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Abstract: Huge quantities of palm tree residues are available annually in Saudi Arabia; they are often
disposed of by burning, leading to large environmental pollution and health problems. Enclosed
composting may be a successful method for utilizing these residues. Effective composting in a rotary
bioreactor depends on the composting materials and the frequencies of the rotation–aeration process.
Here, we attempted to determine the optimal method for composting these residues in a bioreactor.
Four identical pilot-scale bioreactors (D1–D4) were used. The respective aeration–rotation frequencies
were continuous (D1), and 20 min per 1 h (D2), 2 h (D3), and 3 h (D4); the rotation speed of the
bioreactors was 3 rpm. Three periods were analyzed; their names and their respective lengths for D1,
D2, D3, and D4 were as follows: the lag period was 10 h for each, the mesophilic periods were 13, 14,
89, and 231 h, and the thermophilic periods were 0, 55, 71, and 17 h. The peak compost temperatures
(Tc, max) for D1, D2, and D3 were 65.2, 57.2, and 46.9 ◦C, and were achieved at 36, 71, and 108 h of
operation, respectively. In D1, Tc quickly declined after reaching Tc, max due to limited microbial
activity at Tc > 60 ◦C. In D2, a Tc of 50–57.2 ◦C was maintained for 61 h, and the highest organic matter
degradation (OMD) of 0.30 was achieved. During the composting period, the carbon to nitrogen (C/N)
ratio and moisture contents (MC) remained in the optimal ranges for microorganisms and did not
affect the composting process. The results indicated that combined aeration–rotation for 20 min every
hour (D2) gave the best results for composting palm tree residues, it ensured the hygiene safety of the
end product, and it also consumed less power for aeration and rotation than D1.
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1. Introduction

Date palm (Phoenix dactylifera L.) retains a distinguished position in many countries in the world,
particularly in the Middle East area and in the Arabian Peninsula. According to recent reports and
literature, there are more than 120 million date palm trees distributed worldwide. From this number
of palm trees, the Middle East and North Africa countries estimated to have more than 70%–90% of
the share [1]. In Saudi Arabia, the number of date palm trees is increasing gradually, reaching more
than 28 million in 2018 [2]. Each palm tree usually produces about 25–35 kg of waste residues per
year; consequently, more than 900 thousand tons of dry residues are expected to be produced in Saudi
Arabia each year [3,4]. These residues are often disposed of by burning, leading to large environmental
pollution and health problems [5]. Palm residues (fronds, rachis, spines, leaflets, clusters, and fibers)
are considered as a sustainable source of organic matter [6,7]. These residues can be composted and
used in the soil as growth media to improve the soil structure by increasing the organic matter of
soil, thus improving the poor soil fertility in the desert of Saudi Arabia [8–10]. Enclosed composting
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systems (rotary bioreactors) have proven to be an efficient technique in farm-scale composting or
small projects, and are the most suitable composting systems to be used successfully in the Arabian
Peninsula [11]. This is because of the dry climate, high daily water evaporation rate, and water
shortage [12]. Enclosed bioreactors are able to process large amounts of organic waste in a limited
space; in addition, any type of waste, such as meat, animal and chicken manure, bio-solids, food scraps,
. . . etc., can be accommodated effectively. Enclosed rotary bioreactors provide good mixing, and
enhance the uniformity of temperature distribution within the composted material. These bioreactors
produce quick, consistent, and uniform composted materials without any related problems of odor
or leachate [13–18]. Moreover, good control of operational and environmental affecting factors (i.e.,
compost temperature, moisture content, and airflow rate) can be achieved [13]. Rotary bioreactors can
produce compost in just a few weeks or even a few days, are more efficient at material breakdown,
decrease unpleasant odors, prevent disease transmission, and need only small amounts of carbon
source materials such as shavings or poultry litters to be added [19]. In bioreactor composting systems,
the aerobic composting depends mainly on the aeration and rotation frequencies as the most critical
parameters affecting the composting process. Excessive or insufficient aeration can negatively affect
the decomposition process. Thus, for effective composting, it is essential to adjust the aeration and
rotation frequencies at the appropriate levels for the composted materials [13]. Research studies have
reported that oxygen is consumed within two hours, after which the reaction becomes anaerobic and
inefficient [20–23]. In general, the efficiency of composting depends on the physical and chemical
properties of the compost raw materials and the operation conditions of the composting system.
Combining rotating and aerating processes provides the most suitable environment with sufficient
amount of oxygen and sufficient bio-availability of organic material that makes the aerobic microbes
quickly decompose the waste material [18]. However, in the previous literature, few studies have used
and evaluated the continuous or the intermittent combined rotation–aeration for enclosed bioreactors.
For example, in a pilot-scale test using rotary drum bioreactors to compost vegetable wastes, the
drums were manually turned for three rotations at four different intervals (6, 12, 18, and 24 h) [14].
Twenty-four-hour intervals were found to give the best composting performance as well as stable
compost [14]. Subsequently, research groups have investigated the number of rotations in a 24 h period:
one rotation [15], two rotations [17], three rotations [18], and four rotations [16]. In these studies, the
composting materials were vegetable wastes and tree leaves. Aerobic conditions were maintained
naturally by opening side doors in the drums half-way after the rotations were completed [14–18].
Continuous aeration–rotation was used for composting tomato plant residues mixed with chicken
manure in a pilot-scale bioreactor with the aim of reducing the active phase period [11] and analyzing
energy performance [24].

