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Abstract Economic growth and rising food consump-
tion in the world have led to increased production of
organic wastes due to an important intensification of the
agricultural production systems. The analysis of macro
elements (nitrogen [N], phosphorus [P], and potassium
[K]) in organic wastes reveals that the economic loss is
significant with the intensification of the agricultural
system. The good management of those wastes would
be an effective means of organic matter restoration
through carbon restitution to the depleted soils through
organic amendments. Composting is a type of waste
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processing that has gained increasing acceptance over
the years. As a rule, the process consists of the natural
biological decomposition of organic waste components
and involves diverse species of microorganisms. Those
organic residues could reconstitute soils and be an im-
portant fertilization backup. Composts prepared from
different organic wastes differ in their quality and sta-
bility, which further depends upon the composition of
raw material used for the compost production. Compost
quality is closely related to its stability and maturity. The
wide variety of chemical and biological variations that
occur during composting, and the range of methods
suggested in literature, has made it difficult to agree on
methods for the practical assessment of maturity. A
literature review of the main start-up, monitoring and
maturity parameters are discussed concerning different
raw materials used and different composting methods
practiced.

Keywords Organic wastes - Startup parameters -
Monitoring - Maturity - Fertilizing effect

Introduction

Composting is a biological process (hygienic transforma-
tion of organic wastes in a homogeneous and plant avail-
able material), that occurs under aerobic conditions (pres-
ence of oxygen), with adequate moisture and temperature.
Composting can be interpreted as the sum of complex
metabolic processes performed by different microorgan-
isms that, in the presence of oxygen, use nitrogen (N) and
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carbon (C) available to produce their own biomass. In this
process, additionally, the microorganisms generate heat
and a solid substrate, with less carbon and nitrogen, but
more stable, which is called compost (Roman et al. 2015).
The composting process is similar to the natural processes
of mineralization and humification occurring after incor-
porating organic residues into cultivated soils. Antizar-
Ladislao et al. (2006) specify that composting accelerates
the biological aerobic transformation of organic matter
involving the formation of humic substances and generat-
ing a stable product called compost. Composting is the
direct result of the action of a diversity of microbial pop-
ulations under aerobic conditions (Sharma et al. 1997).
Different communities of microorganisms mainly, bacte-
ria, fungi, and protozoa are actively and successively im-
plied in composting process with variable intensity de-
pending on the temperature, moisture content, C/N ratio
and nature of fresh organic materials (Mustin 1987;
Tuomela 2000; Hassen et al. 2001).

There are two main phases in composting process. The
first is characterized by microbial activity leading to the
decomposition of most of the biodegradable material and
the stability of the organic residue. The second is charac-
terized by converting a portion of the organic material
remaining in humic substances (Adani et al. 1999). The
humification is indicated as the main factor in improving
the quality of compost because of the importance of the
humic substances in the ecology, soil fertility, and soil
structure (Chen and Aviad 1990; Chen et al. 1994). Kaiser
(1983) described the two phases as follows:

*  Decomposition phase which involves all the three
stages (mesophile, thermophile and cooling) in
which breaking both simple and complex organic
matter occurs;

* Humification phase which corresponds to the matu-
ration phase characterized by the reorganization of
the organic matter in stable molecules.

For the mesophile stage, the pile temperature slowly
increases from ambient temperature to reach the average
temperature of this stage, which is about 40 °C. The pH
decreases due to the organic acids released from the
carbohydrates and lipids degraded by microorganisms
(Kaiser 1983; Mustin 1987; Tuomela 2000). Starting
from 40 °C, mesophile microorganisms are gradually
replaced by thermophile microorganisms (bacteria, fun-
gi and actinomycetes). The thermophile stage is charac-
terized by a temperature usually between 50 and 60 °C.
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This stage involves many thermo-tolerant and thermo-
philic fungi, pH rises because the microorganisms de-
grade proteins and release ammonia. Above 60 °C, the
degradation of organic matter slow down, and after
70 °C, only the enzymes released in the previous stage,
still contribute to the degradation. During cooling stage,
the material tends to stability, and the mesophile organ-
isms are re-established.

The maturation is carried out at ambient temperature,
under the mesophilic microorganisms (bacteria and fun-
gi) (Makan et al. 2013). Micro and macro fauna appear
in this phase. Antagonism and predation relationships
develop between organisms. Antibiotics are synthesized
in appreciable quantities. Finally, the release of heat and
the weight loss remains low (Vobrkov et al. 2016). El
Fels et al. (2014) stated that during the maturation phase,
there are secondary reactions of polymerization and
condensation, which lead to the formation of humus
with humic acids, are particularly resistant to degrada-
tion. The composted material matures when:

* Do not heat up more after turning,
* Do not become anaerobic during storage,
* Do not take nitrogen to the soil after its amendment.

In this phase, a part of the nitrogen from protein
becomes resistant to microbial degradation by its incor-
poration into humic acids (Roman et al. 2015).

