm (NF U44-051).

Hevay Metals Windrows Begnning Final NF U44-051 Range

As

W1 3.8 ± 0.02 8.9 ± 0.02

18 mg/kg DM
W2 3.4 ± 0.04 5.3 ± 0.01
W3 6.5 ± 0.04 7.7 ± 0.1
W4 5.2 ± 0.1 7.3 ± 0.04
W5 4.0 ± 0.03 6.6 ± 0.3

Cr

W1 1.5 ± 0.2 5.4 ± 1.9

120 mg/kg DM
W2 1.6 ± 0.3 2.2 ± 0.1
W3 13.1 ± 1.2 10.7 ± 1.8
W4 13.8 ± 2.0 14.9 ± 1.3
W5 10.4 ± 0.7 13.8 ± 0.8

Zn

W1 48.6 ± 0.6 95.9 ± 5.5

600 mg/kg DM
W2 39.8 ± 1.0 50.5 ± 1.6
W3 103.5 ± 1.0 125.6 ± 1.6
W4 98.3 ± 3.4 132.7 ± 2.4
W5 79.8 ± 1.2 121.6 ± 10.5

Cu

W1 12.7 ± 0.1 26.2 ± 1.0

300 mg/kg DM
W2 8.5 ± 0.2 12.9 ± 0.1
W3 18.5 ± 0.2 17.7 ± 0.1
W4 12.9 ± 0.6 16.8 ± 0.3
W5 10.2 ± 0.1 16.4 ± 0.6

pb

W1 2.3 ± 0.2 1.4 ± 0.1

180 mg/kg DM
W2 0.5 ± 0.04 0.9 ± 0.04
W3 0.4 ± 0.05 0.7 ± 0.03
W4 1.9 ± 0.1 0.6 ± 0.02
W5 2.4 ± 0.1 0.8 ± 0.04

Ni

W1 1.8 ± 0.1 6.3 ± 0.8

60 mg/kg DM
W2 2.2 ± 0.3 2.9 ± 0.2
W3 11.0 ± 0.5 7.3 ± 0.2
W4 10.3 ± 1.5 8.9 ± 0.3
W5 7.1 ± 0.2 9.2 ± 1.3

4. Conclusions

Incubation of leachate in the presence of phosphate washing sludge and sugar lime
sludge for 24 h allowed reducing successfully the bacterial load brought by the raw leachate
and the removal of bad odors. The addition of the phosphate sludge with both 20% and
50% concentrations and the treatment of the 20% sugar lime sludge optimized significantly
the moisture content of the windrows within the recommended range and increased the
degradation of organic matter compared to the untreated control windrow. The pH, C/N
ratio, microbiological quality, and humification parameters are within the standards of
mature and stable composts. Notable results in terms of compost characteristics were
recorded with phosphate sludge at 50% concentration compared to the 20% concentration.
The treatment with phosphate sludge (20%) had a positive effect on compost parameters,
hygienic quality, and humification process compared to the treatment of sugar lime sludge
(20%). The use of phosphate washing sludge to valorize leachate from dump site by
the production of compost seems to be a sustainable solution, which allows by the same
way the valorization of phosphate washing sludge, which remains not valorized in many
countries producing phosphates. Following these results, phytotoxicity tests, analyses of
radioactivity in the different initial substrates used, as well as the final composts will be
carried out to prove the quality of the composts from a toxicity point of view.
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Abstract: To date, compost maturation monitoring is carried out by physical-chemical and microbi-
ological analysis, which could be considered an overweening consumption of time and products.
Nowadays, spectroscopy is chosen as a simple tool for monitoring compost maturity. In the present
investigation, spectroscopy analysis was performed in the interest of corroborating the compost
maturity. This goal was achieved by using the X-ray diffraction, infrared spectroscopy, and scanning
electron microscopy. X-ray diffraction analysis showed the presence of the cellulose fraction in
compost samples. At the same time, the intensity of pics decreased depending on composting time,
thus proving that there was organic matter degradation. Infrared and scanning electron microscopy
analysis allow for confirming these results. The correlation between spectroscopies analysis and
physical-chemical properties was employed by partial least squares-regression (PLS-R) model. PLS-R
model was applied to build a model to predict the compost quality depending on the composting
time, the results obtained show that all the parameters analysis are well predicted. The current
study proposed that final compost was more stabilized compared with the initial feedstock mixture.
Ultimately, spectroscopy techniques used allowed us to confirm the physical-chemical results ob-
tained, and both of them depict maturity and stability of the final compost, thus proving that spectral
techniques are more reliable, fast, and promising than physical-chemical analyses.

Keywords: compost; textile waste; cellulose; spectroscopy analysis; scanning electron microscopy;
PLS-R; maturity

1. Introduction

Over the past decades, the rising wealth of industry production has yielded a larger
amount of waste produced each year. One of the most difficult environmental tasks for
scientists is undoubtedly the management and disposal of industrial solid waste [1]. In
Morocco, the textile industries are considered one of the industries producing a huge
amount of solid waste, and that is disposed of directly into the environment without any
treatment [2]. These wastes are a fountainhead of organic matter, which can be absolutely
bio-converted into an organic fertilizer, thus contributing to enhance the soil quality [3],
and therefore, reduce the risk of erosion if they are treated properly [4].

For many years, composting has shown efficiency in the sustainable management of
solid waste wealthy in organic matter (carbon, nitrogen, and phosphorus, etc.) Furthermore,
compost application to the soil allows the stimulation of microbial activity by rising
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microbial biomass activity, and therefore, their enzymatic reaction [5–8]. Composting
is a stabilization and mineralization treatment of organic solid waste used to produce a
stabilized compost [1,9,10]. A good management of composting process, from the feedstock
to the final compost, is linked with optimum conditions.

Nonetheless, compost quality depends upon on its stability and maturity, and both
must be monitored [4]. The intricacy of the composting process is assessed on the huge
number of control variables (physical-chemical analysis, microbiological parameters, and
enzymatic activities). These techniques are time consuming, and generally, more than one
approach must be evaluated, which makes it difficult to assess the compost quality, thus
favoring the exploration of new technologies for adequate assessing of the composting.
Additionally, the maturity and stability of compost may also be achieved by spectroscopic
analyses (X-ray diffraction, UV-Visible spectroscopy, infrared spectroscopy, scanning elec-
tron microscopy, etc.) These techniques are among the most reliable and promising methods
for organic matter characterization as heterogeneous, thus providing complete information
on functional and behavioral properties of samples [11].

In this regard, the use of spectroscopic methods has been suggested as a useful tool
for assessing compost maturity. XRD analysis was usually used to investigate the organic
matter transformation, especially that of cellulose, during composting. Infrared spec-
troscopy is a qualitative methods for assessing the organic matter functional groups [12].
Likewise, scanning electron microscopy (SEM) analysis was widely used to identify the
morphological structure of compost that validates the final product stability and maturity.
Recently, spectroscopic methods appear as a reliable tool for organic matter transformation
prediction, particularly the decomposition of cellulose, during composting [11,13].

To date, no investigations are present which include both traditional and advanced
methods to assess the maturity and stability of textile waste with high concentration (80%)
during composting. The main goal of the current investigation was the establishment of
an achievable technology to enhance the composting process monitoring of textile waste
mixed with green waste, paper, and cardboard waste, using a rising amount of textile waste
(80%), by monitoring its degree of maturity using physical-chemical parameters as well as
infrared spectroscopy, scanning electron microscopy, and XRD on the one hand. On the
other hand is to evaluate the feasibility of spectroscopy analysis to predict the composting
treatment and to identify the correlation between quantitative and qualitative chemical
properties through textile waste composting using PLS-R model.

2. Materials and Methods
2.1. Experimental Material

The compost produced in the current investigation was carried out using as technique
aerobic silo composting. It was composed of textile waste (80%), green waste (10%), and
paper & cardboard waste (10%). Textile waste is obtained from MULTIWACH textile
industry located in Fez (Morocco). Whereas green waste, paper, and cardboard waste
was collected from the Faculty of Sciences, Dhar El Mahraz, Fez. Main characteristics of
feedstock were illustrated in Table 1. Firstly, these wastes were mixed and placed in silo
composter of 200 L (size 0.58 × 0.58 × 0.92 m L × W × H) throughout 11 months. The
silo composter was mixed and turned manually several times throughout these 11 months
to promote organic matter humification. In order to have a representative and composite
sample, samples were collected at different stages depending on three (0–20, 30–40, and
50–70 cm) and four necessary positions (north, south, east, and west).
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Table 1. Feedstock physical-chemical characteristics.

Physical-Chemical Parameters Green Waste Textile Waste Paper and Cardboard Waste

Moisture% 60.56 ± 0.04 50.26 ± 0.05 10.23 ± 1.06
pH 6.80 ± 0.40 7.30 ± 0.11 7.20 ± 0.01

Total Organic Carbon% 44.56 ± 0.60 30.26 ± 0.36 40.26 ± 0.04
Total Kjeldahl Nitrogen% 1.23 ± 1.00 0.53 ± 0.80 1.01 ± 0.20

C/N Ratio 36.22 ± 0.01 57.09 ± 0.15 39.86 ± 0.18

Values designate mean ± standard deviation based on 3 samples.

2.2. Experimental Analysis
2.2.1. Physical-Chemical Analysis

Ascertainment of moisture, temperature, ash, and pH were performed according
to the method depicted by the French Association for Standardization [14]. From the
percentage of total organic carbon (TOC) and the total nitrogen (TN). The C/N ratio was
calculated following the protocol provided by [15]. As for Q4/Q6 (λ472/λ664) absorbance
ratio, analysis was performed according to the methods provided by [16]. Cellulose activity
was measured according to [15]. Physical-chemical analysis was accomplished at various
phases of composting (Initial, 3rd, 9th, and 11th months), these data of the same sample
were published previously [15] (Table 2).

Table 2. Physical-Chemical properties changes throughout the composting process.

Time
(Months)

TOC
(%)

TN
(%) C/N Ratio NH4

+/NO3−
Ash
(%) Moisture (%) Temperature

(◦C) pH
Cellulose
Activity
(U g−1)

Initial 32.64 ± 0.96 0.56 ± 0.04 58.29 13.79 41.25 69.90 ± 3.00 10.50 ± 2.10 8.37 ± 0.10 0.41
3 28.26 ± 0.50 0.76 ± 0.01 37.18 6.09 49.13 34.55 ± 3.80 25.00 ± 2.00 7.53 ± 0.50 30.55
9 23.91 ± 0.45 1.17 ± 0.04 20.44 0.89 56.96 45.91 ± 2.30 42.00 ± 2.90 6.86 ± 0.10 42.59
11 23.53 ± 0.12 1.10 ± 0.02 21.39 0.28 57.65 37.24 ± 3.10 29.00 ± 1.20 6.02 ± 0.23 5.84

Values designate mean ± standard deviation based on 3 samples.

2.2.2. X-ray Diffraction Analysis

X-ray diffraction (XRD) analysis was carried out using X’Pert Pro diffractometer using
Cu Kα monochromatic radiation (λ = 1.5406 Å), with a generator of 30 mA and 40 kV. The
2θ angle was between 5 and 70◦ [17,18].

2.2.3. Infrared Spectroscopy Analysis

For each sample, 2 mg of powder at various phases of composting (Ti: initial stage,
T3: 3rd month, T9: 9th month, and T11: 11th month), were placed into a quartz-glass cell
and analyzed with a IR-spectrometer (Bruker Vertex 70 spectrometer model) using a DTGS
detector and OPUS 6.5 software, with wavenumber region between 400 and 4000 cm−1

with 2 cm−1 of resolution [12].

2.2.4. Statistical Analysis

Statistics analyses of the physical-chemical fractions of biomaterial compost were
achieved. Mean, standard deviation (St. Dev.), coefficient of variation (CV %), and a
comparison of the means using the normalized analysis of variance (one-way ANOVA)
were calculated. The PCA represent the correlation between chemical variables. Partial
Least Squares-regression (PLS-R) was developed to correlate the chemical fractions of the
compost samples with spectroscopy analyses. The PLS-R model is a multivariate linear
calibration. In order to reduce the error margin, this model allows for minimizing large
numbers of raw data into small sets of orthogonal factors among the values to be predicted.
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3. Results and Discussion
3.1. Changes in Physical-Chemical Properties

The physical-chemical properties of mature compost were found to differ considerably
compared to the beginning of treatment. Table 2 depicts that the temperature increase
rapidly through progression of the composting process to reach a maximum of 42 ◦C
compared to the initial value, this increase could be owing to the microorganisms activities
and their metabolic reactions [19–21]. At the end of the treatment, a decrease in temperature
was depicted, which might be owing to the predominance of molecules, which are difficult
to biodegrade by microorganisms (lignocellulosic, etc.) Furthermore, a decrease in moisture
was observed with a value of 34.24%, due to the evaporation of the water [15,22]. Regarding
the pH, a significant decrease was recorded through composting treatment, and it was
6.02 in final compost, as equated to 8.37 in feedstock mixture, this could be ascribed to
the organic acids generation during composting [15,23,24]. Hence, the pH tended toward
neutral range at the end of the process. A considerable decrease was detected for total
organic carbon (TOC) by 23.53% in final compost in comparison to feedstock mixture. This
decrease might be assigned to the organic matter mineralization. The low level of TOC in
final compost revealed a huge amount of humic acid, thus indicating a good stabilization
and maturation of the final compost [12,23]. Moreover, an increase of total nitrogen (TN)
was recorded in the final compost (1.10%) as contrasted to initial waste mixture (0.56%). Rise
in TN value could be assigned to nitrogenous substrate mineralization performed through
microorganisms activities [25]. The C/N ratio provides a general overview about compost
stability and maturity levels. In the current study, C/N ratio considerably decreased to
21.39% in final compost as contrasted to the pre-composted mixture. The mineralization of
carbon and the release of N during progression of the composting process led to decreased
C/N ratio at the end of the process. Reducing in the C/N ratio might be assigned to
the rise in humification rate and degradation of recalcitrant molecules such as lignin,
hemicelluloses, and cellulose during composting [24]. Additionally, C/N ratio below 20
is considered a good index of compost stability [15], wherefore compost produced in the
current investigation might be considered as stable and mature (C/N of 21.39%). The
NH4

+/NO3
– ratio is widely used to show the compost maturity. A NH4

+/NO3
– ratio of

0.22 was recorded at the end of the process, which is an indicative of acceptable maturity
according several authors [10,21]. Cellulase activity determines overall microbial activity
and organic substrate stabilization through the composting process. This activity was
recorded as 0.41 U g−1 in initial feedstock mixture, which was increased to 42.59 U g−1 at
the middle of composting and declined to 5.84 U g−1 in final compost. Rise in cellulose
activity was assigned by several authors to microorganisms activities in the compost [15,23].
The substantial presence of cellulose activities towards the end of composting could be
assigned to the formation of complexes between humic substances and cellulase enzymes,
which is sheltered against denaturation and decaying [23]. Hence, it can be stated that
composting of textile waste, even with high concentration of textile waste (80%), has
tremendous potential for valorization of plant nutrients from these wastes.

The Q4/Q6 (λ472/λ664) ratio depicts the degree of aromatic constituents’ polymeriza-
tion and might be considered a humification index. At the end, a decrease in this ratio was
detected with a value of 8.9 compared to the initial value (66.00) (Table 3). Moreover, stabi-
lization of this ratio at the end of treatment reflects an increase in humic substance, depicted
by phenolic and benzenecarboxylic compounds. According to several authors, a Q4/Q6
ratio around 5 might be referring to the humified matter, thus justifying a noteworthy
decrease in the C/N ratio [16,26].
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Table 3. Absorbance ratios evolution for the composting samples studied.