A literature survey of previous studies revealed that (i) studies on mechanically operated,
intermittent aeration–rotation are very limited [11], (ii) composting in a rotating bioreactor depends
mainly on the composted material and the combined aeration–rotation frequency, (iii) the impact
of the combined aeration–rotation frequencies on the bioreactor performance and the composting
process is still unclear, and (iv) studies on composting palm tree residues in a closed system or even
in an open system (e.g., static pile, windrows) are not available. On the other hand, successful and
effective composting requires a sufficient amount of oxygen via aeration, and requires adjusting control
parameters such as the temperature of composting, the mixture moisture content (MC), and the carbon
to nitrogen (C/N) ratio [25]. Because an operational method for composting palm tree residues is not
available yet, providing such method is necessary to develop our rural areas toward sustainable life.
This technique can help farmers to dispose of palm trees or any other agricultural residues in a useful
and environmentally responsible way.

Therefore, this study aimed to determine the optimal operational method for composting palm
trees residues in a rotary drum bioreactor. Four strategies were suggested and evaluated: continuous
aeration–rotation (D1), and 20 min aeration–rotation every 1 h (D2), 2 h (D3), and 3 h (D4). We evaluated
(i) the degree of uniformity of the compost temperature during the active phase of composting, (ii) the
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evolution of compost temperatures including lag, mesophilic, and thermophilic periods (temperature
and duration), and (iii) the organic matter degradation rate (OMD). However, the evaluation of the
stability and maturity of compost (i.e., during the curing phase outside the bioreactor) is beyond the
scope of the current study.

2. Materials and Methods

2.1. Determining the Compost Parameters

Moisture content (MC, %), dry weight (Dw), volatile solids (organic matter, OM as % Dw) and
ash were measured according to procedures of American Society for Testing and Materials (ASTM-
International) (D3173-73) [26]. Representative compost samples were placed in an air oven at 105 ◦C
for 24 h until constant weights were achieved to determine the MC. OM was estimated by placing
the dried sample in a muffle furnace for 2 h at 550 ◦C. The ash was weighed; OM was determined
by subtracting ash weight from dry weight. The content (%) of the total organic carbon (TOC) was
calculated according to Haug [27], by assuming that it was equal to 55% of the organic matter (OM) as
follows:

OM(%) = 100−Ash(%), (1)

TOC(%) = OM(%) × 0.55 (2)

The organic matter degradation (OMD), or the fraction of the OM that was degraded, for the compost
material was calculated according to [27] as:

OMD = 1−
(100−OMi)(
100−OM f

) (3)

where OMi and OMf are the initial (at day 0) and final (at day 9) organic matter (%), respectively.
Total nitrogen (TN, %) was analyzed based on the Total Kjeldahl-N (TKN) using a Foss–Kjeltec

analyzer (Model: 8100, Denmark). The TKN analyzes the summation of organic nitrogen, nitrogen in
the forms of ammonia (NH3-N) and ammonium (NH4-N), which are suitable microbial nitrogen forms
during the active phase of composting [28,29]. Consequently, the carbon to nitrogen ratio (C/N) was
calculated using the values of TOC and TN. The MC and C/N ratios were estimated at the beginning
(day 0) and end (day 9) of the composting experiment.