There are various composting parameters in the litera-
ture such as: carbon-nitrogen ratio (C/N), microbial activ-
ity, germination index, cation exchange capacity (CEC),
humic substances content, compost concentration of water
soluble carbon (WSC), dissolved organic matter, ratios of
NH;*—N and NO; —N, WSC/TN, and WSC/organic-N
(Azim et al. 2017). Most of them are well studied, but there
are new monitoring parameters that have been recently
developed in order to describe better the exact level of
biodegradation. No single parameter is widely accepted,
and thus a combination of tests is likely to be needed.

This review discusses the main start up parameters,
monitoring parameters, and quality test of compost. A
suggested index of maturity with regard to spectral
analysis of compost are also discussed.

Composting parameters

The growing number of papers discussing more issues
on composting parameters proves that there is obviously
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a need for more information on the various composting
parameters, which may not be abundant but are very
important to the biochemical processes and for assessing
the compost quality. Most of the studied parameters,
concern compost monitoring, and compost quality at
the end of the process. Fewer studies discuss start-up
parameters (C/N ratio, moisture content and particle size
of fresh materials). Composting parameters can conse-
quently, be split into three categories as shown in Fig. 1.

Start-up parameters

Effective composting can be achieved by providing
optimal start up conditions for decomposers. These in-
clude proper nutrient balance, moisture content, and
aeration. Among these, the nutrient balance is expressed
as carbon to nitrogen ratio (C/N ratio). A certain amount
of moisture is also essential for composting, since the
main site of microbial activity is in the thin water-film
on the surface of particles (Choi 1999).

C/N ratio

The microorganisms, such as bacteria or fungi, are
known to utilize about 30 parts of cellulose for each

part of nitrogen in the breakdown process (Choi
1999). Proportions of C and N in composting mate-
rials have particular importance. Carbon serving
both, as a source of energy and elemental compo-
nent for microorganisms and nitrogen is essential for
the synthesis of amino acids, proteins and nucleic
acids. During the active phases of aerobic fermenta-
tion, the microorganisms consume 15 to 30 times
more carbon than nitrogen (Mustin 1987). In Fig. 2,
Mustin (1987) has verified that the time of
composting become longer as far as the initial C/N
ratio is higher. Due to the recalcitrant carbon, which
is difficult to degrade, compost of shrub and wood
(also in Fig. 2) takes longer time to be mature
(18 months) than a compost of household waste
(with initial C/N of 30) that matures in 7 months.
The carbon to nitrogen (C/N) ratio is one of the
important factors affecting the composting process as
well as the properties of the end-product (Kumar et al.
2010). In general, the optimal C/N ratios in composting
of most materials have been reported to vary from 25 to
30 (Choi 1999). In the literature, the ideal C/N ratio is
around 30 to ensure the carbon energy intake while
enabling rapid growth of microorganisms (Golouke
1991). During composting experiments on municipal
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Fig. 2 Evolution of C/N ratios of several organic wastes during
composting (Mustin 1987)

green waste (mixed or not with treated sludge), it was
revealed that the optimal value of C/N ratio was 25 in
the starting material; higher values have slowed the rate
of decomposition while lower values increased N losses
(De Bertoldi et al. 1983). If the value of the initial C/N
ratio is greater than 35, the microorganisms must pass
through many life cycles to oxidize excess of carbon. In
this case, the aerobic fermentation rate is controlled by
the availability of nitrogen. However, recent studies
have shown that composting can be carried out effec-
tively at a lower C/N of 15. Composting at low initial C/
N ratios will reduce the requirement of bulking agent for
adjusting the initial C/N ratio of a food waste
composting mixture (Kumar et al. 2010).

When the initial C/N ratio is high during aerobic
fermentation phase, organic substrates quickly lose
their carbon (metabolized and released as carbon
dioxide) than their nitrogen (metabolized and lost as
a small part of volatile nitrogen). Therefore, the C/N
ratio decreases slowly during composting of high
recalcitrant materiel. For example, Fuangworawong
(2008) found that several months were necessary in
order to obtain matured coir pith compost even
though aeration was provided. It is necessary then
to correct it in order to promote composting. This
correction can take the form of addition of sludge,
manure, seaweed or other nitrogen rich substrates.
Table 1 indicates some raw materials used for correc-
tion in order to constitute a balanced C/N ratio of 30.
There is a high variability between the raw materials
concerning their organic matter content that depends
on the component from which the material was made
of. Materials with high lignin and cellulosic content
(trunk, stems sawdust...) have high C/N ratio, due to
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Table 1 Carbon/nitrogen ratios of various organic residues
(Yulipriyanto 2001)

Material Ratio C/N
Sludge 10-30
Vegetables wastes 10-15
Green manure and grass 10-20
Dead leaves 20-60
Cattle manure with straw 20-30
Sheep manure 15-20
Horse manure with straw 20-30
Cereal straw (harvest) 80150
Sawdust 150-500
Microorganisms 9-12
Activated sludge 6-8
Household waste 2645
Maize residues 80-90
Wheat straw 120-150

the complexity of carbon chains. Raw materials with
high C/N ratio are very difficult to be composted and
could take over 10 months to be decomposed
(Yulipriyanto 2001).