Time (Months) Abs472nm Abs664nm Q4/Q6

Initial 0.20 0.003 66.00
3 0.44 0.030 14.67
9 0.70 0.080 8.75
11 0.80 0.090 8.89

Values designate mean ± standard deviation based on 3 samples.

3.2. X-ray Diffraction Analysis

Figure 1 depicts the XRD diffractograms for the compost samples at various com-
posting stages (T3: 3rd month, T9: 9th month, and T11: 11th month) during textile waste
composting. According X-ray diffractograms several peaks was depicted outspread over
the range 2θ from 20◦ to 50◦, thus allowing identification of the majority of crystalline
fraction of cellulose intensities [27,28], with a noteworthy difference in intensity. X-ray
diffractograms of samples analysis, indicating the attendance of the peaks attributed to the
cellulose I fraction (2θ = 26.56◦) and to cellulose II (2θ = 34.50◦). In comparison to initial
stage, the XRD spectra depicted significant lessening in the peak intensity at the end of
composting, reflecting the decomposition of the cellulose polymer chains caused mainly
by microorganisms through their enzymatic system, thus justifying the C/N ratios reduc-
tion and therefore the increasing in the cellulose activity during composting, reflecting
the cellulose compounds degradation [18,27]. Equally, peaks at 2θ = 36.50◦, 40.25◦, and
44.64◦, attributed to calcium carbonate CaCO3 (inorganic fraction) was observed, thus
confirming that there was an organic matter mineralization into inorganic constituents by
microorganisms during composting.
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3.3. Infrared Spectroscopy Analysis

The chemical functional groups of organic matter was identified using infrared spec-
troscopy [18,23]. In Figure 2, the pertinent spectral bands of feedstock mix and final
compost are depicted. The infrared (IR) absorptions assignment is summarized in Table 4.
Spectra present in Figure 2 confirmed the presence of crystalline cellulose, as well as
hemicellulose and lignin, through of the bands recorded in the range 3700–3100 cm−1. In
comparison to feedstock mixture, final compost spectra depicted a considerable decreasing
in the intensity of the peak at 3348 cm−1, thus indicating decaying by microorganisms of
these compounds [1,9,29,30]. The band between 1700–1600 cm−1 owing to N-H bending
vibrations attributed to Amide I in hemicelluloses and/or cellulosic in compost samples
(Figure 2) [30]. The presence of mineral form was corroborated by the peak at 1399 cm−1,
thus justifying the results obtained previously by XRD and Ash (Table 2). According
to [12], cellulose in crystallized form is depicted in infrared spectrum by a small band
at 1348 cm−1, thus proving the XRD results mentioned beforehand (Figure 1). The band
appeared at 1120 cm−1, indicating the presence of lignin and carbohydrates [31,32]. Band
between 1172 and 950 cm−1 was detected, which depicts the fingerprints region of cellulose
and hemicelluloses. Additionally, a peak at 1030 cm−1 owing to aromatic compound and
carbohydrates in compost samples was observed [27,33–35]. A prominent increase in this
band was noticed, owing to raise levels of aromatic compound and polysaccharides [36].
These findings proved the decomposition of polysaccharides, aliphatic, and carbohydrates
from the feedstock mixture, which corroborate that composting induced the cellulose
degradation, whereas humic structures and aromatic compounds appeared towards the
end of composting, showing its stability and maturity, and equally corroborate the results
obtained by the physical-chemical analysis.
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Table 4. Assignments of the main vibrations of the Infrared spectra.

Wavenumber (cm−1) Band Assignements

3700–3000 v(OH) hydroxyl groups in lignin, cellulose and hemicelluloses Intermolecular
hydrogen-bonded

1700–1600 vC=O ester in acetoxy groups (H3C–(C=O) –O–) in hemicellulose, vC=O in
quinone or p-quinone

1400–1300 δC–H and δsCH3 in cellulose and hemicelluloses

1120 CH stretching vibrations in different groups of lignin and cellulose and
hemicelluloses

1030 C–O–C stretching vibration of lignin and polysaccharides

787
CH2 rocking vibration in cellulose

(cellulose Iβ appear generally as a tiny peak at 750 cm−1 and 3240 cm−1)
The assignments and chemicals are based on [12,17,18].

3.4. Scanning Electron Microscopy (SEM)

Observations performed using scanning electron microscopy (SEM) allowed a gain of
good knowledge of feedstock and final compost typical morphology. The morphological
properties surface of compost samples were studied using SEM under 2000 magnification
and illustrated in Figure 3a,b.
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The SEM Snapshots recorded of feedstock and final compost are compared in Figure 3a,b.
The analysis depicted that the structure of the feedstock mixture was considerably com-
pacted and flock, whilst a more granular, porous, and fragmented structure was depicted
for the final compost (Figure 3a,b). Composting is a biological treatment based mainly on
microorganism activity and their enzymatic systems. The disintegration of the substrate
during composting was facilitated by various enzymes secreted (especially cellulose ac-
tivity, etc.) by the microorganisms in the compost. Through Figure 3b, it can be noticed
that final compost had fibrous structure; these fibers have different sizes and shapes, with
diameters ranging between 5 and 45 µm, which corresponds, presumably, to cellulose
fibers. The whole chains of fibers bundle together randomly, contributing to a heteroge-
neous network structure. These findings are consistent with various authors who used
SEM analysis to highlight the modification that occurred in surface morphology of initial
and final substrate composted [23,32,37].
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3.5. Statistical Analysis

The factorial map depicted mixture samples of each age garnered showed by barycen-
ter co-ordinates. The PC1 and PC2 reflected, respectively, 81.40% and 9.41% of the variance
in spectral data (Figure 4). Using the PCA analysis, the chemical parameter of composts
changed according to the composting stage. A chronological apportionment of samples
on PC2 was observed. C, N, C/N ratio, NH4

+/NO3
− ratio, Q4/Q6 ratio, cellulose activity,

pH, T◦, and Moisture arrows, pointed from old samples (44-week-old) to young composts
(1-week-old). This finding could explain the change in C/N ratio throughout composting.
Several authors explain that the modification in C/N ratio indicates the organic matter sta-
bilization and decay [7,12,38]. Arrow of C/N, directed from old to young compost groups,
shows the organic matter stabilization and strengthens the chronological distribution on
PC2, and comparable outcomes were noticed by [4].
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Figure 4. Results of PCA analysis. Each circle is the barycentre co-ordinate with standard deviation
of each stage of composting. TOC: total organic carbon; TN: total nitrogen; C/N: carbon/nitrogen
ratio; NH4
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− ratio: ammonium nitrogen /nitrate nitrogen; Q4/Q6 ratio: 472/664 nm.

The main goal of the current investigation was to indicate the compost development
of compost from a high concentration of textile waste (80%). For this reason, the prediction
of organic matter state depending upon time using infrared analysis to predicate C, N,
C/N, NH4

+/NO3
−, Q4/Q6, Cellulose activity, T◦, time of composting, and moisture was

employed. The accurateness of the prediction model was estimated by several parameters.
The R2 values were 0.98, 0.98, 0.98, 0.97, 0.79, 0.98, 0.77, 0.37, and 0.90, respectively for
C, N, C/N, NH4

+/NO3
−, Q4/Q6 ratio, cellulose activity, T◦, moisture and composting

time validates the model (Table 5), which prove that these parameters are well correlated
with IR spectra. The RMSEP values were 0.58, 0.07, 3.10, 0.64, 5.02, 1.26, 3.89, 7.88, and
0.90, respectively for C, N, C/N, NH4

+/NO3
−, Q4/Q6 ratio, T◦, moisture, and time of

composting, which is acceptable according several authors [38,39]. Moreover, comparable
outcomes were noticed by [38,39]. Nonetheless, more selective criteria, such as the coeffi-
cient of variation and standard deviation, to assess the efficiency of infrared spectroscopy
calibrations were used. Regarding the coefficient of variation (CV%), the values were
of 2.29, 7.87, 0.52, 12.74, 21.91, 46.49, 17.44, 17.76, and 33.04, respectively for C, N, C/N,
NH4

+/NO3
−, Q4/Q6 ratio, T◦, moisture, and time of composting. ANOVA test was used

98



Processes 2021, 9, 1364

to depict the changes of the physical-chemical properties during textile waste composting.
Significant differences (p-value < 0.05) were recorded for all physical–chemical parameters
except moisture.

Table 5. Summary statistics of compost analytical parameters and Infrared spectra.

Mean St. Dev. CV (%) ANOVA (p) R2 RMSEP *

Time 5.75 1.90 33.04 <0.05 0.90 1.35
TOC 27.08 0.62 2.29 <0.05 0.98 0.58
TN 0.89 0.07 7.87 0.004 0.98 0.07
C/N 34.32 3.28 0.82 0.002 0.98 3.10

NH4
+/NO3

− 5.26 0.67 12.74 <0.05 0.97 0.64
T◦ 23.62 4.12 17.44 0.045 0.77 3.89
Ph 7.19 0.40 5.56 <0.05 0.68 0.38

Moisture 46.90 8.33 17.76 0.143 ns 0.37 7.88
Q4/Q6 24.23 5.31 21.91 0.021 0.79 5.02

Cellulase activity 19.85 9.23 46.49 <0.05 0.98 1.26

CV: coefficient of variation; Significance levels: ns: not significant; p < 0.05; R2: coefficient of correlation; RMSEP *: root mean square error
of prediction; TOC: total organic carbon; TKN: total Kjeldahl nitrogen; C/N: carbon/nitrogen ratio; NH4

+/NO3
−: ammonium nitrogen

/nitrate nitrogen; Q4/Q6 ratio: 472/664 nm.

Through this model, the differentiation between the properties of the compost, the
phases of organic matter transformation could be equally highlighted. Actually, it was
demonstrated that this analysis may use it to predict C/N and TN development in compost
samples [38,39]. Nitrogen is considered the most important constituents in fertilizers, and,
equally, it is a very important element present in textile, paper and cardboard, and green
waste. At the beginning, a part of the nitrogen content in composted wastes has undergone
volatilization into air during the composting process [40]. At the next phase, organic
N was transformed to ammonium and nitrate-N by microorganisms, thus raising the
amount of nitrate-N, making it effective as a nitrogen fertilizer. The capacity to predict TN
concentration in compost samples was strong and accurate. Moreover, C/N ratio is widely
used as a good and reliable tool to determine the maturity of compost; the PLS-R model
was more successful for the compost samples. Additionally, Q4/Q6 ratio is considered, by
several authors, as a good humification index, the predictions of this parameter was strong
(Table 5) [12,38,39]. Commonly, the restoring of the predicted results depending upon the
time depicted that no differences recorded between the measured and predicted values for
the majority of the parameters (Figure 5). This investigation strengthened the chronological
apportionment of compost provided by PCA following an advance of composting maturity.
Another advantage of this investigation was to predict time of composting using different
composts samples.
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4. Conclusions

This study aimed to evaluate the applicability of spectral techniques to characterize the
compost quality from textile waste even with a high concentration of this waste (80%). For
this reason, quantitative and qualitative physical-chemical parameters of compost samples
were correlated with spectral analysis. A decrease in aliphatic compounds was observed
in contrast to aromatic compounds, throughout solid waste decaying corroborated by
XRD analysis. In addition, SEM micrographs depicted relatively larger areas and a plenty
fibrous structure of final compost, thus proving cellulose fibers decaying. The current
study provides an advance technique to prove compost maturity and stability from a huge
concentration of textile waste. Ultimately, through this investigation, it can be concluded
that the compost produces meet the required level of maturity.
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Abstract: To ascertain the agronomic value of the material resulting from the compost-bedded pack
(CBP) in dairy barns, a cross-over experiment was designed with eight dry non-pregnant Holstein
cows. The study was performed in two 11-week periods. Bedding materials used were: (1) CBP
with sawdust (S) and (2) CBP with forest biomass (FB). Samples were taken from the raw bedding
materials and from the CBP across the experiment. We conducted an additional study preparing two
piles, one of each CBP material, to accomplish a composting process of 3 months, where samples were
also taken. Granulometry and some chemical composition characteristics of FB made it a suitable
bedding material to be used as CBP, but its high moisture content limited the ability to absorb liquid
manure. Both the degree of stability of the organic matter and the temperature evolution of CBP
suggest that a real composting process did not occur. Finally, the composting process of the piles
did not lead to any relevant change in CBP materials. From the agronomic point of view, S and FB
present potentially valuable characteristics as regards organic amendment in the soil, thanks to their
high organic matter content and low nutrient content.

Keywords: compost-bedded pack; dairy cows; forest biomass; organic amendment; sawdust

1. Introduction

Fifty-five percent of the world’s population lives in urban areas, a proportion that
is expected to increase to 68% by 2050 [1]. In this process, the number of both farms and
farmers has decreased, thus raising, at the same time, the urban population [2]. One of the
main consequences of this rural flight is an increase in forestland. Human activities have
directly caused approximately 60% of the new global tree growth [3]. Dry weather and
damaged ecosystems with an accumulation of dead biomass due to rural abandonment
increase the risk of forest fires. The accumulation of high fuel loads over large areas is the
main reason behind the occurrence of large fires [4,5]. In this context, it is necessary to find
new ways to reduce these high fuel loads to prevent large fires.

The compost-bedded pack (CBP) is a loose housing system that is becoming more
and more established on dairy farms in which cows are maintained for a long time on
the compost. Improvements in the health, welfare and performance of cows, ease of farm
chores and reduced building costs have been described in comparison with other housing
systems [6–8]. The composting process allows manure and urine to be stored, as long
as the pack is managed adequately, involving twice-daily tilling and periodic bedding
addition [7,9,10]. Tilling incorporates manure and air into the pack, thus promoting aerobic
microbiological activity, heating the pack and drying the lying surface for cattle to lie
on [11]. Bedding addition increases the water-holding capacity of the pack to control CBP
moisture. Compost-bedded pack barns in dairy cow farming mainly use sawdust (S) as
a bedding material, but forest biomass (FB) could be an alternative material. When both
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materials were tested as CBP, some important microbial species affecting cow health were
better controlled using FB, although in terms of cow comfort, FB did not appear to work as
well as S [12]. However, the welfare assessment conducted did not detect health problems
in the cows [12].

Once the CBP material is moved away from the barn, it is used as organic fertilizer
on the farm. The lack of information about the agronomic value of this fertilizer source
led us to study (a) the agronomic characteristics of the CBP obtained either with FB or S,
after maintaining cows for three months on the pack, and (b) the agronomic characteristics
of both composted materials after conducting an additional composting process of three
months once the cows were moved away.

2. Materials and Methods

Two different composting processes were established. The first involved maintaining
cows on CBP, either FB or S, for 11 weeks. Once this one was completed, a second process
began, based on composting piles from the two CBPs for 3 months.