2.2. Initial Mixture Design

The primary substrate used in the study (as a carbon source) was palm tree residues. These residues
were collected, at 9% MC, from Al-Deraya County in the Riyadh area, Saudi Arabia. The collected
residues were crushed using a FYS-76-shredder (Mainland, Zhejiang, China). Grinding was
accomplished to decrease the particle size of residues up to 1–2 cm to stimulate better aeration
and MC uniform distribution and to enhance the microbial degradation process. Chicken manure was
used as an amendment (i.e., the nearby available nitrogen source) to correct the C/N ratio. The chicken
manure, at 6.2% MC, was collected from a broiler chicken farm in the Riyadh area. Calculations were
made to create a compost mixture (i.e., crushed palm tree residues, chicken manure, and water) that
has the optimum level of MC (60%) and a C/N ratio of 30:1; this was performed by solving Equations
(4) and (5) simultaneously [27]. Figure 1 shows the procedure of the experimental steps including the
design of the initial compost mixture.

MC (%) =
(MCcQc + MCrQr)

(Qc + Qr)
(4)

(C/N) =

{
QcCc(100−MCc) + QrCr(100−MCr

}{
QcNc(100−MCc) + QrNr(100−MCr

} (5)
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where MCc, MCr, Qc, Qr, Cc, Cr, Nc, and Nr are the moisture contents (%), mass (kg), carbon content
(%), and nitrogen content (%) of the chicken manure (subscript c) and palm tree residues (subscript r),
respectively. An Excel spread sheet was used to calculate the proportion of each substrate required to
meet the optimum C/N ratio (30:1) and MC (60%). The determined proportion of each consequent was
validated by recalculating the C/N ratio and MC of the initial mixture (Table 1).
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Figure 1. Diagram showing the procedure of composting experiment from start to end. MC: moisture
content; VS: volatile solids.

Table 1. Results of the initial mixture calculation and confirmation.

Material MC (%)
(%)

C (%)
(%)

N (%)
(%)

C/N
(Ratio)

Q (kg)
(kg)

Crushed residues 8.85 52.5 0.75 70:1 12.5

Chicken manure 6.15 45.0 2.8 16:1 9.3

Water 100 - - - 28.6

Total 50.4

Confirmation

C/N ratio after mixing 29:1

Initial MC of mixture (%) 60

2.3. Bioreactor Composting Systems

Four identical pilot-scale, rotary-drum bioreactors, each with a volume of 0.2 m3 (Figure 2a),
were designed and constructed in the laboratory at the educational farm, Agricultural Engineering
Department, King Saud University, (Riyadh, Saudi Arabia, 46◦47′ E, longitude and 24◦39′ N, latitude).
To reduce the heat loss and enhance metabolic exothermic reactions, the outer surfaces of the bioreactors
were insulated with glass wool (25 mm thick). Each bioreactor was rotated around its axis (i.e., fixed
tube, 50 mm outer diameter) at 3 rpm. The fixed tube was used for aeration and to support the
temperature sensors (Figure 2b). A detailed description of the bioreactors was reported in [11,24].
To optimize the efficient operational method for composting palm tree residues, one bioreactor was
operated continuously (continuous aeration–rotation, D1), and three were operated for 20 min of
aeration–rotation at 1, 2, and 3-hour intervals (D2, D3, and D4), respectively. A control unit was
implemented in each bioreactor to adjust the on–off operation frequencies. A layout dimension for
the constructed rotary-drum bioreactor, installed on steel-angle frames with the rotating system,
is illustrated in Figure 2a (dimensions are in cm, not to scale).
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Figure 2. (a) Schematic diagram showing the constructed rotary-drum bioreactor system, (dimensions
are in cm, not to scale); (b) cross-sectional view of the bioreactor drum showing the inlet and outlet
aeration ports and the locations of thermocouple sensors.