In contrast, if the C/N ratio is low, nitrogen losses to
the atmosphere are relatively higher. The work of Tiquia
and Tam (2000) on the composting of chicken litter
showed a C/N ratio of 20 resulted in a loss of nitrogen
through volatilization of NH; at the beginning of
composting. The C/N ratio of microorganisms is about
10 and this value is theoretically the best for their
metabolism. Nevertheless, this low value can lead to a
loss of nitrogen through volatilization of ammonia due
to high values of pH and high temperature.

Tripetchkul et al. (2012) studied also the effect of initial
C/N ratios (20; 25 and 30) on the C/N ratio evolution. A
decrease in C/N ratio was observed in all treatments
(Fig. 3), which implies an increasing degree of organic
matter humification as long as the process is taking place.
The C/N ratio of the three piles decreased substantially
until 21 days of post composting and became compara-
tively stable. The compost piles containing 30:1 and 25:1
C/N ratio yielded a more rapid decrease in C/N ratio than
that observed with the 20 C/N ratio formulation. Such
evolution matched well with the significant reduction in
organic matter indicating a rapid biodegradation rate. Fur-
ther, initial C/N ratios posed significant influence on the
composting performance assessed in terms of temperature
evolution, OM degradation, and TN loss. Kumar et al.
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Fig.3 C/N ratio evolution under different initial C/N ratios of coir
pith composting (Tripetchkul et al. 2012)

(2010) have studied the co-composting of food waste and
green waste at low initial carbon to nitrogen (C/N) ratios.
The results indicate that the optimal moisture content for
co-composting of food waste and green waste is 60%, and
the substrate at a C/N ratio of 19.6 can be decomposed
effectively to reduce 33% of total volatile solids (TVS) in
12 days. In addition, the compost passes the standard
germination index of white radish seed indicating that it
can be used as soil amendment.

The C/N ratio is a crucial indicator both as a start-up and
quality parameter. In fact, the amendment of a material
with low C/N ratio, which has not successfully completed
the composting process, can lead to phytotoxicity. It is
caused by the conversion of ammonium (in hot and humid
conditions) into ammonia, creating a toxic environment for
plant growth, and resulting in odours. Similarly, unfinished
compost contains unstable volatile chemicals such as or-
ganic acids that are toxic to seeds and plants. In the other
hand, the amendment of a materiel with high C/N ratio can
lead a biological block of nitrogen, also known as
“nitrogen starvation”. It occurs in materials that are far
richer in carbon than in nitrogen. When applied to soil,
microorganisms quickly use de C present in the material
increasing the consumption of N and exhausting the re-
serves of N (Roman et al. 2015). Thus, the quality of the
produced compost depends largely on the level of start-up
C/N ratio and the quality of its constituents within the
mixture (Azim et al. 2014).

Moisture

Moisture is a parameter closely related to microorgan-
isms, because, like all living beings, they use water to
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Fig. 4 Moisture content evolution of municipal solid waste
composting plant (Razmjoo et al. 2015)

transport nutrients and energy elements through the cell
membrane (Roman et al. 2015). Stabilization of optimum
moisture during composting is relatively difficult, partic-
ularly for composting in an open environment. Practical-
ly, this problem is often solved by monitoring the tem-
perature that informs well the best moment to turn;
moisten, and/or ventilate the pile (Tiquia and Tam,
1998). Low initial moisture values (less than 30%) can
lead to rapid dehydration of compost that pauses the
biological process, and provide physically stable but
biologically unstable compost (De Bertoldi et al. 1983).
In contrast, high humidity values (more than 80%) gen-
erate anaerobic conditions in the compost. It is therefore
important to determine the best values of moisture for
composting process (Yulipriyanto 2001). In Fig. 4,
Razmjoo et al. (2015) found that the moisture between
45 and 50% is an optimum range for the composting
process. When moisture is less than 30%, the bacterial
activities will be limited and that above 65% will de-
crease the porosity of the compost resulting in an anaer-
obic growth and unpleasant odour emissions. Variation of
the moisture content in monitored windrows had normal
trends starting from 46 to 51% in the 1st month and
lowering to 42-47% at the end of the third month oper-
ation. However, the moisture content of the first windrow
was the lowest due to the higher paper content of its raw
materials. Manually water spraying on the first windrow
during the third month caused its humidity to be in-
creased. Nevertheless, humidity ranges appeared to be
ideal for the composting process in this study.

An organic waste pile prior to composting presents
water both, in the form of a liquid film around the organic
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particles (solid fraction), and in the pore space (in the form
of water vapour). These pore spaces have an essential
function for the airflow in the compost pile (Kumar et al.
2010). The optimal rate of humidity for a given substrate is
determined by the percentage of pore space that does not
obstruct the flow of air required for the activity of micro-
organisms. Experience has shown that, for most mixtures,
the initial moisture content should be between 40 and 65%.
The optimal values of pore space in the pile are between 30
and 36% for an efficient aeration in a composting process
(Rynk 1992, Mustin 1987). During composting, the water
content tends to increase due to release of metabolic water
by microorganisms that break down organic matter in the
presence of oxygen. The water content decreases under the
combined action of the rise in temperature and forced
ventilation, leading to its loss as a water vapour. In addi-
tion, the optimum moisture content varies and depends
essentially on the physical structure and the particle size
change during composting and thus, moisture and aeration
are closely related (Gigliotti et al. 2012).