2.1. Bedding and Compost Management

Eight dry non-pregnant Holstein cows were individually allocated in roofed concrete
floor pens, 5 m long and 2.5 m wide. Each pen was divided in 2 areas: a feeding area
equipped with a feed bunk and a water trough, and a resting area. Pens were separated by
a metal fence that allowed contact between animals. Cows were randomly assigned to 1 of
2 treatments in a cross-over design with 4 cows per treatment. The study was performed in
2 11-week periods with a 4-week washout period between them. Bedding materials used
were: (1) CBP with S (CBP-S) and (2) CBP with FB (CBP-FB). The bulk density for these
bedding materials was 182 ± 6.3 g/L and 240 ± 16.2 g/L for S and FB, respectively. During
the washout period, cows laid on traditional wood shaving bedding. At the beginning
of each period, pens were filled with 30 cm of the new bedding material. All CBPs were
tilled twice daily (10 a.m. and 5 p.m.) at 30 cm depth with a rototiller, and an average
of 0.8 kg/m2/d of new bedding material was added on each pen CBP surface before
tilling, when pen CBP moisture was greater than 60%. Compost-bedded pack moisture
was measured weekly in both areas (feeding and resting) of each pen. Averages of 7.8
kg/pen/d in CBP-S and 7.9 kg/pen/d in CBP-FB of new bedding materials were added.
Both CBPs were removed at the end of week 11 of each period. Daily ambient temperature
and environmental humidity were obtained from 2 data loggers (UX100-003, Hobo, Algete-
Madrid, Spain) located in the barn. At the end of the second experimental period, the
composted bedding material of each pen was composited and used to prepare 2 composting
piles, one of each bedding material, to obtain a composted material after 3 months of the
composting process. Each pile, in the shape of a truncated pyramid and located in a roofed
barn, was 4.8 m long, 2.5 m wide and 1.15 m high, with an approximate volume of 7.5 m3.
The piles were turned and rebuilt weekly to facilitate the aerobic process. It was necessary
to water the piles on five occasions to maintain pile moisture between 45 and 65%. Daily
ambient temperature and environmental humidity were obtained as described before.

2.2. Sampling

Samples were taken from the raw bedding materials, the CBP and the composted
piles. Raw bedding material was sampled throughout the experiment. Thus, in total,
4 samples of each one were collected and then stored at 4 ◦C until analysis. Particle size of
the raw bedding materials was measured using an electromagnetic sieve shaker (RP 200N,
CISA Cedaceria Industrial S. L., Barcelona, Spain) to obtain their physical characterization.
With regard to the CBP material, temperature was recorded daily and moisture weekly in
the feeding and resting areas during each experimental period. Temperature was measured
at 15 cm depth with a thermometer and a 15-cm sounding line (K/JR-200 + 800 ◦C, Ventix,
Sant Adrià de Besós, Spain). Sampling for chemical analysis was performed at week 11.
Samples were collected at 15 cm depth, from the middle of the feeding and resting area
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of each pen, and later composited by pen. The amount of sample collected by pen was
5 kg. Samples were stored at −18 ◦C until analysis. Thus, we collected 4 samples per
each material and period. Finally, the sampling of the piles was carried out every 10
days, collecting in total 9 samples of 6 kg each, and then samples were stored at −18 ◦C
until analysis. Temperature was measured at 40 cm and 1 m depths with a thermome-
ter and a 1-m sounding line (K/JR-200 + 800 ◦C, Ventix, Sant Adrià de Besós, Spain).
Three samples were taken from each pile in the middle of 3 of the 4 sides of the truncated
pyramid, at different depths to obtain a representative sample from each side, and were
then composited by pile. The fourth side was next to a wall to facilitate the containment
and prevention of landslide, making it inaccessible. In addition, during the composting
process, the evolution of wet bulk density was monitored by weighing material of a known
volume, according to [13]. Wet bulk density values were transformed to dry bulk density
values by multiplying them by the corresponding dry matter (DM) content of samples.

2.3. Chemical Analysis

At the moment of analysis, samples were defrosted at room temperature. A watery
extract was obtained from each fresh sample using 40 g and 200 mL of distilled water.
After 30 min of stirring, the extract was centrifuged at 3600 rpm for 15 min. In the supernatant,
the following determinations were carried out: pH and electric conductivity (EC) using a pH
meter (Crison GLP 21; Hach Lange Spain, S.L.U., L’Hospitalet de Llobregat, Spain) and a con-
ductivity meter (Crison GLP 31; Hach Lange Spain, S.L.U., L’Hospitalet de Llobregat, Spain),
and ammonia nitrogen by means of an ammonium selective electrode (Orion 9512, Termo
Fisher Scientific, Barcelona, Spain). Moisture content was determined by drying samples for
24 h at 103 ◦C. Ash content was determined in the dry and ground (1-mm screen) sample
by loss on ignition at 600 ◦C for 2 h based on the AOAC method 942.05 [14] to ascertain the
organic matter (OM) content of samples. Chemical stability degree (SD), as a way to predict
composting ability, was determined by Klason lignin determination in accordance with [15].
In dry and ground samples (1-mm), nitrogen content was determined by the Kjeldahl proce-
dure based on the AOAC method 976.05 [14]. The C/N ratio was estimated from the OM and
nitrogen content in accordance with [16]. Mineral nutrient content was determined by flame
photometry in the case of K (Model 410, Corning, Halstead, UK) and by spectrophotometry in
the case of P (Model Cary 60, Agilent Technologies, Singapore, Malaysia) after dissolution of
ash obtained from the ignition of samples at 470 ◦C in 3 N HNO3.

2.4. Statistical Analysis

Chemical composition of raw bedding materials was compared using the GLM pro-
cedure of SAS (v. 9.3; SAS Institute Inc., Cary, NC, USA, 2011). Data related to the CBP
material were analyzed by using the MIXED procedure of SAS (v. 9.3; SAS Institute Inc.,
Cary, NC, USA, 2011). The model contained the fixed effects of treatment, period and treat-
ment × period interaction, and the random effect of pen was nested within the sequence,
where the sequence is the order in which treatment is applied to the experimental unit.
The Tukey multiple comparison test was applied to conduct mean separation across treat-
ments and periods when the treatment × period interaction was significant. Regression
analyses were performed to obtain the equations and the coefficients of determination
between variables studied in the composted piles and the sampling days using the REG
procedure of SAS (v. 9.3; SAS Institute Inc., Cary, NC, USA, 2011). The scopes of linear
regression, obtained for each composted pile, were compared by means of a t-test after
checking the homogeneity of variances.

3. Results and Discussion
3.1. Comparison between Bedding Materials

Sawdust obtained from sawmills is a bedding material commonly used in CBP barns
for dairy cows [17,18], while FB is an alternative material that, in the present study,
was composed of tree bark and vegetal fibers from a Mediterranean forest. Both ma-
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terials showed an acidic pH, a low EC value, high OM content and low nutrient content,
resulting in a high C/N ratio (Table 1). These characteristics are common of bedding
materials used in CBP, together with a low moisture to assure the absorption capacity
of animal urine and a particle size < 25 mm to promote the microbial activity due to the
increased growing surface [11,18]. However, certain differences between both materi-
als can be highlighted regarding their physical and chemical properties. Sawdust was
slightly acidic with a higher EC value and OM content and lower in moisture and nutrients,
resulting in a higher C/N ratio in S than in FB (Table 1; p < 0.001). In addition, S showed
a lower moisture than FB and a finer granulometry because the proportion of particles
< 2 mm was 49.2% and 22.0% for S and FB, respectively.

Table 1. Chemical composition and granulometry of raw bedding materials.

Item
Material

SEM p-Value
S 1 FB 2

pH 5.01 6.01 0.112 0.001
EC, mS/cm 0.43 0.23 0.011 0.001
Moisture, % 10.2 32.1 1.97 0.001
OM, % DM 99.1 88.6 0.43 0.001
Stability, % 28.6 52.2 0.22 0.001

Organic N, % DM 0.20 0.35 0.026 0.001
C/N ratio 286 131 20.0 0.001
P, % DM 0.006 0.024 0.0020 0.001
K, % DM 0.054 0.131 0.0088 0.001

Particle size, %
>25 mm 0.0 0.0 0.02 0.434

25–12.5 mm 0.6 8.6 0.76 0.001
12.5–10 mm 0.7 6.2 0.50 0.001
10–6.3 mm 8.3 13.2 0.74 0.001
6.3–5 mm 6.8 10.3 1.26 0.077
5–2 mm 34.3 39.7 2.99 0.232
<2 mm 49.2 22.0 4.62 0.002

1 S = sawdust. 2 FB = forest biomass.

Stability was greater in FB than in S (Table 1; p < 0.001). The authors of [19] pointed
out that the lignin content of hardwoods (angiosperms) is usually in the range of 18–25%,
whereas this content ranges between 25 and 35% in the case of softwoods (gymnosperms).
These higher values can be attributed to the great lignin content of pine bark, between 38
and 58%, an ingredient visually present in FB.

The content of C and N and the C/N ratio of the sawdust used in the present exper-
iment was similar to that reported by [11], but with a P and K content ten times lower.
In the case of FB, there is a lack of information with regard to this material when used in
CBP barns. A similar bedding material obtained from the forest (conifer forest litter) to be
used in CBP was described by [17], with similar C and macronutrient contents, and with
a C/N ratio more suitable than sawdust for a composting process and greater than 50 to
minimize ammonia losses [20]. However, the material described by [17] and the FB used in
the present experiment differ in their granulometry. In our case, 61.7% of the material was
less than 5 mm, while this percentage was lower for the conifer forest litter. This, together
with the remaining particle fractions, suggests that the forest material described by [17]
was more heterogenous and coarse than FB, probably due to the grinding machinery used.
Differences in granulometry explain the differences in bulk density, which were 123 and
240 kg/m3 for conifer forest litter and FB, respectively.
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3.2. Comparison between Compost-Bedded Pack (CBP)
3.2.1. Temperature and Moisture

Temperature and moisture affect the biological transformation of organic materials,
particularly in aerobic conditions. Moisture and oxygen availability allow the micro-
bial activity which leads to a temperature increase due to exogenous chemical reactions
of molecule degradation. In a process such as composting, this temperature increase
is observed as an indicator of an adequate evolution. However, in the case of CBP,
the objective was not the biological transformation of the material as in the compost-
ing but the availability of safe housing for animal breeding. The presence of a C-rich
material and the availability of a N source from feces and urine, moisture and oxygen
provide the conditions for microbial growth and, consequently, a temperature increase.

Climatic conditions during the CBP process are shown in Table 2. The average ambient
temperature was 14.7 ± 3.63 ◦C in Period 1 and decreased from 19.5 to 9.1 ◦C. In Period
2, the average ambient temperature was 11.2 ± 2.49 ◦C and increased from 5.9 to 14.1 ◦C
Thus, Period 2 was colder than Period 1, as reflected in the lower temperatures recorded in
CBP in Period 2. In Period 1, the mean CBP temperature was 34.7 ± 5.64 ◦C in CBP-S and
28.3 ± 6.87 ◦C in CBP-FB, and in Period 2, 31.2 ± 5.88 ◦C and 25.9 ± 3.08 ◦C in CBP-S and
CBP-FB, respectively. The lower CBP temperatures recorded in CBP-FB would indicate a
lower microbial activity due to the greater OM stability of this material and bigger particle
size. However, in both cases, these temperatures were below the recommended range
values for an effective composting [10,21,22], although this frequently occurs in the context
of CBP management [7,11,23]. Average environmental humidity was 81.5 ± 4.21 in Period
1 and ranged between 74.1 and 90.4%. In Period 2, average environmental humidity was
74.5 ± 7.18% and ranged between 61.6 and 87.3%. In CBP-S, the initial moisture was
10% on average and the mean value was 54.1 ± 16.97% in Period 1, and 55.0 ± 16.43% in
Period 2. In CBP-FB, the initial moisture was 32% on average and the mean moisture was
62.0 ± 14.00% in Period 1, and 59.4 ± 7.21% in Period 2. A similar moisture content was
expected in both CBPs because we decided to add new bedding material when the moisture
was greater than 60%, applying an average amount of 7.8 kg/d and 7.9 kg/d in CBP-S and
CBP-FB, respectively. However, the moisture was slightly higher in CBP-FB than in CBP-S.
The moisture and granulometry of FB could also have contributed to this final result.

Table 2. Climatic conditions, temperature and moisture content of compost-bedded pack (CBP) made
with sawdust (CBP-S) and forest biomass (CBP-FB) during the time periods studied.

Period 1 Period 2

Climatic conditions
Temperature, ◦C 14.7 ± 3.63 11.2 ± 2.49
Humidity, % 81.5 ± 4.21 74.5 ± 7.18

CBP temperature, ◦C
CBP-S 34.7 ± 5.64 31.2 ± 5.88
CBP-FB 28.3 ± 6.87 25.9 ± 3.08

CBP moisture, %
CBP-S 54.1 ± 16.97 55.0 ± 16.43
CBP-FB 62.0 ± 14.00 59.4 ± 7.21

3.2.2. Chemical Characteristics

The chemical composition of CBP samples at week 11 is shown in Table 3. The pH
values recorded were basic and there were increases in the pH and EC values from the
raw bedding materials to CBP samples. This increase can be attributed to feces and urine
provided by the cows. The pH and EC values were affected by the treatment × period
interaction (p = 0.001 and p = 0.003, respectively). In Period 1, CBP-FB pH was higher
than CBP-S pH, whereas CBP-FB EC was lower than CBP-S EC. In contrast, CBP-FB pH
was lower than CBP-S pH in Period 2, whereas CBP-FB EC was not different from CBP-S
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EC. The low EC value recorded in CBP-FB in Period 1 could be due to its higher moisture
resulting in a higher dilution rate because this determination was made with a wet sample.

Table 3. Chemical composition of compost-bedded packs (CBP) after 11 weeks of use.

Item
Period 1 Period 2

SEM
p-Value

CBP-S 1 CBP-FB 2 CBP-S CBP-FB T P T × P

pH 8.00 c 8.43 b 8.96 a 7.81 c 0.078 0.001 0.021 0.001
EC, mS/cm 3.78 a 2.39 b 3.84 a 3.79 a 0.163 0.001 0.001 0.003
Moisture, % 61.3 b 69.7 a 63.7 b 63.2 b 1.09 0.002 0.037 0.001
OM, % DM 91.1 a 83.4 c 89.9 a 85.7 b 0.54 0.001 0.115 0.008
Stability, % ND ND 31.7 49.2 1.25 0.001 ND ND
N, % DM

Organic 0.89 1.12 1.07 1.21 0.036 0.001 0.002 0.101
Ammonia 0.07 0.08 0.05 0.04 0.014 0.999 0.034 0.444
Total 0.96 1.19 1.12 1.24 0.039 0.001 0.005 0.109

C/N ratio 48:1 a 35:1 c 40:1 b 35:1 c 1.1 0.001 0.002 0.005
P, % DM 0.24 b 0.28 a 0.28 a 0.25 a,b 0.009 0.879 0.458 0.003
K, % DM 1.22 b 1.64 a 1.78 a 1.62 a 0.098 0.038 0.001 0.015
1 CBP-S = compost-bedded pack made with sawdust. 2 CBP-FB = compost-bedded pack made with
forest biomass. a–c Means within a row with different superscripts differ (p < 0.05).

The treatment × period interaction also affected the OM content (p = 0.008). The OM
content was higher in CBP-S than in CBP-FB in both periods, but this difference was greater
in Period 1 than in Period 2. The content of organic N was affected by treatment (p = 0.001),
being higher in CBP-FB than in CBP-S. These results could be due to the differences detected
in the raw bedding materials where OM was higher in S than in FB, and organic N was higher
in FB than in S (Table 1). The period also affected organic N (p = 0.002), being higher in Period
2 than in Period 1. With regard to ammonia N, this content was affected by period (p = 0.034),
being greater in Period 1 than in Period 2. However, these differences are not relevant from
the agronomic point of view. In addition, there was a treatment × period interaction in the
C/N ratio (p = 0.005). Although this ratio was greater in CBP-S than in CBP-FB in both periods
(p = 0.001), in agreement with the differences detected in the raw bedding materials, and it
was greater in Period 1 than in Period 2 (p = 0.002), the difference between treatments was
greater in Period 1 than in Period 2.