2.4. Experimental Procedure and Temperature Measurements

A similar experimental procedure was reported in [11,24]. For each bioreactor, compressed air
(flow rate of 0.005 m3 min−1 at 10-bar) was supplied to the horizontal tube which the bioreactor rotates
around it. The compressed air passed from the reservoir to the compost materials via holes that were
made in the horizontal tube (Figure 2b); a pressure regulator was used to adjust the proper airflow
rate. In each bioreactor, the compost temperatures (Tc1, Tc2, and Tc3) were measured by using three
copper–constantan thermocouples (type-T, Cole Parmer, Chicago, IL, USA) fixed longitudinally at
three locations on the opposite side of the aeration holes; this to minimize the effect of the inlet air
on the temperature measurements, and Tc was estimated as the average value of Tc1, Tc2, and Tc3

(Figure 2b). The thermocouple wires passed inside the tube to the outside and were connected to a
portable data logger (Model: Testo 177-T4 V01-02). Ambient air temperature (Tam) was measured with
a Thermo-Hygrometer DMA033 (LSI-Lastem, Milano, Italy). The measured parameters were recorded
every 10 seconds, averaged for every 10 min period and saved in the data logger. In order to reach the
steady-state operation conditions, to ensure the accuracy of the measuring devices and to ensure that
the measured parameters were in the correct ranges and logical trends, preliminary experiments were
conducted for composting the prepared mixture (i.e., moist crushed palm tree residues and chicken
manure). After that, the actual experiment was conducted.
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3. Results and Discussion

3.1. Composting Phases and Temperatures

Composting is a chemical exothermic process which generates heat due to aerobic metabolic
reactions in the composting materials. During the active phase of composting, the compost temperature
(Tc), acid production, O2, CO2, pH, etc. are often used as indirect measures of microbial activities.
In general, compost microorganisms grow within a wide range of pH (5–9); in this study, only the
initial and final pH were measured on day 0 and day 9 (i.e., the end of active phase) and they were
7.3 and 8.8, respectively. However, the evolution of the compost temperature (Tc) as an overall and
more representative indicator of microbial activities was monitored during the composting process.
The generated heat increases the temperature of the composted material and bioreactor elements.
Rotating bioreactors induce the mixing of compost materials and create, to some extent, nearly uniform
temperatures within the composted mixture. Therefore, as illustrated in Figure 3, small differences
(up to 3 ◦C, max) were recorded among the three temperatures of compost (Tc1, Tc2, and Tc3) measured
in the four bioreactors (D1, D2, D3, and D4, Figure 3). In the discussion below, the mean value of the
three compost temperatures (Tc1, Tc2, and Tc3) was used to represent the average compost temperature
(Tc) in each bioreactor.
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Figure 3. The time course of the compost temperatures recorded by the three thermocouple sensors
(Tc1, Tc2, and Tc3) fixed at three different locations inside each one of the four bioreactors (D1, D2, D3,
and D4).

The composting process exhibited three distinguishable periods: the lag period, active period and
maturation (curing period). The lag period begins when the composting process starts; it is a period of
microbial adaptation. After microbes have adapted to the new environment, they begin to proliferate
by using sugars, starches, simple celluloses, and amino acids present in the composted material.
Due to the accelerating microbial activity, the compost temperature (Tc) increases. In the transition
from the lag to active period, the compost temperature (Tc) increases rapidly until the biodegradable
organic matter is utilized easily [27,30]. The time courses of the measured compost and ambient air
temperatures (Tc and Tam) in the four bioreactors are illustrated in Figure 4. In general, clear and
different patterns of Tc behaviors were observed among the different composting treatments (D1–D4).
A lag period of 10 h was recorded in each of the four treatments. The fast breakdown of the available
organic matter (OM) and nitrogenous compounds throughout the microbial activities causes Tc to
increase to the mesophilic phase (Tam ≤ Tc < 45 ◦C). This behavior lasted for 13, 14, 89, and 231 h in
treatments D1, D2, D3, and D4, respectively; this depended mainly on the aeration–rotation frequency
and the composted material. Tc continued to increase to the thermophilic phase (Tc > 45 ◦C) only in
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D1, D2, and D3 and lasted for 55, 71, and 17 h, respectively. Peak values of the compost temperature
(Tc, max) were recorded as 65.2, 57.2, and 46.9 ◦C after 36, 71 and 108 h in D1, D2, and D3, respectively;
however, D4 never reached the thermophilic stage. Accordingly, 20 min aeration–rotation every 3 h is
not recommended for composting palm tree residues. Table 2 summarizes the period of each stage
during the composting process, the maximum temperature of compost, and the corresponding time
reached in the four bioreactors.
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(D1, D2, D3, and D4), and that of the ambient air (Tam) during the composting process.