There is no universally applicable optimum moisture
for composting materials. This is because each material
has its unique physical, chemical and biological charac-
teristics, and these affect the relationship between mois-
ture and its corollary factors water availability, particle
size, porosity, and permeability (Makan et al. 2013).
However, the quality of municipal solid wastes compost
rely on additional trace element analysis and physical
parameters (Woodbury and Breslin 1992).

Porosity, bulk density, and oxygen content

The bulk density of compost is a measurement of the
mass of material within a given volume. The density of
compost also influences the mechanical properties such
as strength, porosity and ease of compaction. Typical
dry bulk densities are in the range 100 to 400 kg.m >
whereas wet bulk densities are typically 500 to
900 kg.m > (Agnew and Leonard 2003). Higher values
of bulk density imply an increase in mass and a decrease
of porosity and air volume. On the contrary, very low
wet bulk density can indicate excessive substrate aera-
tion and, indirectly, a drop in the available water fraction
(Nappi and Barberis 1993).

The porosity (pore space) of the pile in composting,
must allow degradation under aerobic conditions. Thus,
the porosity is positively correlated to the airflow. In
order to maintain the aerobic condition inside the com-
post pile, a minimum rate of 5% O, in pore space is
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required, while anaerobic condition occurs with less
than 1% of O, (Mustin 1987). Anaerobic compartments
may also appear during composting in some less aerated
part of the pile (Finstein et al. 1999).

These physical characteristics of the compost mixture
can interact with high moisture levels to reduce oxygen
transport. Small particle sizes reduce the number of
large pores and increase the likelihood that oxygen will
need to diffuse a long way through small pores. The
shape, size, and structure of particles affects how they
settle, with tight packing arrangements increasing the
bulk density and reducing the air filled porosity (free air
space). Compaction (caused mechanically or by the
weight by overburden in tall piles) encourages tight
packing as well. Supposing that a pile of compost has
an initial air filled porosity of 30%, and the volume of a
pile is reduced by 10% through compaction and size
reduction after the first pass of a windrow turner. As-
suming constant moisture and solids content, the air
filled porosity would be reduced from 30 to 20%, with
a 33% reduction, and the apparent diffusion coefficient
will be reduced by 56%. This significant change in
oxygen diffusion might easily pass unnoticed in the
windrow itself, where volume reductions of greater than
50% are common, and 80% is not unheard of with an
initially loose material like autumn leaves. To the extent
that natural or forced convection is important in oxygen
transport, small diameter pores can cause problems even
if total air filled porosity is maintained. The increased
frictional resistance from the walls in small pores re-
duces any mass flow of oxygen that would otherwise
occur. In addition, the air channels in a composting
matrix are not a bundle of continuous straight tubes,
but twist and bend in tortuous path, with many dead
ends and narrow passages. These factors further reduce
oxygen transport in ways that are difficult to quantify
(Papendick and Campbell, 1981).

The oxygen content depends on the porosity of the
compost pile; therefore, attention must be given to the
size, the shape of the organic particles and the amount of
water present in the pores (and thus the moisture of the
pile). Moreover, the CO, concentration should not ex-
ceed 15%; this concentration corresponds to approxi-
mately 6% oxygen. The oxygen demand is very high
during the initial decomposition phase (15-20%) be-
cause of the rapid development of the microorganisms.
After that, the oxygen demand, decreases during the
stabilization of the compost (5 to 10%) and even more
during the maturation phase (Mustin 1987).
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Khater (2015) have conducted an experiment to
study the physical and chemical properties of compost
made of different raw material with different propor-
tions. Fig. 5 “A” reveals the relationship between the
bulk density and the total organic matter. It decreases
from 655 to 420 kg m > when the total organic matter
increased from 28.6 to 41.2%. The bulk density of
compost is negatively correlated with the compost total
organic matter (R> =—0.89). Fig. 5 “B” indicates that the
porosity of compost decreased from 72.47 to 60.69%
when the bulk density increased from 420 to 655 kg
m °. These results further indicate that the porosity of
compost increased from 60.7 to 72.5% with the mois-
ture content increasing from 25.6 to 32.1% (Fig. 5 “C”).
The porosity is negatively correlated to bulk density
(R*=0.93) and positively correlated to moisture content
of compost (R” = 0.60). Those results are in conformity
with the findings of Ahn et al. (2008) who suggested
that the increasing porosity makes available water flux
in both forms as water vapour nor liquid form.

Monitoring parameters

Since composting is a biological process carried out by
microorganisms, parameters affecting their growth and
reproduction should be taken into account. These factors
include temperature, pH, C/N ratio, oxygen, or aeration
and the substrate moisture. Externally, the composting
process largely depends on environmental conditions;
the method used, raw materials, and other elements, so
that some parameters may vary. However, they must be
under constant surveillance to always be within an op-
timal range (Roman et al. 2015). The main parameters
and their optimal ranges are listed below.