The contents of the other macronutrients (P, K) were affected by the treatment
× period interaction (p = 0.003 and p = 0.015, respectively). For P and K, the content
of CBP-FB was greater than in CBP-S in Period 1, but the content between treatments was
not different in Period 2. However, considering the higher differences found between raw
bedding materials, where the P and K content was higher in FB than in S, the differences
between CBPs were lower and in accordance with the raw materials in Period 1, or were
not observed in Period 2. In any case, these differences are not relevant from the agronomic
point of view.

The pH value, EC, moisture and the contents of N, P and K increased in CBP samples
with regard to the raw bedding materials with high OM content, due to the high macronu-
trient content supplied by feces and urine. This would explain the C/N ratio decrease
in CBP. Thus, the final characteristics of CBP will be linked with the bedding material
added throughout the process. Taking into account the amount added (7.8 kg/d and
7.9 kg/d in CBP-S and CBP-FB, respectively) and the bulk density of the bedding material,
the amounts added were 15.6 m3/cow/year and 12.0 m3/cow/year, for CBP-S and CBP-FB,
respectively. These values are inside the range reviewed by [18]. In addition, the chemical
characteristics found in the present experiment for CBP-S are in the range found by [11]
and [24] for wood shavings and wood chips.

The SD of the OM in CBP, measured in Period 2, was greater in CBP-FB than in CBP-S,
in agreement with the differences recorded in the raw bedding materials. The SD measured
in CBP-S remained far away from 50, the threshold used to consider a compost mature.
Taken together with the temperature evolution of CBP, this suggests that there was not a
real composting process.
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3.3. Comparison between the Composted Piles
3.3.1. Temperature, Moisture and Bulk Density

From the beginning to the end of the composting period, ambient temperature in-
creased from 22 to 26 ◦C and environmental humidity from 47 to 72%. The initial tempera-
tures of the composting piles were 35.0 ◦C and 30.4 ◦C for S and FB, respectively, the final
temperatures being 46.0 ◦C and 44.5 ◦C (Figure 1a). These temperatures were obtained after
averaging data recorded at depths of 40 cm and 1 m. In both piles, a temperature increase
was observed during the composting process, achieving the thermophile phase (>40 ◦C),
and reaching sanitation temperature for S (≥55 ◦C more than 14 d according to European
Regulation 2019/1009), while FB remained below this limit. The temperature achieved at
d 90 in both piles would indicate that the composting process had not ended, probably
due to the low C/N ratio and the lignocellulosic content of both materials, particularly in
FB. The initial moisture of the S pile and the FB pile was 61.5% and 62.2%, respectively,
whereas the final moisture was 47.9% and 55.4% (Figure 1b). The values over the period
were adequate for a composting process, being over 50% in order to maintain microbial
activity [25]. The piles were watered periodically, which helped to conserve the moisture.
The bulk density evolution is shown in Figure 2. Dry bulk density increased slightly, and
changes were due to mineralization and particle size reduction. Bulk density was higher in
the FB pile than in the S pile.
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Figure 1. Effect of treatment (sawdust = S and, forest biomass = FB) on temperature (a) and moisture (b) of the composted piles.

3.3.2. Chemical Characteristics

Initial and final values of the variables measured in the piles are shown in Table 4.
In a composting process, an initial acidification followed by a gradual alkalinization is a
common evolution of the pH medium. However, in the present experiment, the changes
in the pH values of the piles were small and did not respond to this pattern (Figure 3).
The pH values were more basic in S than in FB, which implies greater risk of N losses in S.
With regard to EC, an increase in its value was expected during the composting process
due to OM mineralization. This happened in S but not in FB, proving that composting was
less strong in the FB pile.
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Figure 2. Bulk density evolution of samples taken from the composted piles (sawdust = S and forest
biomass = FB).

Table 4. Initial and final values (mean ± SD) of the variables measured in the composted piles made
with sawdust (S) and forest biomass (FB).

Item
S FB

Day 0 Day 90 Day 0 Day 90

pH 8.72 ± 0.017 8.39 ± 0.035 7.45 ± 0.015 7.72 ± 0.100
EC, mS/cm 3.59 ± 0.145 5.58 ± 0.106 3.39 ± 0.025 3.10 ± 0.061
Moisture, % 61.5 ± 0.24 47.9 ± 0.15 62.2 ± 0.29 55.4 ± 0.18
OM, % DM 91.7 ± 0.18 87.4 ± 0.13 86.3 ± 0.30 82.9 ± 0.03
Stability, % 31.7 34.9 49.2 53.9
N, % DM

Organic 0.88 ± 0.039 1.05 ± 0.058 1.16 ± 0.013 1.27 ± 0.054
Ammonia 0.049 ± 0.0004 0.004 ± 0.0002 0.013 ± 0.0006 0.001 ± 0.0005

C/N ratio 52.0 41.8 37.2 32.6
P, % DM 0.24 ± 0.017 0.31 ± 0.040 0.27 ± 0.021 0.24 ± 0.011
K, % DM 1.74 ± 0.071 2.02 ± 0.134 1.94 ± 0.269 1.87 ± 0.066
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Figure 3. Evolution of pH of samples taken from the composted piles (sawdust = S and forest biomass = FB).
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Although a small decrease in the OM in both piles was observed, the content was
high in both cases at d 90, which would indicate only a partial transformation of this
OM during composting. This could be explained by the high C/N ratio recorded at d 0,
which reflected a N lack, and by the high presence of lignin in wood waste, which would
explain the difficulty in the OM degradation. Thus, at the end of the process, a large
quantity of OM remained non-degraded. Nevertheless, a slight increase in stability was
observed, from 31.7 to 34.9% and 49.2 to 53.9%, respectively, for S and FB. According to [15],
the value over 50% recorded in the FB pile at d 90 would indicate that the material was
chemically stable and would produce a progressive degradation of OM in an eventual
soil application and a consequent gradual release of nutrients. There was a slight increase
in the content of N, P and K from d 0 to d 90 in the S pile, which can be explained by a
concentration process due to the OM decrease. In the FB pile, this slight increase was only
observed in the N content. The initial ammonia N content was low in both piles, in agreement
with their low total N content. Although it was lower in FB than in S, its evolution over time
was similar to that normally observed in a composting process because after a slight increase
during the first days, it then decreased till d 90 (Figure 4). This decrease could be explained
by utilization by microorganisms, the nitrification process or the loss caused by turning [26].
All these values were close to or below the upper limit proposed by [16] to consider a compost
being mature.
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Figure 4. Evolution of ammonia N content of samples taken from the composted piles (sawdust
= S and forest biomass = FB).

In order to accelerate the composting process, it would be necessary to increase the
N content in the original material by adding a N source to reduce its initial C/N ratio.
In this sense, the practice used by some farmers of drying the material resulting in the CBP
and reusing it in the barn could help achieve this objective. However, effort should be
made to achieve the appropriate conditions to ensure the sanitation of material and avoid
animal health problems. Another alternative to achieve this sanitation, when lignocellulosic
materials are used, could be to lengthen the process (>6 months).

The progression of each chemical compound of these piles over time, expressed
with the corresponding regression equation, is shown in Table 5. The relationship was
statistically significant in both piles for OM, organic N, ammonia N and the C/N ratio,
the slope being negative for OM, ammonia N and the C/N ratio, and positive for organic N.
In those variables, the slope comparison showed that there were no statistical differences
between treatments (data not shown). Moreover, in the sawdust pile, the relationship exists
also for EC, moisture and total N, and in the forest biomass pile, for pH.
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Table 5. Regression equations in each composting pile (sawdust = S; forest biomass = FB) between chemical variables and
time (d) of composting period.

Item
S FB

Equation R2 p-Value RMSE Equation R2 p-Value RMSE

pH 9.19 − 0.009d 0.41 0.064 0.343 7.25 + 0.006d 0.53 0.026 0.178
EC, mS/cm 3.66 + 0.023d 0.95 0.001 0.176 2.03 + 0.001d 0.02 0.745 0.252
Moisture,% 59.9 − 0.146d 0.79 0.002 2.468 59.9 − 0.047d 0.25 0.174 2.681
OM, % DM 91.0 − 0.041d 0.90 0.001 0.499 85.3 − 0.027d 0.65 0.028 0.688
N, % DM

Organic 0.88 + 0.003d 0.68 0.006 0.061 1.14 + 0.001d 0.48 0.039 0.037

Ammonia 0.06 − 0.001d 0.89 0.001 0.008 0.02 − 0.001d 0.75 0.002 0.004

C/N 52.0 − 0.145d 0.84 0.004 2.286 37.5 − 0.050d 0.73 0.015 1.073
P, % DM 0.26 + 0.001d 0.63 0.107 0.019 0.28 − 0.001d 0.27 0.292 0.028
K, % DM 1.83 + 0.004d 0.71 0.073 0.107 1.76 + 0.002d 0.29 0.270 0.127

3.4. Agronomic Suitability of the Materials

Both CBP materials contain high amounts of OM and a low nutrient content in
comparison with cattle manure. Thus, they must be considered organic fertilizers to provide
OM to the soil. The CBP review by [18] regards this material as a green waste compost,
and stated that in the long term, the use of CBP as manure can result in considerably
higher amounts of OM and a larger accumulation of N than cattle manure. The C/N ratio
of both CBPs was high but within the wide range, from 10.5 to 49.3, reviewed by [18].
In addition, high ratios are expected when wood-derived materials are considered [11].
The incorporation in the soil of materials with a high C/N ratio can initially lead to a N
inorganic immobilization because it is used by microbes, making it temporarily inaccessible
to crops. This negative effect could happen if the material of the S pile was used due to its
less stable OM, but not in the case of the FB pile material with a more stable OM. However,
in accordance with the Spanish regulation RD506/2013 on fertilizing, both materials would
be unmarketable because of a C/N ratio greater than 20. Thus, this final composting
process did not bring about any meaningful change to CBP materials. Only if sanitation
was achieved could this additional work be justified to add safety in cattle farms.

4. Conclusions

From the agronomic point of view, although both materials had a high C/N ratio to be
registered as soil fertilizers, they present potentially valuable characteristics when it comes to
organically amending the soil, as they are high in organic matter content and low in nutrients.
Further, the organic matter of the forest biomass pile was well stabilized (more than 50%).
Therefore, as sawdust and forest biomass are very likely to improve soil properties when
added to the land, further studies focusing on improving the composting management should
be made to achieve effective composting, assuring an adequate C/N ratio and the sanitation
of this material in the case of its reutilization as a compost-bedded pack.
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Abstract: Organic waste generation, collection, and management have become a crucial problem
in modern and developing societies. Among the technologies proposed in a circular economy and
sustainability framework, composting has reached a strong relevance in terms of clean technology
that permits reintroducing organic matter to the systems. However, composting has also negative
environmental impacts, some of them of social concern. This is the case of composting atmospheric
emissions, especially in the case of greenhouse gases (GHG) and certain families of volatile organic
compounds (VOC). They should be taken into account in any environmental assessment of com-
posting as organic waste management technology. This review presents the relationship between
composting operation and composting gaseous emissions, in addition to typical emission values for
the main organic wastes that are being composted. Some novel mitigation technologies to reduce
gaseous emissions from composting are also presented (use of biochar), although it is evident that a
unique solution does not exist, given the variability of exhaust gases from composting.

Keywords: organic wastes; composting; gaseous emissions; mitigation strategies

1. Introduction

As a result of increasing solid wastes’ generation, the implementation of a reliable
technology to deal with these wastes is considered as a pillar of sustainable development
of any nation [1]. However, the selection of any technology should be compatible with
the economic situation within the jurisdiction. Concurrently, the used technology has to
satisfy the laws and regulations that fundamentally aim to reduce any environmental and
health problems [2]. Among the different technologies used in this field is the composting
process, which has been used to deal with solid wastes and mainly for the organic fraction
of wastes [3,4]. This process is recognized as an environmentally friendly and cost-effective
method, as organic matter is biologically degraded under aerobic conditions [5]. This
biodegradation of organic matter contributes to reducing the volume of wastes and pro-
ducing a stabilized and nutrient-rich final end product, “compost”, that could be used
in agricultural activities due to its various positive impacts on the physical and chemical
properties of the soil, meanwhile reducing utilization of inorganic fertilizers [6–8]. Actu-
ally, when the process-controlling parameters are well adjusted, this will lead to different
advantages; thereby the process is viewed as a sustainable alternative for landfilling and
other treatment options [9]. However, even though composting is a natural biochemical
decomposition process, a successful composting operation that produces a valuable end
product is normally associated with releasing gaseous emissions including greenhouse
gases (GHGs) into the atmosphere (Figure 1). The released GHGs are attributed to energy
requirements for composting plants’ operation and to the biochemical reactions within the
organic waste itself, which produces CO2, methane (CH4), and nitrous oxide (N2O) due to
the mineralization and degradation of organic matters [10,11]. According to Hao et al. [12],
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the majority of organic carbon is converted to CO2, whereas the methane accounts for less
than 6%. Nevertheless, it should be noted that even though CO2 represents the major part
of the emissions, it does not add to global warming due to the biogenic origin of carbon.
On the contrary, the other emissions resulting from the process such as CH4 and N2O
have a direct impact on the global warming, while NH3, Sulphur compounds, and most
of the volatile organic compounds (VOCs) emissions cause undesirable and other odor
nuisances [9,13,14]. Indeed, these gases contribute to climate change, global warming,
acidification, and eutrophication of ecosystems as a result of NH3 deposition, which also
contributes to the formation of particulate matters in the air [9]. As a matter of fact, these
GHGs and ammonia (NH3) deteriorate the compost quality, besides being a secondary
environmental pollution, as mentioned before [15,16].
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Figure 1. Monitoring exhaust gases from a composting process. * H2S is only significantly ob-
served when anaerobic conditions prevail in the composting process. ** VOCs: Volatile Organic
Compounds, a wide group including families such as alcohols, aldehydes, alkanes, aromatic hydro-
carbons, carboxylic acids, ketones, nitrogen compounds, phenols, sulphur compounds, and terpenes,
among others.

Emissions are formed due to inadequate aerobic conditions of composting [9]. Gener-
ally, the creation of anaerobic zones in compost mixtures results in CH4 emissions, whereas
nitrogen transformation and loss (NH3 and N2O) are linked to ammonification, nitrifi-
cation, and denitrification during the composting process [17–19], but still they are less
than GHGs’ emissions generated from landfilling and waste-to-energy processes [20–22].
During the composting process, various forms of VOCs are formed, where the rates and
specific forms of these emissions highly depend on the feedstock materials and composting
phases, taking into account that aeration of the composting mixture has a major role in
releasing of these compounds [23,24]. The rate of gaseous emissions is differing based on
the applied composting method, whereas the initial content of the carbon and nitrogen is of
great importance in the produced amount of gaseous emissions such that low total carbon
(C) and nitrogen (N) content can simultaneously reduce CH4, CO2, and N2O emissions [25].
In this regard, it has been reported that manure composting may account for 46% and
67% of the initial N and C content of the original manure, respectively [26]. The losses in
nitrogen mass are normally in the form of NH3 emissions, whereas nitrous oxide emission,
which has 265 times the global warming potential of CO2 [27], accounts for about 0.1–5%
of total N losses [28–30]. Noteworthy is the amount of these emissions influenced by
the composting technology. In this context, silo composting reduced GHGs’ losses by
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82.84% compared with turning composting, which resulted in larger carbon and nitrogen
losses [25].