Table 2. Periods of the different stages of the composting process recorded for the four operation
methods in the four bioreactors.

Treatment Aeration/Rotation
Method

Lag Period 1

(h)
Mesophilic
Period 2 (h)

Thermal
Period 3 (h)

Tc, max
(◦C)

Peak Time
(h)

D1 Continuous 10 13 55 65.2 36

D2 20 min every 1 h 10 14 71 57.2 71

D3 20 min every 2 h 10 89 17 46.9 108

D4 20 min every 3 h 10 231 0 43 110

1: Tc ≤ Tam; 2: Tam < Tc < 45 ◦C; 3: Tc ≥ 45 ◦C.

In bioreactor D1, organic matter degradation was clearly reduced after the compost temperature
(Tc) exceeded 65 ◦C due to the limitation of microbial activities. Hence, high levels of Tc may have
surpassed the optimum conditions for the thermophilic microorganisms; consequently, microbial
growth quickly declined, resulting in Tc decreasing. Moreover, the continuous aeration in the D1
treatment increased the total nitrogen loss in the form of ammonia (NH3) emissions as affected by the
high aeration rate, high temperature, and continuous mixing of compost. Therefore, the continuous
aeration–rotation method (D1) is not recommended for composting palm tree residues. The compost
temperature (Tc) increased to the thermophilic stage in bioreactors D2 and D3, and Tc did not exceed
65 ◦C. However, a Tc of 50–57 ◦C was recorded only in D2, where it lasted for 61 hours. This is
sufficient to ensure the hygiene safety of the end product according to the recommendations of the
Canadian Council of Ministers of the Environment Guidelines for a compost free of pathogens and
weed seeds [31]. Accordingly, the operation method of D2 is strongly recommended for composting
palm tree residues.
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3.2. Organic Matter Decomposition (OMD)

Estimates of the degradation of organic matter (OMD), as an indicator of microbial activity,
during the active phase of composting in the four bioreactors (D1–D4) are shown in Table 3. Initially,
the organic matter contents were similar in all treatments; then, they decreased as the decomposition
progressed. The highest OMD of 0.30 was recorded in treatment D2 (20 min of aeration/rotation every
1 h), which is somewhat lower than the value of 0.37 reported in [32]. This can be explained by the
fact that the active composting period in the present study lasted almost 6 days compared to the 15
days reported in [32]. Moreover, during the active phase of composting, the degradation of easily
degradable compounds (soluble compounds of low molecular weight) under aerobic conditions takes
place, while lignocellulosic materials (the available organic matter is low) such as palm tree residues
continue to decompose during the curing phase. Therefore, the low OMD in treatment D2 during the
active phase was due to the nature of palm tree residues (high lignin). These results emphasize that
the D2 method is recommended for composting palm tree residues effectively.

Table 3. Compost parameters estimated at day 0 and day 9 for the four bioreactor treatments (D1–D4).
OM: organic matter content; OMD: organic matter degradation.