Temperature

Temperature is a critical parameter for composting.
High temperatures have often been considered as a
necessary condition for compost sanitation. Optimal
temperatures are those that achieve the desired ob-
jectives: sanitation, rapid degradation, water evapo-
ration, and humification. High temperatures should
be avoided, since they slow the biological activity
and cause undesirable chemical modifications of
the organic matter. Low temperatures as well are
undesirable because they do not achieve the reme-
diation objectives (Mustin 1987).

High temperatures are attributed to the biological
activity, the heat being generated by the lysis of carbon
bonds in the biodegradation process. The heat flux is
then an indicator of the successful composting. It can be
regulated by aeration (removal of heat by ventilation or
turning). More generally, the generation of metabolic
heat, temperature, ventilation, and humidity are the four
interacting factors during the composting process
(Strom 1985). The experiments of McKinley and
Vestal (1985) on municipal waste composting, shows
that temperature is the main factor affecting the micro-
bial metabolism. The optimum temperature for the
composting of the substrate is below 55 °C, and the
microbial activity is at its highest level when the tem-
perature of municipal waste composting is below 58 °C.
However, composting temperature must be maintained
at a level that ensures the reduction of pathogens, which
is usually 55 °C for 3 to 5 days. Monitoring of the
temperature is highly required to insure the removal of
pathogens, while keeping the microbial community in
optimal conditions.

For rapid composting, high temperatures for longer
periods should be avoided. A first thermophile stage
may be useful to neutralize the heat-sensitive pathogens.
After this step, it is preferable to reduce the temperature
to levels that permit the development of eumycetes and
actinomycetes, main decomposers of long chain poly-
mers, cellulose and lignin. Optimum temperatures vary
from 45 to 55 °C (De Bertoldi et al. 1983). Parr et al.
(1994) has explained in Fig. 6, the theoretical evolution
of the pile temperature during composting. Curve 1
indicates that conditions of moisture, temperature, C/N
ratio, and aeration are at optimum levels for rapid aero-
bic, thermophile composting. Within several days, the
internal pile temperatures increase rapidly from the
mesophile (20 to 40 °C) into the thermophile (>40 °C)
stage, after which the temperature begins to decline as
the indigenous microorganisms deplete available nutri-
ents. Curve 2 indicates what might happen when certain
parameters are deficient or outside their optimum range,
which would limit the growth and activity of microor-
ganisms and adversely affect the desired time-
temperature transition for successful composting.

pH
The composting process is relatively indifferent to pH,
within the limits commonly found in mixtures of organ-

ic materials. Its importance is especially sensitive for
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Fig. 5 Physical properties (bulk density, moisture content, and porosity) of the different types of compost (Khater 2015)

substrates rich in nitrogen, where high values favour the
conversion of nitrogen bound to organic compounds
and ammonia nitrogen volatilization as ammonia
(Rynk 1992). According to De Bertoldi et al. (1983),
organic material can be composted in a broad pH range
(3—11). Optimal values are between 5.5 and 8. Values
around neutrality are optimal for microorganisms’ de-
velopment. However, fungi are more tolerant to distant
neutral pH than bacteria.

The pH may decrease in the first stage of composting,
due to the organic acids releasing during the decompo-
sition of simple organic substrates, and volatilization of
the initial ammonia. Thereafter, the disappearance of
casily degradable organic materials and mineralization
leading to an increase in pH (McKinley and Vestal
1985). At the end of composting, it is also possible to
end in an acidic pH due to H" ions released during
nitrification (Fang and Wong 1999). In reality, the
changes in the pH depend significantly on the raw
materials and any additives component of the initial
mixture as reported by Eklind and Kirchmann (2000)
in the case of compost made from waste wood and
paper. It also depends on the conditions of airflow of
composting, for effective ventilation, for example,
allowing a good degradation of the organic material
and resulting in a higher final pH (Ferrer 2001). Tem-
perature also plays a role in the evolution of pH,
favouring ammonia volatilization.

The pH changes several times during composting.
Generally, there are four phases (Poincelot 1972)
(Fig. 7):

* Acid-genesis Phase (I): the pH decreases, flora
produces a lot of CO, and organic acids early in
the thermophile phase,

* Alkalization Phase (IT): with increasing pH, bacte-
rial hydrolysis of protein and organic nitrogen pro-
duces ammonia,
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* pH stabilization phase (III): The C/N ratio de-
creases, the reactions become slower. Ammonia is
lost by volatilization (especially with a pH > 8), and
nitrogen is used by microbes to synthetize new
humic compounds,

* Stable Phase (IV): near to neutral pH, the compost
is being in maturation. This stability is due to the
slow reactions and influence of humus buffer.