Reducing the impact of the resulting emissions from composting has been investigated
and practiced using different approaches. For example, biofilters effectively reduced the
NH3 emission with mitigation efficiency (ME) of 97%, whereas adding sawdust or straw
reduced CH4 and N2O emissions by 66.3% and 44.0%, respectively, as such types of
materials enhance the absorption and microbial assimilation of NH4

+/NH3 [25]. Providing
an optimal initial mixture and maintaining aerobic conditions among other practices have
been used to mitigated both odors and GHGs [31]. This research presents a comprehensive
overview on the gaseous emissions from composting processes. Factors that influence the
production of emissions and the mitigation approaches are highlighted also.

2. Gas Emissions from Composting Process

As a result of microbial activities and putrefaction, gaseous emissions from organic
wastes are produced [10]. These emissions, which include CO2, CH4, N2O, Sulphur
compounds, and many other volatile organic compounds (VOCs), as shown in Table 1,
have been detected during the different phases of the waste management [9,31].

Table 1. Volatile organic compounds (VOCs) detected in the composting of different organic wastes.

Waste Main VOC Family Other VOCs Reference

Poultry litter Alkanes and alkylated benzenes Aldehydes, terpenes, and ketones [32]
Chicken manure and biochar Ketones, phenols, and organic acids Aliphatic, aromatic, and terpenes [33]

Municipal solid waste Alkylated benzenes, alcohols, and alkanes - [14]
Wastewater sludge Terpenes Furans and esters [34]

Digested wastewater sludge Terpenes Alcohols and Ketones [34]
Swine carcass Sulphur compounds - [35]

Municipal solid waste Terpenes Alcohols, volatile fatty acids, and
aromatic compounds [36]

Livestock and Poultry Manure Sulfur compounds, aliphatic
hydrocarbons, aromatic hydrocarbons Chlorinated organic compounds [37]

Municipal solid waste digestate Terpenes and oxygenated compounds Sulphur compounds and methanethiol [38]

Green waste Alcohols Alkenes, aliphatic alkanes, aromatic hydrocarbons,
ketones, aldehydes, furans, and esters [39]

Sewage sludge Isovaleraldehyde, butyric acid, sulphur
compounds, and pinene Indole, skatole, and phenol [40]

In the composting process, the amount of emitted gases is highly influenced by
the type of treated wastes, composting technology, and operational conditions, mainly
aeration, which would have a direct impact in reducing the rate of emissions, mainly
N2O and methane, when it is properly adjusted [9]. According to Goldstein [41], the
odors generated from composting plants are attributed to different compounds including
terpenes, alcohols, aldehydes, fatty acids, ammonia, and a range of Sulphur compounds.
Methane is normally formed during the composting process due to anaerobic condition
that could be established in some parts of the composted material such as middle zones of
a pile, which suffer from insufficient diffusion of oxygen [12,24]. However, nitrous oxides
are produced due to nitrification and denitrification [42], taking into account that other
conditions such as temperature, nitrate concentration, and aerobic conditions influence
these emissions [43].

For the determination of emissions’ rates and their subsequent global impact, emission
factor is usually used as a useful tool for VOCs, NH3, or GHGs. The emission factor is
usually expressed per ton of treated waste or per amount of obtained compost [44]. For
instance, GHGs’ emission factor, in terms of kg CO2eq.Mg−1 dry matter of sewage sludge
(DM–SS), was found to be 2.30 × 102. On the other hand, the sewage sludge composting
odor emission factor (OEF) was 2.68 × 107 ou.Mg−1 DM–SS [45]. Different emission factors
could be found in the literature, depending on the characteristics of the feedstock or the
composting technology [46–49].
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Compared with other treatments or management technologies for solid waste, differ-
ent studies demonstrated that the composting process has less impact on global warming,
as it produces lower amounts of GHGs. In this regard, Lou and Nair [50] showed that com-
posting of municipal solid waste produced about 1.29 t CO2-eq/t-of-waste, which is lower
than the amount produced from landfills. Actually, this was concluded and documented
by different studies, which emphasized that composting produces lower amounts of emis-
sions (g CO2-eq/t-of-waste) compared to landfilling and incineration based on emission
factor [21,49–51]. However, when composting and vermicomposting were compared, it
was found that the vermicomposting process caused 78.19% lesser GHGs’ emission as
compared to the composting process, which released 80.9 kg CO2-eq/t-of-waste [52].

3. Factors Affecting the Emissions’ Rates

During the initial stages of the composting process, both nitrogen and sulfur are in
the organic form [53]. As the process proceeds forward, the mineralization of the organic
nitrogen leads to the formation of ammonia (NH3), which could react with hydrogen
ions to form ammonium (NH4

+). The NH4
+-to-NH3 equilibrium is highly affected by

the dominant conditions within the composting mixture, mainly the pH value and tem-
perature [54–56]. Thermophilic temperatures and alkaline conditions enhance the loss of
nitrogen as ammonia. Additionally, ammonia-oxidizing bacteria or archaea and nitrite-
oxidizing bacteria convert part of the nitrogen to nitrate through the nitrification process.
This nitrate is used by the microbial community, but it would be converted to N2O under
certain conditions including denitrifications’ process, especially under insufficient oxygen
levels [54]. Furthermore, the low levels of oxygen lead to the formation of some anaer-
obic zones within the compositing mixture. These zones play a major role in the sulfur
transformation and the production of H2S through the action of Sulfate-reducing bacteria
(anaerobic) during the degradation of the organic matter [57]. Additionally, during the
formation of H2S, other reduced sulfur compounds will also be produced, such as MeSH,
Me2S, Me2SS, and others [54]. The following are some of the main factors that affect the
emissions’ rates during the composting process.

3.1. Composting Method

Composting of solid wastes can be carried out using different technologies [4]. As
reported in various studies, the used technology has a direct impact on the rate of gaseous
emissions [31]. In this regard, turned and windrow technologies showed higher values of
CH4, CO2, and N2O compared with other technologies [25,58–60]. Turning of composted
materials increases the chances of releasing trapped gasses within the composting materials
and exposing them to the air. The frequent turning helps in re-structuring the materials
and improving the porosity; thus, more air could be diffused that supports the microbial
activities and promotes the biodegradation of the organic matter, which ultimately increases
the amount of CO2 volatilization [25,61,62]. Additionally, N2O emissions are high in turned
piles compared with other technologies. This is attributed to the losses as a result of
nitrification near the surface and denitrification by mixing NO3 /NO2 accumulated on
the surface into the pile [63–65]. Amlinger et al. [44] suggested that high aeration and
effective stripping of NH3 during the early stages of composting can reduce N2O formation.
Additionally, the enzymatic activity is thought to be affected by turning and increases the
N2O emissions. Under anoxic conditions, denitrification enzymes are in an equilibrium
state; however, when the material is exposed to oxygen as a result of turning, nitrous oxide
reductases that can catalyze the transformation of N2O to N2 are clearly more severely
inhibited by O2 than the other reductases, resulting in a stronger N2O emission [66,67].
Between turned piles and static systems, lower emissions of N2O and CH4 were observed in
turned piles, attributed to the difference to the anaerobic zones in the static system [68–70].
In silo composting, the N2O and CH4 emissions were lower than other methods. This is
because a good aeration system resulted in reducing the chances for the denitrification
process. Moreover, more NH3 is emitted from this system, which reduced the substrates
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for N2O emissions [25,59,60]. Similar observations regarding the aeration effect on the
emissions were noticed by Ermolaev et al. [71], such that lower emissions of CH4 and NO2
were observed regardless of the amount of aeration.

3.2. Average Composting Temperature

The temperature evolution during the composting process has a direct impact on
the rate of gaseous emissions. It is well documented that a positive correlation is nor-
mally observed between temperature and emissions’ rate, where a higher rate of emissions
was recorded with high temperatures and, more specifically, in the thermophilic ranges
(45–70 ◦C) [9]. This could be attributed to the high rate of organic matter decomposition at
higher temperature [25,62,72]. In this regard, Fillingham et al. [59] demonstrated that the
highest NH3 emissions were recorded in silo composting (111.07 g [NH3-N] kg−1 [TN])
compared to windrow composting, and the difference was attributed to high temperatures,
which were about 65 ◦C in silo composting. These conditions enhance the equilibrium
between ammonium and NH3 towards gaseous NH3, whereas low temperature inhibits
microbial ammonization, thus reducing NH3 emissions [25,63]. Similarly, elevated tem-
peratures result in increasing CH4 emissions. This could be explained by the high rate
of microbial activities that result in increasing the temperatures, and these conditions are
associated with high oxygen consumption, which ultimately leads to forming anaerobic
conditions and the formation of CH4 [45,72–74]. The same trend was also observed regard-
ing CO2 and N2O emissions that exhibit an increase with increasing temperature [63,75].
In this context, the maximum concentrations measured during sewage sludge composting
were 2600 ppmv of NH3, 66 ppmv of H2S, and 1650 ppmv of tVOCs, which were observed
during the peak of maximum temperature of the reactor [76]. Accordingly, controlling this
parameter would help in controlling the emissions’ rates [9].

3.3. Initial Moisture Content

Providing an optimum moisture content is crucial for the composting process per-
formance, as it will promote the microbial activities [4]. However, increasing moisture
content above the recommended values (40–60%) would result in creating anaerobic zones
within the composted materials [25]. This was clear regarding CH4 emissions that were
positively correlated to the moisture content of the compost [28,77], meanwhile a negative
correlation with moisture content was recorded regarding the CO2 emissions [25]. How-
ever, for N2O emissions, the correlation with moisture content is not well established. For
instance, Hwang and Hanaki [78] demonstrated that N2O emissions decreased when the
material became very moist because of the inhibition of N2O nitrification, but Yan et al. [79]
showed that the N2O would increase with water content as aerobic and anaerobic zones
would simultaneously exist and also the nitrification and denitrification might be promoted
concurrently and N2O emission flux could become relatively high.

3.4. Initial Total Carbon (TC) and Initial Total Nitrogen (TN) Content

Carbon and nitrogen are essential for the microbial activities during the composting
process. Providing an adequate ratio of carbon and nitrogen (normally indicated as C/N
ratio, with recommended values between 25:1 to 30:1) is considered as one of the controlling
parameters in this process [25,31]. Importantly, these elements also have an impact on the
rate of emissions resulting from the process. When the microbial communities biodegrade
the organic matter under aerobic condition, most of the carbon is lost as CO2, such that a
linear relation between carbon content and CO2 emissions would be observed during the
process [76]. Furthermore, initial carbon content was found to have a positive correlation
with CH4 emissions [80], considering the nitrogen content, which is a primary source for
methanogenic bacteria [11,81]. Similarly, the rate of N2O emissions is positively correlated
with nitrogen content, as both nitrification and denitrification are enhanced by a high
content of nitrogen [65,82]. Usually, composting feedstocks with low C/N ratios and
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high moisture contents provides favorable conditions of producing more greenhouse gas
emissions [31]. Ammonia emissions are also affected by the C/N ratio [31,73,83,84].

3.5. Aeration Rate

As an aerobic process, supplying a sufficient amount of oxygen is recognized as an
important parameter for maintaining the microbial activity and reducing the gas emission
during the composting process [85]. Sufficient aeration through forced aeration or mechan-
ical turning would guarantee the non-formation of anaerobic zones within the composting
mixture, thereby reducing odor problems [9,86]. Importantly, and per statistical analysis,
it absolutely was clear that aeration rate was the foremost important factor that could
significantly affect the NH3, CH4, and N2O emissions [5,87]. Rosenfeld et al. [88] indicated
that aeration reduced the concentrations of NH3, CH2O2, and CH3COOH by 72%, 57%,
and 11%, respectively, compared to the windrow. Additionally, Quiros et al. [89] reported a
reduction in emissions’ rates by five times when frequent turning was employed compared
to non-turned treatments. However, it should be taken into account that an adequate
aeration rate has to be applied that would maintain the biological activity and reduce the
emissions’ rates at the same time [5,90–92]. Applying higher aeration rates would reduce
some emissions such as CH4, but others such as NH3 and N2O would be promoted. Addi-
tionally, higher aeration rates might render temperature evolution, thus decelerating the
degradation of the organic matter as a consequence [5]. Results obtained by Chowdhury
et al. [90] showed that low aeration rates were more practical in reducing GHGs’ emissions.
The same observation was reported by Zhang et al. [93] during composting of kitchen
waste, where aeration rates of 0.1, 0.2, and 0.3 L (kg DM min)−1 were studied and it was
found that the lower aeration was more significant than the other two treatments. Addi-
tionally, it was indicated that intermittent aeration was better than continuous aeration in
mitigating CO2 emissions [9]. Nevertheless, Ermolaev et al. [71] indicated that aeration
reduced the emissions of CH4 and NO2 regardless of the rate of aeration. Turning of the
composted mixtures has a positive impact on reducing the rate of emissions also. This
is because turning gives the chance for air exchange and releasing of different gases, as
indicated in different studies [11,17]. The efficiency of aeration and turning in reducing
emissions’ rates was evaluated by Friedrich and Trois [10] during composting of garden
waste. The study revealed that turning resulted in 8.14% higher GHGs than an aerated
treatment. These findings prove that aeration is better than other treatments in reducing
GHGs’ emissions [94,95]. Another important element for maintaining the aerobic condi-
tions is providing an optimal ratio of a bulking agent that provides proper structure and
porosity for the composting mixture [31], meanwhile maintaining the heat and biological
activity [96,97]. This will be deeply discussed in the following section.

3.6. pH Value

An optimum pH value between 6 and 8 (ideally 7) is recommended for microbial
population during successful composting process. However, this parameter fluctuates,
especially during the first stages of the process as organic acids are released due to organic
matter degradation and, thus, the pH decreases. After that, a gradual increase in alkalinity
occurs as a result of the phenolic and carboxyl groups’ decomposition [4]. The increase
in the pH level promotes ammonia release, by influencing the NH4

+ to NH3 equilibrium
in spite of its directs influence on biological activity, as indicated [54,55]. However, these
conditions are considered suitable for decreasing other emissions such as H2S, which
normally increases under low pH values [56]. These behaviors were documented by Gu
et al. [98], where reducing the pH of compost resulted in reducing the cumulative NH3
emissions and TN losses by 47.80% and 44.23%, while an increase in the emissions of
volatile sulfur compounds and total sulfur losses was observed. More information and
details about the effect of pH adjustment to mitigate the emission rates are provided in
Section 4.4.
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4. Mitigation Strategies
4.1. Providing Adequate Bulking Agent

The addition of some materials to organic wastes has proven its efficiency in im-
proving air convection within the composting mixture, thereby reducing the amount of
gases’ emissions such as CH4 and N2O from composting, since most of the degraded
carbon would be released as CO2 [11,28,90]. For instance, sawdust and straw for dairy
manure composting resulted in an effective mitigation for CH4 and NH3 with ME values
of 66.3% and 44.0%, but they may increase CO2 emission [12,99]. Additionally, Li et al. [94]
demonstrated that ammonia emission may well be mitigated by adding a mix of sucrose
and straw powder at the start stage of a composting process [95]. Indeed, these materials
facilitate the absorption and microbial assimilation of ammonium, which decreases NH3
emissions [9,25,95].

4.2. Introducing Microorganism for Promoting Nitrification Process and Reducing NH3 Emissions

This approach stands on the mineralization of organic nitrogen into ammonium ni-
trogen, which could be transformed into nitrate by nitrification and eventually to N2 by
denitrification, or the ammonium could even be also a fixed microbial protein under the
action of fungi [25,90,100–103]. It was found that the introduction of mature compost rich in
nitrifying microorganism to food wastes’ composting was able to reduce NH3 volatilization
by 36% [104]. Nevertheless, and despite the capability of this approach in reducing NH3
emission, regulating the denitrification process to reduce N2 and N2O still represents a
challenge for its successful application [5,103]. Additionally, the introduction of some ex-
ogenous microbial communities including CC-E (a complex bacterial community in which
Alcaligenes faecalis is the main advantageous strain) and EM (Effective Microorganisms,
a kind of commercial microbiological agent) for dairy manure composting reduced the
potential for NH3 emissions, with ME of 9.15% [104,105].