Treatment Aeration/Rotation
Method

Stage
(Day) MC (%) OM (%) C (%) N (%) C/N OMD

D1 Continuous
0 60.45 69.52 43.42 1.57 27.7:1

0.24
9 54.18 59.81 34.77 1.70 20.5:1

D2 20 min every 1 h
0 59.90 69.80 43.58 1.57 27.8:1

0.30
9 53.37 56.89 33.08 1.77 18.7:1

D3 20 min every 2 h
0 59.90 69.80 43.58 1.57 27.8:1

0.20
9 56.35 62.45 36.31 1.80 20.2:1

D4 20 min every 3 h
0 59.90 69.80 43.58 1.57 27.8:1

0.16
9 55.97 64.09 37.26 1.92 19.4:1

3.3. Moisture Contents (MC)

Achieving the optimum moisture content (MC) of the compost mixture is essential for the microbial
decomposition of organic waste. In the beginning, the MC of the composted material was approximately
60% in all treatments (D1–D4), which is recommended as the optimal range of microbial activity [27,33].
MC remained between approximately 60% and 53% during the composting period (9 days) in the
four treatments (D1–D4) (see Table 3), indicating that MC was not a determining or limiting factor
affecting the composting process. In general, the favored MC in the aerobic composting process is
around 40%–60%, and an initial MC of 60% is convenient for acceptable and effective composting.
However, excessive moisture content (MC > 60%) leads to low levels of oxygen in the voids between
the solid particles of compost, resulting in anaerobic composting conditions. Anaerobic conditions
decrease the degradation rate of organic matter, as well as developing bad odors owing to the release
of volatile compounds such as hydrogen sulfphide.

3.4. Carbon to Nitrogen Ratio (C/N)

The carbon to nitrogen (C/N) ratio is commonly used to describe the organic waste decomposition,
and the compost quality with respect to the organic matter and nitrogen cycling. Several studies
have found that an initial C/N ratio in the range between 20:1 and 40:1 is optimal for effective
composting [27,32,34]. When nitrogen is low (corresponding to C/N ratios > 40:1), the microorganisms
take a longer time to break down waste, consequently reducing the composting performance. On the
other hand, high nitrogen (low C/N ratios) may cause ammonium toxicity. C/N ratios in the four
bioreactors (D1–D4) were about 28:1 on day 0 and decreased to 18.7–20.5:1 on day 9 (Table 3), indicating
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that N was not the determining factor that affects the composting process. The reduction in the C/N
ratio during the composting process is attributed mainly to the transformation of carbon to CO2

followed by a lower reduction in the concentration of organic acids, and an increase in the nitrogen
content per unit mass of compost material [33,34].

4. Conclusions

Four operation methods were suggested and evaluated for composting palm tree residues mixed
with chicken manure (1:0.75 w/w) in rotary bioreactors. The proposed methods were continuous
aeration-rotation (D1), aeration-rotation for 20-min every 1 h (D2), 2 h (D3), and 3 h (D4). Among the
four operation methods, D2 was found to be the most effective method for composting the palm tree
residues–chicken manure mixture. In the D2 method, the compost temperature of 50–57 ◦C lasted
for 61 h, which is long enough to kill pathogens and weed seeds. In addition, the organic matter
degradation (OMD) of the D2 method was also the highest of the four methods. Nitrogen and MC did
not affect the bioreactor performance as well as the composting process because both the C/N ratio
and MC were in favorable ranges during the composting time. The D2 method reduces the electric
energy consumption to one-third of that consumed by the continuous aeration–rotation method (D1).
Composting palm tree residues in a closed system, instead of the traditional utilization method (i.e.,
burning residues), can help farmers to dispose of these residues in a useful and environmentally
friendly way. Thus, serious air-pollution and health problems will be avoided. For energy saving
purposes, further research is needed to replace the mechanical aeration with natural aeration; this can
be accomplished by making small holes distributed in the bioreactor walls.
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Nomenclature

C Carbon content (%)
C/N Carbon to nitrogen ratio (-)
D1–D4 Bioreactor treatments
Dw Dry weight (kg)
L Liter
h Hour
MC Moisture content (%)
NC Nitrogen content (%)
OM Organic matter content (%)
OMD Organic matter degradation (-)
Q Mass (kg)
Tam Temperature of the ambient air (◦C)
Tc Temperature of compost (◦C)
Tc, max Maximum temperature of compost (◦C)
TN Total nitrogen content (%)
TOC Total organic carbon (%)
w Weight (Newton)
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