Tripetchkul et al. (2012) studied the influence of low
C/N ratio on naturally aerated composting of high lig-
nocellulosic materials, particularly coir pith, under sev-
eral C/N ratios. Concerning pH evolution, Fig. 8 shows
an increase in pH of all compost piles at the beginning of
composting, especially during the thermophilic phase. It
was due likely to the metabolic degradation of organic
acids and the ammonification process that take place
during organic matter degradation. After the 14th day,
the pH values of all piles significantly declined which is
likely to be a consequence of phenolic compound
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LU i S it
Mesophilic

Temperature °C

Cooling
20

0 20 40 60 80
Time - Days

100

Fig. 6 Temperature evolution during composting (Parr et al.
1994)
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Fig. 7 pH evolution curve during composting (Poincelot 1972)

production and organic acid production during biodeg-
radation of lignocellulose in the compost piles.

Organic carbon

Organic carbon is one of the main constituents of
composted organic wastes. Total carbon consists of the
total organic carbon (TOC) and inorganic carbon in the
form of carbonates and bicarbonates. TOC generally
represents more than 90% of total carbon in composts
(Navarro et al. 1993). Raw green wastes contain 20 to
30% of TOC (Riffaldi et al. 1986; Vallini et al. 1993), 25
to 50% for household waste (Avnimelech et al. 1996)
and 30 to 40% in sludge (Diaz-Burgos et al. 1993;
Ayuso et al. 1996; Bernal et al. 1998). The TOC content
decreases during composting because of

—&— C/N ratio 30
O+ C/N ratio 25
—w— C/Nratio 20

2 T T T T T T
0 20 40 60 80 100 120 140

Composting time (days)

Fig. 8 pH evolution of three composts with different initial C/N
ratio (Tripetchkul et al. 2012)

microorganisms degradation of organic substances nec-
essary for their metabolism, leading to their mineraliza-
tion as carbon dioxide (CO,). The possible presence of
anaerobic sites in the compost pile may result in meth-
ane (CH,4) emissions associated with fermentative me-
tabolism (He et al. 2000). According to Beck-Friis et al.
(2003), the emission of methane, occurs only during the
thermophile phase, representing less than 2% of the
initial TOC in the case of a poorly ventilated compost
pile. Volatile fatty acids, found in young composts can
also be released during composting. They appear in the
case of an incomplete oxidation of organic carbon and
therefore reflect an anaerobic metabolism. They are
present only in the mesophile phase of composting,
represent less than 10% of the TOC, and contribute to
decrease the pH (Michel and Reddy 1998; Beck-Friis
et al. 2003).

Nitrogen

During composting, organic nitrogen of waste is miner-
alized mainly into ammonium (NH4") and nitrate
(NO;3 ") when nitrification is achieved. Part of this min-
eral nitrogen is reincorporated into the active microbial
metabolism during composting, some is incorporated
into organic matter compost in their humification, and
part is released in the form of inorganic nitrogen matrix
(Larsen and McCartney 2000). At the end of
composting, mineralization process become predomi-
nant, and an increase in the content of NOj5 is frequent-
ly observed (Sanchez-Monedero et al. 2001). Therefore,
an increase in total nitrogen concentration is generally
observed in the matured compost.

However nitrogen losses are possible, either by ni-
trate leaching in the case of unprotected composts piles
under rainy season, or by volatilization of ammonia
(NH3), and nitrous oxide (N,O). NH; emissions that
represent the major losses are closely correlated to the
pH and the presence of volatile fatty acids. They take
place during the intensive phase of degradation. Under
optimal aeration condition, the pH rise causes a trans-
formation of NH,* into a volatile nitrogen (NH3). On the
other hand, the limited ventilation causes an increase in
the content of volatile fatty acids, resulting in a decrease
of the pH, and locking of nitrogen as NH,;* (Michel and
Reddy 1998). The total nitrogen is generally 1 to 4% of
the total dry weight of compost, and is composed of at
least 10% of mineral nitrogen (Hirai et al. 1986, Willson
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1989, Kapetanios et al. 1993, Canet and Pomares 1995,
Bernal et al. 1998, Brinton and Evans 2000).

Quality parameters
Definition

The quality of compost is difficult to define and remains
an elusive concept (Lasaridi et al. 2006). The stability
and maturity of the compost is essential for optimum use
as an amendment and nutrient source for plants (Amir
2005). Francou (2003) considers that the term of matu-
rity is often ambiguous although frequently cited in the
literature. In most articles, the stability and maturity are
either defined only implicitly but is not defined at all.

Two separate approaches coexist to describe the qual-
ity of compost:

* The first is based on the notion of transformation of
an initial instable organic matter into a stable organic
on at the end of composting. The degree of stability
of the compost is estimated by the biodegradability
of organic materials and their humification status
(Bernal et al. 1998, Chen 2003, Grigatti 2004,
Castaldi et al. 2005, Adani et al. 2006).

* The second approach considers the effects of com-
post on plants. The degree of maturity, in this case,
linked to the absence of damage to plants due to the
use of compost. Indeed, Tiquia et al. (1997) explain
that the amendment of immature compost in a soil
has negative effects on germination, growth and
development of plants. In this context, the best
indicator of maturity of compost remains its
phytotoxicity. Tiquia and Tam (1998) and
Alburquerque et al. (2006) confirm in several stud-
ies of this issue, that stable compost does not neces-
sarily mean that it is mature as it can still have an
inhibitory or phytotoxic effect on plant growth.