4.3. Vermicomposting

This composting approach demonstrated promising results in reducing the amounts
of gaseous emissions including nitrous oxide, CH4, NH3, and others [95,106]. The de-
crease in emissions’ rates is attributed to the reduction of anaerobic denitrification, due
to the burrowing action of the earthworms [107]. Furthermore, the large specific surface
area and loose texture in vermicomposting contribute to creating a strong adsorption
capacity and, at last, reducing production of different emissions, among them the NH3,
where vermicomposting was able to mitigate NH3 emission with a ME median value of
33.5% [15,25,108]. The loss of texture improves the aerobic conditions and„ therefore, the
biodegradation of the organic matter as a consequence. In this regard, it was noticed that
CO2 emissions were increased, whereas a decrease in ammonia emissions and nitrous oxide
was noticed as well as a sink of methane in treatments with earthworms [109,110]. Similar
results were obtained by Chan et al. [108] and Velasco-Velasco et al. [111]. Combining
pre-composting and vermicomposting with additions of reed straw and zeolite resulted
also in a significant reduction of ammonia, nitrous oxide, and methane during composting
of duck manure [95,111].

4.4. Using Different Additives

The addition of phosphogypsum results in decreasing the pH of the composting
mixture. The high sulphide concentrations and acidic conditions due to the use of phospho-
gypsum could inhibit methanogenesis and the action of N2O reductase, thus reducing CH4
and N2O emissions [12,25,112,113]. Additionally, adjustment of pH has been practiced
to reduce the emissions of NH3. About 55.7% of NH3 emissions was decreased due to
the reduction in volatilization when phosphogypsum was applied [114]. Additionally,
the addition of both K2HPO4/MgSO4 and KH2PO4/MgSO4 as a pH buffer agent’s ad-
ditive contributed to reducing NH3 emissions [100]. However, health risks due to high
hydrogen sulphide concentrations have to be considered when this mitigation method is
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to be used [25,115]. Manure acidification significantly (up to 93%) decreased the emissions
during storage and composting processes [116,117]. Excessive acidification (pH = 5), on
the other hand, increased N2O emissions (18.6%) during composting. When manure was
acidified to pH of 6, N2O (17.6%) and CH4 (20%) emissions, as well as GHG emissions, rep-
resented as global warming potential (GWP) (9.6%) were reduced during composting [118].
The addition of calcium magnesium phosphate fertilizer (CaMgP) also demonstrated its
effectiveness in reducing emissions’ rates during the composting process [119]. In this
regard, Zhang et al. [93] reported that CaMgP could reduce H2S emissions by 65%. Similar
results were obtained when the effect of calcium magnesium phosphate fertilizer (CaMgP),
biochar, and spent mushroom substrate (SMS) additives was investigated on compost ma-
turity and gaseous emissions during pig manure composting. Ammonia (NH3), hydrogen
sulfide (H2S), dimethyl sulfide (Me2S), and dimethyl disulfide (Me2SS) emissions could all
be reduced using the three additives. However, when it came to reducing NH3 emissions,
the effect of adding CaMgP was the most noticeable (42.90%). CaMgP to H2S emission
reduction was similar to SMS, which was 34.91% and 32.88%, respectively. The three
additives had obvious emission reduction effects on Me2S and Me2SS, all of which were
greater than 50%. Adding SMS, on the other hand, reduced N2O emissions by 37.08% [120].

Struvite could also be used to reduce emissions as struvite crystallization enhances
nitrogen (ammonium) conservation during composting, which thereby reduces NH3 emis-
sions [47,121]. However, this approach increases the salinity of the produced compost [5,94],
but this limitation could be mitigated by using other additives like lime or zeolite [18,122].
In this regard, the addition of 10% of zeolite decreased the salinity to 2.8 mS cm−1 and
improved compost maturity; meanwhile, about 18% of NH3 loss was achieved [122].

4.5. Compressing and Covering

This approach depends on reducing the amount of O2 supplied to the mixture, thus
lowering the microbial activity and ammonization, which reduce CO2 and NH3 emissions
during the composting process [101,123]. Additionally, covering reduces gaseous diffusion
into the air and enhances the absorption of some gas emissions. Analysis revealed that this
approach could reach a mitigation efficiency of 10.1% for CO2 and 24.3% for NH3 emission.
However, it should be noted that this approach would increase the anaerobic conditions that
ultimately promote the production of CH4 [15,25,107,109]. Different materials are used as a
cover for composting mixture. These materials include sawdust, plastic, soil, paper waste,
woodchip, wheat straw, peat, and zeolite, among others. Sawdust or straw has a good
performance in absorption of CO2 and NH3, whereas plastic cover renders the gas exchange,
which reduces the dissipation of the emissions [15,25,109,124,125]. Different forms of
zeolite were used as a cover or even mixed with the composting mixture and proved higher
efficiency in reducing emission compared to other cover materials with almost no effect
on the microbial activity [5,93,104,126,127]. This material contributes to increasing the pH
and initial NH3/NH4

+ concentration, which reduces NH3 losses such that a reduction of
44–60% of the NH3 was obtained during poultry manure composting [128]. Similar results
were observed by Madrini et al. [126] in composting of leftover food. It should be noted
that the type of zeolite and its percentage within the mixture affects the reduction rate of
emissions [5,127].

4.6. Biofiltration

Biofilters, which depend on adsorption or biodegradation of pollutants, have proven
their relative efficiency in reducing emissions from the composting process, especially with
NH3, where almost about 90% of this gas was reduced [25,129]. Actually, ammonia emis-
sions in a composting process of organic fraction of municipal solid wastes varied between
18 to 150 g NH3·Mg−1 waste [130], while ammonia concentrations up to 700 mg NH3·m−3

have been reported in exhaust gases from sludge composting [4]. As documented by Pagans
et al. [131], the biofilter achieved a global ammonia removal efficiency of 95.9% at a loading
rate range of 846–67100 mg NH3·m−3 biofilter·h−1, whereas higher removal rates were
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seen when the waste gas had high NH3 concentrations (more than 2000 mg NH3·m−3).
However, this approach is more feasible compared to other technologies when it is used
in closed systems with collection equipment [15]. Furthermore, the complexity and un-
certainty measures in operating the system, as well as understanding the biodegradation
process, are critical for optimal performance. [9]. Concerning CH4, CO2, and N2O emis-
sions, the literature is lacking information about the efficiency of biofilter for treatment of
these emissions [25].

4.7. Addition of Biochar

Biochar as an additive has been used in different research to mitigate the emissions
resulting from composting processes [94,100,120,132,133]. This additive has been used as
a sole material or mixed with other additives [134]. Noteworthy, under almost all stud-
ied conditions, promising results were obtained, despite the lack of clarity regarding its
mechanism on promoting nitrogen assimilation and nitrification [5,90,102,135]. The change
in nitrogen functional groups on the biochar surface was evidence for adsorption and
microbial transformation of NH3/NH4

+ [136]. As indicated in several works, the biochar
promoted microbial activity during the composting process, as it increases the nitrogen
source and decreases toxicity of free NH3 on the microbial activity [137]; hence, a high res-
piration rate as well as a fast decomposition of organic matter were recorded [135,137,138].
Additionally, this was associated with an increase in the temperature and NO3 concen-
tration along with a decrease in the pH and NH4

+ concentrations [131,133]. Emissions of
NH3 and nitrogen losses were reduced by 64% and 52%, respectively, when biochar was
mixed with poultry litters [101]. Similar results were observed when cornstalk biochar was
used where cumulative NH3 emissions were reduced by 24.8% [139]. The presence of the
biochar boosted the activity of nitrifiers due to its high sorption capacity for gases and the
high cation exchange capacity. According to Zhou et al. [140], adding modified biochar
could significantly reduce NH3 emissions by increasing the number of ammonia-oxidizing
bacteria (AOB), inhibiting urease activity, and decreasing the abundance of nitrogen func-
tional genes such as narG and nirS, facilitating the conversion of NH+

4-N into NO−
3-N

and decreasing nitrogen loss. These conditions were responsible for promoting N2O re-
duction up to 59.8% [141]. The effects of bamboo charcoal (BC) and bamboo vinegar (BV)
on lowering NH3 and N2O emissions during aerobic composting (Wheat straw and pig
manure) revealed that both BC and BV enhanced nitrogen conversion and compost quality,
with the combination BC + BV treatment achieving the greatest results. The BC, BV, and
BC + BV treatments decreased NH3 emissions by 14.35%, 17.90%, and 29.83%, respectively,
and the N2O emissions by 44.83%, 55.96%, and 74.53%. BC and BV reduced the NH3 and
N2O emissions during composting [142]. Similarly, Biochar (BC) and bean dregs’ (BD)
effects on nitrifiers and denitrifiers, as well as contributions to NH3 and N2O emissions,
were investigated by Yang et al. [143]. When comparing the BD + BC treatment to the BD
treatment, the highest value of NH3 and N2O emission was reduced by 32.92% and 46.61%,
respectively. The number and structure of nitrogen functional genes were shown to be
closely related to the synthesis of NH3 and N2O in the study. In this case, it was discovered
that BD + BC enhanced the abundance of the AOB amoA gene, resulting in a reduction
in NH3 emission. The presence of nirS was more closely linked to the presence of N2O.
When compared to the BD treatment, the abundance of nirS in the BD + BC treatment
was reduced by 18.93%, lowering N2O emissions after composting. Furthermore, the
nosZ-type gene was the most functional denitrification bacterial community to influence
N2O emissions. [143]. Noteworthy, when biochar is to be used, it is important to keep in
mind that its characteristics have a major role on its efficiency.

5. Conclusions

Composting is a favorable technology to treat organic waste, but gaseous emissions
are an issue of major concern for its development. Among them, GHG emissions are
an important problem as they are responsible for the global warming effect. Carbon

124



Processes 2021, 9, 1844

dioxide is not often considered, as it is considered biogenic. However, methane and nitrous
oxide, related to anaerobic and anoxic conditions, must be accounted for when analyzing
any composting process. Another important point is the release in the form of gaseous
emissions of a vast family of compounds such as VOCs. These gases can be harmful, possess
negative impacts, and, especially, are responsible for unpleasant odors. The origin of these
gases is double (they can come from the substrate or be biologically or even chemically
formed during the process) and they need the development of mitigation strategies based
on relatively consolidated technologies (such as biofiltration) or new approaches, such as
the use of materials as biochar. However, there is still a lack of reliable and full-scale data
from composting emissions to have consistent mitigation strategies.
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Abstract: To foster a circular economy in line with compost quality assessment, a deep understanding
of the fates of nutrients and carbon in the composting process is essential to achieve the co-benefits
of value-added and environmentally friendly objectives. This paper is a review aiming to fill in the
knowledge gap about the composting process. Firstly, a systematic screening search and a descriptive
analysis were conducted on composting models involving the fates of Carbon (C), Nitrogen (N),
Phosphorus (P) and Potassium (K) over the past decade, followed by the development of a checklist
to define the gap between the existing models and target models. A review of 22 models in total
led to the results that the mainstream models involved the fates of C and N, while only a few
models involved P and K as target variables. Most of the models described the laboratory-scale
composting process. Mechanism-derived models were relatively complex; however, the application
of the fractionation of substrates could contribute to reducing the complexity. Alternatively, data-
driven models can help us obtain more accurate predictions and involve the fates of more nutrients,
depending on the data volume. Finally, the perspective of developing composting models for the
fates of C, N, P, and K was proposed.

Keywords: composting; organic solid waste; models; nutrients; modeling scale; checklist

1. Introduction

Organic solid waste (OSW), the solid waste containing organic matters (i.e., food
waste, livestock manure, green waste), has been a critical issue for sustainable development
due to its continuous increasement in amount and non-recycled treatment [1–3]. Till
today, most OSW is still disposed of in unsustainable and conventional ways, such as
landfilling and incineration [4], which result in the emission of greenhouse gases and
leachate containing heavy metals [5], toxic gases such as sulfur dioxide, dust, heavy metal
fumes, and incombustible hydrocarbons, and losses of valuable nutrients [4]. Therefore,
the effective management strategies of OSW, including composting, are attached with
more importance by relevant stakeholders and policy makers, with the aim of overcoming
the challenge of environmental protection, promoting the circular economy and, hence,
achieving sustainable development [6–8].

Compared with landfilling and incineration, composting is now one of the most popu-
lar technologies to recycle nutrients from organic waste [9], which can significantly shorten
the processing cycle and more efficiently recover the nutrients from organic waste [4,10,11].
In China, about 76% of the poultry and livestock manure collected by intensive farming
was processed through composting in 2015 [12], which can promote the organic fertilizer
production industry and increase the circulation of regional nutrients [13]. Even though
fruitful results have been achieved in the research on composing, there remains a large
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challenge when microorganisms convert complex substrates into ultimately useful prod-
ucts in the composting process, in which some by-products, such as Ammonia (NH3),
Carbon dioxide (CO2), Methane (CH4), Nitrous oxide (N2O), etc., are produced to burden
the atmosphere [14,15]. The accumulation of P in surface soil can lead to the transfer of
Phosphorus (P) to groundwater, which becomes an environmental concern during the
compost application [16]. During the composting process, the Carbon (C) loss to the at-
mosphere ranges from 30% to 63% [17], and the Nitrogen (N) loss ranges from 19% to
42% mainly because of the vigorous NH3 volatilizations, while the Phosphorus (P) loss
is less than 2% mostly due to the runoff [18,19]. These data may be different due to the
origin of various raw materials. The loss and dissipation of nutrients may not only lead
to potential environmental risks, but also reduce the agronomic quality of the composted
product [20]. Instead, applying more remaining C from composted fertilizer to the soil can
reduce greenhouse gas emissions and sustainably mitigate climate change through storage
or sequestration strategies [21]. It will also contribute to the efficiency of other fertilizers
by altering soil properties, so as to bring environmental and agronomic co-benefits [22].
Therefore, for composting technology, it is significant to minimize both C and nutrient
losses for the production of stable products with high quality.

Generally, the motivation of modeling is to develop mathematical tools to integrate the
knowledge with the phenomena, determine the direction of experimental design, evaluate
experimental results, test hypotheses, reveal relationships between variables, predict the
system development, and design the process and management strategies [23]. Since 1976,
mathematical models of composting technology have appeared in the literature [24]. In
recent years, many models have been developed to contribute to predicting the distri-
bution of temperature, humidity, solids, oxygen content, and carbon dioxide during the
composting process [25–31]. However, from an environmental and agronomic point of
view, the focus should be placed on regional C and nutrients for a better understanding of
composting technology and assessment of the effectiveness of this sustainable solution [32].
Moreover, the methodology for regional assessments, such as life cycle assessment and
material flow analysis, requires the accuracy of the model and a certain number of target
variables to be simulated when it is used to simulate and evaluate composting technologies
on a regional scale with high accuracy [33]. According to the research of Lauwers et al., the
models can be grouped as mechanism-derived models that are established based on the
biochemical reaction to reveal more mechanisms and data-driven models focusing more
on the experimental data than the process of intermediate reaction [34]. According to the
research results from the database of the Web of Science Core Collection, the number of papers
on the composting process has shown an increase from 74 in 2011 to 114 in 2020. Initially,
the focus of relevant research was mechanism-derived models [24], while in recent years,
data-driven models based on various algorithms have gained more popularity [35].

Previous articles on the review of composting models usually focused on composting
kinetics to discuss the process parameters, such as temperature, water content, pH, and
carbon-to-nitrogen ratio (C/N). For instance, Mason reviewed and extensively analyzed
composting models proposed in published papers before the end of 2003 [24]. He system-
atically described the establishment and improvement of the models on heat balance and
mass balance during the composting process. Walling et al. conducted a comprehensive
review on composting models published in the last 40 years to determine the trend of the
composting models in terms of the goal and method, focusing on the research development
of composting kinetics, heat balance, and mass (mainly water and oxygen) balance [35].
In recent years, more importance has been given to the simulation of the fates of C, N,
P and Potassium (K) in the composting model. However, due to the complexity of the
composting process, only a few papers have been published about the systematic review
of the modeling of the fates of C and nutrients in the composting process. So, a further
study with the application of models is necessary to delve into the fates of C, N, P and K
during the composting process. Therefore, the following two research questions are to be
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addressed with the aim of attaining a deeper understanding and new knowledge based on
available studies through the systematic review:

1. What are the key features of existing composting models that involve the fates of C,
N, P, and K? (RQ1);

2. How could the gaps between the existing model and the target model be well defined
and presented? (RQ2).

The following parts of this paper are structured as follows: Section 2 presents the
applied methods to show the process of a systematic review with a descriptive analysis;
Section 3 includes the results; Section 4 proposes the guiding perspective of composting
models involving the fates of C, N, P, and K, as well as the discussion on the implications
of the study, and includes the explanation of how the fate of C, N, P and K in composting
can be effectively described through modeling.

2. Methods
2.1. Literature Screening

A systematic screening search of relevant literature was conducted based on the
core collection in the database of Web of Science (https://www.webofknowledge.com
(accessed on 11 June 2020)), which is considered to cover papers of high quality and in
sufficient quantity for a systematic review [36]. The time scope is defined as in the past
ten years, from January 2011 to June 2020. The following search rule is used in the advanced
search: “(TS = compost) AND (TS = model) AND ((TS = carbon) OR (TS = nitrogen) OR
(TS = phosphorus) OR (TS = potassium))”, where TS is defined as Topics.

A total of 722 related articles were collected, followed by a precise refining process
based on the following three criteria, including: (1) the substrates for composting were
OSW; (2) the target variables of modeling objectives involved at least one of C, N, P, and K;
(3) the research modeled the process of composting technology. Specifically, the process
of study selection and data extraction consists of three steps of results retrieval [37,38], as
shown in Figure 1. First, search for articles based on a prioritized search strategy. Then,
filter out irrelevant or unsuitable articles according to their titles and abstracts. Third, read
the filtered articles in full text. Finally, a total of 22 models were selected for further studies,
which are mainly from peer-reviewed journals or conferences such as Bioresource Technology,
Environmental Technology, and Waste Management.

2.2. Data Extraction

In order to further characterize the models, we developed code lists of target variables
related to modeling objects, modeling approach types (mechanism-derived model types
and data-driven model types), and applied environmental types as indicators to conduct
data extraction as shown in Tables S1–S4. From these code lists, we then developed tables
shown in Table S5 to describe and summarize the selected models.

2.3. Checklist for Model Assessment

A checklist approach was used to define the gap between the reviewed models and
the target models. In this study, a checklist was designed according to the target models
and the developing process of models. Given the fact that there is no consensus on the best
method of evaluating composting models, a brand-new checklist was finally developed
and applied here to evaluate the models and help define the gaps of target models, while
this method has been applied in other subject areas, such as ecology and medicine [39,40].
The most common questions in the checklists are whether the model clearly describes the
objectives of modeling, whether the approach to modeling is reasonable, and whether the
sensitivity and accuracy of the model are evaluated [39–41]. Developing a model follows
six steps: analyze the problem, formulate a model, solve the model, verify and interpret
the model’s solution, report by the model, and maintain the model [42]. Furthermore,
the emphases in the previous research on composting models, such as the composting
substrates [43] and the model’s reflection on the mechanism [44], have been combined in
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developing the checklist to determine three major categories: the start points of the model,
the process of modeling, and the internal assessment of models. In addition, to be more in
line with our review scope, the target variables of modeling were set on whether the fates
of C, N, P and K are all involved as an indicator at the start point of the model. Moreover,
since the nutrients’ transformation mechanism plays an essential role in studying the
balance of elements [44], we set the 7th item to explore the part of the data-driven model
of revealing the mechanism in order to better identify the main factors influencing the
composting process. The weight of each category is 5-point. As the modeling process of
the mechanism-derived models is different from that of the data-driven models, in the
second category, different questions were applied to evaluate the two types of models. If
we assume the score for the most optimal model is 15, the gap between the model in the
checklist and the most optimal one is reflected by 15 subtracting the score for the model.
The specific checklist for the composting model is shown in Table 1.
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Table 1. The checklist for composting models.

Category Items References

Start points of
models

Were the target variables of modeling clearly described? (1 point) [39,40]

Do the research objectives fit our review scope (C, N, P, and K)? (3 points)
(1 point will be calculated for only one of C, N, P, and K involved in modeling; 2 points will be

calculated for 2 or 3 of C, N, P, and K involved in modeling; 3 points will be calculated for all of C,
N, P, and K involved in modeling. If partially involved in each related element only, such as CO2

or C/N, 0.5 points will be calculated.)

Were the substrates of the study clearly described? (1 point) [43,45]

Process of
modeling

Mechanism-derived models Data-driven models

Does the selection equation in the model
clearly list the reference basis? (1 point)

Does the study identify the sources of the data
and describe how the data were collected

clearly? (1 point)
[39,41,42]

Were the assumptions about the model clearly
described? (1 point)

Was the modeling approach used clearly
described? Does it include the reasons for

adopting this approach (1 point)
[39,40,42]

Was the basis for the selection of relevant
parameters clearly described? (1 point)

Was the basis for the selection of variables
clearly described? (1 point) [24,40]

How about the complexity of the models?
(1 point, 0.5 points, or 0 will be calculated for

Not complicated, Complicated, and Very
complicated, respectively)

How well does the model reflect the
composting process?

(1 point, 0.5 points, or 0 will be calculated for
Well reflect, Partly reflect, and Not

reflect, respectively)

[42,44]

Was the platform/software clearly described to solve/simulate the model? (1 point) [42]

Internal
assessment of

models

Was the sensitivity analysis conducted? (1 point) [40,46]

Were experiments conducted to compare the models? (1 point) [39]

Was the accuracy evaluation method of the models clearly described? (1 point) [34,42]

How about the accuracy of the models?
(2 points, 1 point, or 0 will be calculated for Very accurate, Relatively accurate, and Not accurate

or not mentioned, respectively)
[42]

Out of the 12 questions, 9 were judged between yes or no, and the other three were
scored based on the reality of the model. With reference to Wijewardhana et al. and
Harris et al., we applied multiple reviewers to the checklist to ensure relative objectivity.
All indicator questions were rated by three reviewers who have a research background
in modeling or composting technology [39,40]. For yes/no questions, a discussion with
the author would be proposed in case of a different judgment. For questions that needed
to be scored according to circumstances, an average score was calculated. What is worth
mentioning is that, in order to make the whole procedure as objective as possible, two
rounds of review were conducted on the checklist and results, one internally by the authors
and the other by an invited expert from the Institute of Soil Science, Chinese Academy of
Sciences, an the external reviewer.

3. Results
3.1. Overview of Reviewed Models

The substrates, modeling approaches, and target variables of objectives for 22 referred
models are shown in Figure 2. The 22 models were divided into two main categories
based on the modeling approaches: 10 mechanism-derived models and 12 data-driven
models. In particular, semi-empirical models fell in between [44], which are established
based on mechanism-derived models but modified with experimental data. Since these
three semi-empirical models were developed from a process perspective, they were also
summarized in the mechanism-derived model in this section. The composting substrates
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of these models were mainly related to two categories including municipal solid waste
(MSW) and agricultural waste. The target variables involved in the simulation, however,
were mostly C and N, and to a lesser extent, P and K.
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3.2. Composting Substrates and Target Variables

The specific substrates of these models involved MSW and agricultural waste, as
shown in Figure 3a. MSW mainly includes sludge (n = 5) and food waste or food processing
waste (n = 3). In comparison, other types of municipal waste have been studied, including
cardboard, boxwood leaves, and sawdust (n = 3). In these models, most of the simulation
of agricultural waste concentrated on livestock manure and crop residues, such as pig
manure, chicken manure, and cattle manure mixed with straws of rice, wheat, and corn
(n = 8). In addition, other types of agricultural wastes include vegetable wastes and fruit
leaves (n = 3).

To address the challenges posed by the complexity of the substrates for compost model-
ing, fractionation of the substrates was applied to separate the organic matter into multiple
components. Simply put, the substrates are divided into three categories, namely, solu-
ble, insoluble, and inert substrates [44,47–50]. Furthermore, a more detailed fractionation
method was applied, in which the organic matters were divided into five compartments:
the easily degradable and soluble; slowly degradable and soluble; hemicelluloses, cellulose,
and lignin fractions [51,52]. With this method of fractionation, the degradation process of
the organic matters can be described according to different degradation kinetics, thereby
improving the accuracy of the model, and at the same time, providing a solution to the
modeling of complex substrate composting.

Since the review scope of this paper was the fates of carbon and nutrients, only the
target variables related to C, N, P, and K in modeling were included. There were two
parts in each element: the remaining and the lost. It can be seen from Figure 3b that most
models involved the simulation of C and N. Models involving carbon mainly included
organic carbon (OC) (n = 3) and microbial carbon (MC) (n = 1). There was also research
on the remaining of total carbon (TC) (n = 4). The simulation of carbon loss mainly
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involved CO2 (n = 9) and CH4 (n = 2). In terms of nitrogen, Bonifacio et al., St Martin et al.
and Vasiliadou et al. developed models for organic nitrogen (ON) (n = 3) [33,49,53]. As
for total nitrogen (TN) loss, Li et al. and Faverial et al. modeled this part as a whole
variable (n = 2) [15,54]; others focused on the emissions of N2O (n = 3) and NH3 (n = 3).
There were some models related to the C/N that are considered to play a key role in the
composting process, and these models also involve the mass balance of C and N (n= 3).
Vasiliadou et al., Faverial et al., and Huang et al. have developed models for the mass
balance of total phosphorus (TP) (n = 3) [15,49,55]. The research by Faverial et al. and
Huang et al. also involved the model of total potassium (TK) (n = 2) [15,55].

In addition, mechanism-derived models mainly simulated the relevant mass balance
of C and N, and, to a lesser extent, the mass balance of P. In contrast, the data-driven
models could cover a broader range of simulated objects and even involved K. However,
there were no mechanism-derived models that included K in the selected research.
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Figure 3. The specific situation regarding the (a) substrates and (b) the target variables of modeling objectives. Notes:
The abbreviations are defined as follows: OC (organic carbon); MC (microbial carbon); TC (total carbon); ON (organic
nitrogen); C/N (carbon-to-nitrogen ratio); MN (microbial nitrogen); OP (organic potassium); TP (total phosphorus); TK
(total potassium).

3.3. Modeling Approaches
3.3.1. Mechanism-Derived Models

The mechanism-derived models are generally based on mass balance, energy balance,
and kinetics [56]. Composting kinetics describes methods of controlling the rate of waste
degradation through environmental factors, such as temperature, oxygen utilization, and
moisture. So far, various kinetics models for biomass degradation through composting
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have been developed based on the physical and biochemical characteristics of composting
materials [57]. A summary of 10 mechanism-derived models and modeling objectives is
shown in Table 2.

Table 2. Summary of 10 mechanism-derived models and modeling objectives.

No. References Mechanism-Derived Model Type Involved Related Modeling Objectives

1 Zhang et al., 2012 [51] Monod kinetics model
First-order kinetics model

Mass balance model

CO2 corresponding to mineralization
(% of initial total organic carbon)

2 Oudart et al., 2012 [47] CO2 emission rate

3 Lashermes et al., 2013 [52]
OC and CO2 corresponding to

mineralization
(% of initial total OC)

4 Villaseñor et al., 2012 [50] First-order kinetics model C degradation
(% of DM)

5 Vasiliadou et al., 2015 [49]

Monod kinetics model
First-order kinetics model

Mass balance model
Heat (energy) balance model

Insoluble organic matter mass, insoluble
N and P mass, and CO2 emission volume

6 Petric and Mustafić 2015 [56]
Monod kinetic model
Mass balance model

Heat (energy) balance model
CO2 mass

7 Ge et al., 2016 [48]

First-order kinetics model
Michaelis−Menten kinetics model

Energy balance model
Mass balance model

CH4 emission rate

8 Kabbashi 2011 [58] Semi-empirical model
Multi-stage model

The remaining of TC and TN
(% of DM)

9 Oudart et al., 2015 [44]

Semi-empirical model
Process-based model

Production yield of CO2, N2O and NH3

10 Bonifacio et al., 2017 [33,59]
OC, MC, ON, MN, NH4

+, NO3
−

(% of DM),
and emission rates of CO2, N2O and NH3

OC (organic carbon); TC (total carbon); TN (total nitrogen); MC (microbial carbon); ON (organic nitrogen); MN (microbial nitrogen); DM
(dry matter).

The common kinetics model is the first-order kinetics model (n = 6) related to the
degradation of volatile solids or the utilization of oxygen. Hence, it has a close connection
with the fate of C. The first-order kinetics model is based on temperature, oxygen, moisture,
biodegradable volatile solids (BVS), and free space as parameters that affect the rate of
degradation [60,61].

Another widely used kinetics model is the Monod kinetics model (n = 5), which was
developed from the mechanical or deductive point of view by integrating the basic princi-
ples of physics, chemistry, and microbiology involved in the composting process [56,62,63].

The derivation of each kinetics model focuses on their mathematical formulas, which
allows them to explain certain processes in composting. In the first-order kinetics model,
the substrate concentration is used as the primary force determining the reaction rate,
while the Monod kinetics model involves microbial activity, which makes the model
more realistic.

Semi-empirical models are based on the mechanism with test data to modify and
determine their model parameters. This approach is different from other mechanism-
derived models, which requires a comprehensive understanding of the process. Unlike
data-driven models that rely on large amounts of data, it is developed based on internal
processes or stages. Oudart et al. simulated the interaction of nitrogen and carbon during
animal manure composting based on the main processes governing carbon and nitrogen
transformations [44]. Then, models were analyzed and simulated according to the experi-
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mental data. Bonifacio et al. developed a process-based model for simulating cattle manure
compost windrows [33,64]. In their research, the fate of C and N through processes affected
by compost windrows was established. Combined with a large amount of empirical data,
the parameters were determined to study the mass balance of C and N.

In order to describe more variables, more equations and parameters are required,
leading to the complexity of models. In mechanistically derived models, the studies by
Bonifacio et al. and Oudart et al. involved more related modeling objectives [33,44]. The
former included 10 equations and 52 parameters, while the latter included more, with
26 equations and nearly 90 parameters. In addition to using mathematical models to
simulate microbial growth, nitrification, denitrification and other biochemical process
reactions, some physical processes were also described. For example, Bonifacio et al.
incorporated the leaching and runoff of NO3

− as well as ammonia volatilization, into the
model [33]. Oudart et al. also considered ammonia volatilization [44].

3.3.2. Data-Driven Models

Data-driven models are usually accompanied by experimental and empirical data
collection to ensure the effective prediction of fundamental parameters [34], thereby estab-
lishing a reliable relationship between the model and the prediction of essential parameters
or variables. A summary of 12 data-driven models and simulation objects is shown
in Table 3.