Empirical methods

The practice of composting has been known for a long
time. Quite a lot of empirical methods have allowed
users to determine the maturity of composts well before
the rise of modern science. The sensory approach al-
lows, for example, to judge on maturity (Iglesias-
Jiménez and Pérez-Garcia 1991, Mbuligwe et al.
2002). Ripe compost comprises the following features:
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¢ Does not emit ammonia odour;

*  Temperature is low even if the compost is moist and
returned;

*  Granular, dark woods and pleasant odour;

+ Distinguishable with regard to the raw material.

However, these simple and rapid methods must be
supplemented by more precise laboratory analyses
(Charnay 2005).

Conventional physicochemical characteristics

Most of studies on compost maturity are based on the
evolution of the physic-chemical parameters such as pH,
C/N ratio, organic matter content, humification ratio,
cation exchange capacity (CEC) (Albrecht 2007).

pH The pH was one of the first chemical indicators of
the compost maturity and has been used in many studies
(Albrecht 2007). Iglesias-Jiménez and Pérez-Garcia
(1991) and Cayuela et al. (2006) have observed an
increase in pH during composting. According to
Avnimelech et al. (1996), the acid pH levels are charac-
teristic of immature compost while mature composts
have pH between 7 and 9.

Cation exchange capacity (CEC) Humic compounds
have a high capacity to adsorb positively charged ions,
which are then easily exchanged with other cations on
the same adsorption sites. This ability, referred to as
“cation exchange capacity” (CEC), tends to increase
during composting as organic materials are humified
and carboxyl and phenolic functional groups are formed
(Wichuk and McCartney 2013). Iglesias-Jiménez and
Pérez-Garcia (1991) recommend that a CEC greater
than 60 meq.100 g~ of organic matter is necessary to
consider compost as mature.

C/N ratio The C/N ratio (organic carbon/organic nitro-
gen) decreases during composting. This parameter is
commonly measured to assess the maturity of compost
(Albrecht 2007). Iglesias-Jiménez and Pérez-Garcia
(1991) estimate that a ratio of less than 20 and even 15
characterizes mature composts. Chefetz et al. (1996) and
Namkoong et al. (1999) explain that compost character-
ized by a ratio of 10 to 15 can be considered stable
although the final ratio depends significantly on the
initial materials used. The C/N ratio in compost is
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comparable to the C/N ratio of humic soil, which is
close to 10 (Charnay 2005).

NO; /NH," ratio The appearance of nitrates in com-
post can be a maturity indicator. Nitrifying microorgan-
isms induce a decrease of ammonium content (NH4")
and an increase in nitrate (NO3 ) production. Some
authors thus use the NO; /NH,4" ratio as an indicator
of compost maturity (Albrecht 2007). However, accord-
ing to Francou (2003), this ratio is slightly used and the
results are contradictory.

Humification ratio (HA/FA) The humification processes
have led many authors to study the humified organic
matter or humic substances. The chemical fractioning of
organic matter in humin, humic, and fulvic acids has led
some authors to develop maturity indicators. Several
studies showed a significant increase of humic acid
(HA) fulvic acid (FA) ratio (HA/FA) during composting
(Veeken et al. 2000, Jouraiphy et al. 2005, Huang et al.
20006). In fact, the composting process involves the
formation of fulvic acids (FA) as an intermediate step
in the formation of humic acids (HA) and, finally, insol-
uble, non-phytotoxic humic substances. As a result, the
fraction of humic compounds making up the total dry
matter or total OM is expected to increase to a nearly
constant value as compost matures (Wichuk and
McCartney 2013). Results found in the literature are
quite consistent with values less than 1 for immature
composts, and greater than 1 or 3 for mature composts.

Biological activities

Measurements of respiration (BOD = Biological oxygen
demand) The respiration measures are based on the re-
spiratory activity of microorganisms in the compost.
Immature compost is characterized by a significant rate
of O, demand and CO, production. The intense microbial
activity causes a high biodegradability of the substrates
and thus a significant oxygen demand in comparison with
a mature compost, more stable, and less active (Bernal
et al. 1998; and Lasaridi and Stentiford 1998). Grigatti
et al. (2011) showed that the measurement of the OUR
(oxygen uptake rate) by means of a standardized test
proved to be a valid tool to describe the stabilization level
variation during the composting process.

Enzymatic activity The important enzymes involved in
the composting process include cellulase, hemicellulase,

phenoloxidase, proteases, lipases, phosphatases, and
their activities change depending on the degree of de-
composition of organic matter. Thus, high levels of
protease activity, lipase, and cellulase were measured
during the active phase of composting (Mondini et al.
2004; Goyal et al. 2005). However, composting is made
from very different organic substrates and many
processes; Mondini et al. (2004) consider that the estab-
lishment of threshold values of enzyme activities as a
maturity index is extremely difficult.