Table 3. The summary of 12 data-driven models and simulation objects.

No. References Modeling Type Input Variables
Target Variables

Related to Modeling
Objects

1 Sun et al., 2011 [65]
Genetic algorithm

aided by the stepwise
cluster analysis method

NH4
+ − N concentration,

moisture content, ash content,
mean temperature, and

mesophilic bacteria biomass

C/N

2 Huang et al., 2011 [55] Linear regression
analysis pH, EC, and DM content The remaining TN, TP,

and TK (% of DM)

3 Bayram et al., 2011 [66]

ANN model
MLR model

Food and yard percentage, ash
and scoria percentage,

moisture content, fixed carbon
content, the total proportion of
organic matter, high, calorific

value, and pH

C/N

4 Hosseinzadeh et al., 2020 [67]

pH, EC, C/N, NH4
+/NO3

−,
water-soluble carbon,

dehydrogenase enzyme, and
total phosphorus

The remaining TN and
TP (% of DM)

5 Boniecki et al., 2012 [59] ANN model
Time, temperature, pH, EC,

DM concentration, C/N,
NH4

+ − N concentration

NH3 emissions
(% of air released from

bioreactor chamber)

6 Díaz et al., 2012 [68]
An adaptive

network-based fuzzy
inference system

Aeration rate, moisture
content, particle size, and time CO2 emission rate

7 St Martin et al., 2014 [53]

Critical exponential
function

Rectangular hyperbola
function

(Double) Fourier
function

MLR model

Composting formula, time and
composting formula

interacting through time

TOC and TKN
(% of DM)
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Table 3. Cont.

No. References Modeling Type Input Variables
Target Variables

Related to Modeling
Objects

8 Faverial et al., 2016 [15] Bayesian network
model

Total C, N, lignin, P and K
contents, pH, and loss of mass

The remaining, and
loss of, TN, TP, and TK

(% of DM)

9 Mancebo and Hettiaratchi 2015 [69]
Regression model

Air-filled porosity, moisture
content, and dissolved

OC content
CH4 emission rate

10 Li et al., 2017 [54] Sucrose-adding ratio, adding
time, sucrose concentration The loss TN ration

11 Varma et al., 2017 [70] RBF neural network
model

Moisture content, pH, EC,
TOC, TKN, soluble

biochemical oxygen demand,
NH4

+ − N concentration,
available phosphorous, C/N,

total phosphorous, oxygen
uptake rate, Na, K, Ca

CO2 emission rate

12 Chen et al., 2019 [71]

Backpropagation
neural network model

Linear regression
model

Moisture content, C/N,
aeration rate, and

superphosphate content

Proportion of N2O
on TN

ANN (artificial neural network); BP (backpropagation); RBF (radial basis functional); MLR (multiple linear regression); EC (electrical
conductivity); DM (dry matter); C/N (carbon-to-nitrogen ratio); TN (total nitrogen); TP (total phosphorus); TK (total potassium); TOC
(total organic carbon); TKN (total Kjeldahl nitrogen).

Artificial neural network (ANN) is most widely used in data-driven models (n = 6),
which is designed to simulate the biological nervous system’s response to real-world
tasks [72]. In the reviewed articles, different types of neural networks have been studied,
including multilayer perceptron (MLP) [59,67], backpropagation (BP) [71], and radial basis
functional (RBF) [70]. BP is a systematic approach to training MLP. Bayram et al. (2011)
used the MLP trained with the BP algorithm to develop models for simulating C/N of
MSW composting [66].

Linear regression analysis of data is a monitoring technique used to model target
values based on independent predictors [72]. The composting process can be modeled
based on one variable (single regression) model or multiple variables (multiple linear
regression (MLR)) model. St Martin et al. used different function models to simulate
different parameters of the composting process, leading to the recognition that the com-
posting temperature and OC are best described by the critical exponential function and the
rectangular hyperbolic function, respectively [53]. ON, C/N, and pH are best described by
double Fourier functions, while electrical conductivity (EC) is best described via Fourier
functions. Huang et al. discussed the efficiency and feasibility of nutrient elements in
chicken manure during composting with physical and chemical properties, such as pH,
EC and DM [55]. It can be concluded that DM is a better predictor constructed as a single
linear regression of nutrients, while DM and pH are more notable for MLR. Since MLR also
involves multiple variables, it is usually compared with the ANN model in articles (n = 3).
However, in terms of accuracy, the ANN model performed better in all three articles. Other
models, such as Bayesian network models [15] and Genetic algorithms [65], are all used in
data-driven models.

The selection of input is an important step in developing the data-driven model. As
can be seen in Table 3, pH is the most commonly used input variable (n = 7), which has
a great influence on the decay, odor emission, nutrient conversion, and loss rate in the
composting process [15,59]. Others, such as moisture content (n = 6), EC (n = 5), C/N
(n = 4), and temperature (n = 3), are also commonly used as input variables.
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3.4. Application Scales

Overall, as can be seen from Table 4, most of the mathematical models are still in the
scope of the laboratory (n = 18). Bonifacio et al. and Oudart et al. developed semi-empirical
models for the farm scale since the simulation and data collection were based on a farm
over several years [33,44,64]. Huang et al. modeled based on data from composting plants
in the perspective of a factory [55]. In addition, Vasiliadou et al. conducted a modeling
study in the scale of the olive plant from the industrial plant scale [49]. According to the
modeling approaches, both mechanism-derived and data-driven models could be studied
at different scales. The research on the lab scale is more concerned with the composting
reaction process itself through describing the target variables in detail. In contrast, research
from the industrial plant scale and farm scale tends to account for more indicators.

Table 4. The numbers of reviewed models according to applied scales.

Applied Scales
Number of Reviewed Models

Mechanism-Derived Models Data-Driven Models

Lab scale 7 11

Industrial plant scale 1 1

Farm scale 2 0

3.5. Sensitivity Analysis and Validation

Sensitivity analysis and model validation are the main approaches to evaluating
models [42]. Since the mechanism-derived models have more parameters, sensitivity
analysis on the model is often conducted to assess the uncertainty of model parameters
(n = 6). It was noted in these studies that the maximum growth rate coefficient [49,51,56]
and mortality constant have a more considerable influence on the composting process
parameters [51,52]. For the data-driven model, in addition to the conventional sensitivity
analysis (n = 7), there is the adopting analysis of variance (ANOVA), which can also be used
to achieve the purpose of sensitivity analysis (n = 3) in terms of selected input variables.
For instance, the ANOVA of St Martin et al. indicated that composting formula, time and
composting formula interacting through time had a significant impact on the variables
such as temperature, total organic carbon (TOC), total Kjeldahl nitrogen (TKN), C/N, pH,
and EC [53]. Li et al. showed that the effect of addition ratio and addition time on nitrogen
loss was statically significant at the 95% confidential level through ANOVA [54].

After obtaining a model, to verify the accuracy of the model, the determination
coefficient (R2) (n = 12) and root-mean-square error (RMSE) (n = 6) are the most commonly
used methods to evaluate the quality of the fitting accuracy under the assumption that
the parameters of the model are normally distributed. The calculation formulas are as
follows [47]:

RMSE =
100
E

·
√

n

∑
i=1

(Si − Ei)
2/n (1)

R2 =
∑n

1 (Si − E)
∑n

1 (Ei − E)
(2)

where E, Si, Ei and n are referred to as the averages of experimental values, simulated
values, experimental values, and the number of samples, respectively.

Others, such as Nash–Sutcliffe efficiency (NSE), a normalized statistic used to deter-
mine the relative size of the residual variance compared to the variation of the measured
data, is also used to evaluate a model’s quality [51,52,70]. St Martin et al. adopted a parallel
curve analysis to carry out variance accumulation analysis of the effect of compost type
and time on physical and chemical parameter models [53].
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3.6. Gaps with the Target Models Reflected by the Checklist

With the checklist, the scores of gaps ranged from 1.3 to 7.7, which can be seen in
Figure 4. The model’s scores were only obtained in the checklist that we created to show
the gaps between the target models. The checklist could efficiently describe the fates of C,
N, P, and K during composting. It was not aimed to completely distinguish the advantages
and disadvantages of models, but largely focused on checking whether these models fit the
scope and subject of the review, and how well they fitted the procedures modeled. It can
be seen from Figure 4 that the research of Faverial et al. was more in line with the scope
of the review, while the overall modeling was also in line with the specification, having
an excellent performance in accuracy [15]. The paper of Chen et al., a conference paper
with limited space, also attracted our attention, in which their scores were affected as some
modeling procedures may not be described in details [71]. The starting points of the model
involve the target variables of modeling objectives; however, there are many models that
do not fully include C, N, P, and K. When the starting points of the model are excluded
from checklist results, there are more models that also perform very well.
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4. Discussion

The purpose of developing models for the fates of C, N, P, and K is to improve
process operations and, more importantly, deepen our understanding of the process, so
as to improve the utilization of nutrients and reduce greenhouse gas emissions to achieve
co-benefits for building the regional circular economy [73]. Therefore, the mechanics
and the accuracy of the models are significant for the realization of the above purpose.
Mechanism-derived models are ideal models for revealing mechanisms; however, a lot of
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effort is required due to the complexity of the models. Moreover, the composting process is
a biochemical reaction process that involves physical phenomena, such as volatilization
and leaching [74], which are often ignored by most of the mechanism-derived models,
resulting in compromised accuracy. With the study of microbial communities, more and
more composition information about a data-rich microbial community will be gained to
significantly improve the performance of the model. For example, further knowledge
of microbial growth coefficients and mortality coefficients, etc., contributed a lot to the
description of microbial activity in the composting process [34]. Additionally, in order to
be able to simulate more nutrients, such as P and K, a focus on this part of the research
would advance the development of mechanism-derived models of composting that involve
more fates of nutrients. As Oudart et al. mentioned, black-box models such as data-
driven models, due to the ignorance of complex reaction processes, often cause difficulty
in explaining the differences between the results of simulation and observation [44]. The
selection of input variables, sensitivity and uncertainty analysis is precisely the part that can
react to the mechanism of the composting process. So, for data-driven models, this study
will advance their role in revealing mechanisms. The issue of data reliability, however, has
always been one of the top priorities for data-driven models. The application of advanced
monitoring technology in the composting process will provide the model with certain
intermediate process parameters, thereby reducing the possible errors.

At present, most of the models are at lab scale, which tend to focus on the fate of
the C and nutrients in the process during composting. For the models on industrial plant
or farm scales, more factors will be incorporated, such as N run off and leaching on the
surface [33], as the data come from a wider perspective. In order to describe the modeling
of composting in agricultural production activities on a regional scale, more indicators
should be included, such as greenhouse gas emissions, nutrient losses, and proxies for
ecosystem service that result from material exchanges among stakeholders [75].

Meanwhile, the development of open science will also promote the progress of
the model. It is worth mentioning that among the 22 selected models, the model of
Bonifacio et al. is based on the Integrated Farm System Model (IFSM) [33], which is a
public integrated farm research tool for many physical and biological processes [76]. In
addition, huge amounts of empirical data are included to provide support for the devel-
opment of the model. In addition, it can be found that the researchers working on these
models gradually began to pay attention to the significance of open science for scientific
progress. For instance, Faverial et al. obtained the highest score in the checklist and their
paper can be openly accessed [15]. Another treatment technology, anaerobic digestion (AD),
a unified and open model of Anaerobic Digestion Model No. 1 (ADM1) was proposed as
early as in 2002, which undoubtedly has played a positive role in the development of the
AD models. Furthermore, some databases such as PHYLLIS 2 database are gradually being
established, which provide a large amount of reliable, high-quality, and shared biomass
processing data as strong support for the development of data-driven models.

Regarding this research, some limitations are also worth our attention: First, the
research on latest models involving the fates of C, N, P, and K was conducted in the
time scope of past decade, and only English-written papers from Web of Science were
selected, which means less involved models were selected. Second, as we focused more
on C and nutrients balance, the overview of composting modeling in our research is
not as comprehensive as that in some other review papers regarding modeling of the
composting process [35]. In fact, as was mentioned by Mason and Walling et al., heat
balance, moisture content balance, and oxygen content balance have an essential impact
on composting. Furthermore, there is inevitable subjectivity when the checklist is used to
assess models [24,35]. These models and scientific articles are peer-reviewed and have a
high level of creativity. However, data extraction through listing codes and the checklist
evaluation method we applied are based on our review scope and more in line with the
modeling procedure. Therefore, a degree of subjectivity may occur in our research of the
checklist, mainly due to the professional background of the reviewers. More reviewers or
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multiple rounds of reviews would help to reduce the subjectivity. More importantly, our
study intends to provide guidance for future model development in the field of modeling
on the fates of C, N, P, and K during composting process.

5. Conclusions

In this study, a systematic review was performed on the composting models involving
C, N, P, and K. After reviewing the existing literature, 22 composting models were selected
with the process of study selection. The application of a code-listing data extraction
method could provide a framework for a better summary and cross-model comparisons.
In addition, the characteristics and features of these 22 models were presented after data
extraction. A checklist for composting models was created to define the gap between
existing models and target models. The aim was to find the best fitting model for the
composting of various types of substrates. According to the modeling approaches, 22
models were divided into two categories: the mechanism-derived models and the data-
driven models. The results of the checklist showed that the score of the mechanism-driven
models was slightly higher than that of the data-driven models. The main reason is that
the description of the selection basis of variables is ignored in some data-driven models,
resulting in a deficiency in highlighting the mechanism of the composting process.

The mechanism-derived model does not involve the simulation of the mass balance
of K. Through the sensitivity analysis in these studies, it is found that maximum growth
rate coefficients and mortality constants are the main factors for the kinetics parameters.
Although the mechanism-derived model is complicated, adopting the method of substrates
fractionation has reduced the complexity and improved the accuracy. At the same time,
proposing a model framework such as ADM1 is also an approach to reducing the complex-
ity of the model. With the development of artificial intelligence algorithms, data-driven
models can cover more target variables involving more nutrients. However, how to reveal
the mechanism of the composting process based on the selection of input variables and the
establishment of a reliable database still needs some further research.

From the perspective of the model supporting the circular economy assessment at
a regional scale, the focus should be on more indicators and high accuracy of models.
On a larger scale, more indicators will be included in the modeling to allow for a more
comprehensive assessment of circularity. At the same time, it is a scale-up process that
requires a high level of accuracy for small scale models in order to ensure the accuracy of the
regional model. These set requirements for the future development of composting models.
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Abbreviations

AD Anaerobic digestion
ADM1 Anaerobic Digestion Model No. 1
ANN Artificial neural network
ANOVA Adopting analysis of variance
BP Backpropagation
BVS Biodegradable volatile solids
C Carbon
CH4 Methane
CO2 Carbon dioxide
C/N Carbon-to-nitrogen ratio
DM Dry matter
EC Electrical conductivity
IFSM Integrated Farm System Model
K Potassium
MC Microbial carbon
MLP Multilayer perceptron
MLR Multiple linear regression
MN Microbial nitrogen
MSW Municipal solid waste
N Nitrogen
NH3 Ammonia
N2O Nitrous oxide
NSE Nash–Sutcliffe efficiency
OC Organic carbon
ON Organic nitrogen
P Phosphorus
R2 Determination coefficient
RBF Radial basis functional
RMSE Root-mean-square error
TC Total carbon
TK Total potassium
TKN Total Kjeldahl nitrogen
TN Total nitrogen
TOC Total organic carbon
TP Total phosphorus
VOC Volatile organic compounds
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