Self-heating test The intense activity of microorganisms
in immature composts results in heat production during
the degradation of the simplest and most accessible
compounds. Thus, it is possible to measure the degree
of decomposition of the organic material in a compost
by measuring the temperature rise after moistening.
Several studies have demonstrated the relevance of this
test to assess the maturity of composts (Brinton et al.
1995; Leifeld et al. 2001).

Solvita® test Based on the mineralization of the carbon
and the volatilization of ammonia, there is a maturity test
promoted under the test name of Solvita® (Woods Re-
search® Management, USA). This test is performed on
the compost whose moisture is adjusted to a level corre-
sponding to the optimal microbial activity. It combines an
estimation of carbon mineralization and an estimation of
ammonia volatilization compost placed in a sealed bottle
of 200 ml, with two coloured indicators, which refer to a
global index. A number greater than 6 on a scale of 1 to 8
characterizes a cured compost (Francou 2003). This latest
test is used on platforms in Denmark and the USA. It is
the subject of recent and rare publications, which re-
vealed its relevance especially for composts with ad-
vanced stability (Brinton and Evans 2000). On the other
hand, it is less correlated with self-heating test (Brinton
and Evans 2000). In addition to the stability evaluated by
released CO,, potential phytotoxicity associated with the
presence of ammonium is estimated by volatilized am-
monia (Changa et al. 2003).

Francou (2003) gave in Tables 2 and 3, respectively,
different methods for assessing the maturity of com-
posts, and relevant quality parameters and has given
intervals with thresholds.

Succession of nematode populations Steel et al. (2010)
found that at the beginning of the composting process

(thermophilic phase), immediately after the heat peak,
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Table 2 Different methods for assessing the maturity of composts (Francou, 2003)

Test category Tests References
Physical Temperature (Harada et al. 1981; Kapetanios et al. 1993)

Odour (Sugahara et al. 1979; Morel 1982)
Colour

Chemical pH (Forster et al. 1993; Avnimelech et al. 1996)
C/N (Roletto et al. 1985; Saviozzi et al. 1988)
NO; /NH,* (Forster et al. 1993; Sanchez-Monedero et al. 2001)
CEC (Saharinen 1998)
HA/FA (Roletto et al. 1985; Saviozzi et al. 1988)
Solvita® (Brinton and Evans 2000) (Changa et al. 2003)

Biological Released CO,/O, consumed (Nicolardot et al. 1986; Adani et al. 1995)
Enzymes (Forster et al. 1993; Kostov et al. 1994)
Self-heating (Bidlingmaier 1993; Weppen 2001)
Solvita® (Brinton and Evans 2000) (Changa et al. 2003)

In vivo Cress test (Wu et al. 2000)
Phyto-test (Helfrich et al. 1998)
Root growth (Brinton and Evans 2000)
Spectral analysis NMR C" (Deiana et al. 1990; Chen 2003)

Infra-red (Provenzano et al. 1998; Chen 2003)
UV-Vis (Thomsen et al. 2002)

the nematode population is primarily built by bacterial
feeding enrichment opportunists (Rhabditidae,
Panagrolaimidae, Diplogastridae) followed by the
bacterial-feeding general opportunists (Cephalobidae)
and the fungal-feeding general opportunists
(Aphelenchoididae). Thereafter, during the cooling and
maturation stage, the bacterial-feeding-predator oppor-
tunistic nematodes (Mononchoides sp.) became domi-
nant. Finally, at the most mature stage, the fungal-
feeding Anguinidae (mainly Ditylenchus filimus) were
present. The fungivorous/bacterivorous ratio (/b ratio),
increase as the compost becomes more mature (ranging
from zero to 11.90). Based on these results, the f/b ratio
could be suggested as potential tool to assess compost
maturity.

Overall index of composting development (OICD)

The wide range of maturity parameters, complexity, and
simplicity of certain analysis methods, but their
reliability and precision, makes the estimation of
compost maturity a delicate task in which no
parameter is used distinctly. Goyal et al. (2005) and
Boulter-Bitzer et al. (2006) suggested a combination of
different parameters. Consequently, Albrecht et al.
(2009) proposed a combination as an Overall Index of
Composting Development (OICD) that takes into
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account all the information of 14 physical and chemical
parameters using the PCA (principal component analy-
sis). The OICD was calibrated with the results of near
infrared spectrophotometry (NIRS) technology and the
chemical and biological data of the analysed samples.
Thus, NIRS can replace conventional methods of anal-
ysis of the compost maturity, and even predict OICD
that can be used to assess accurately, efficiently, and
quickly the maturity of composts.

Greenhouse effect

The contribution of agricultural sector to climate change
by greenhouse gas (GHG) emissions is becoming better
understood. At the same time, the potential of agricul-
ture to contribute to the reduction of the GHG emission
was largely neglected in the past. A little known fact is
that it has been estimated that more than twice as much
carbon is retained in the soil as organic matter, as in
vegetation or the atmosphere (Batjes 1996). In the con-
text of the GHG reduction, soil incorporation of prod-
ucts containing stabilized organic matter seems to be a
reasonable solution. Indeed, compost, compared to un-
treated material (sewage sludge) increases the carbon
stabilization (Albrecht 2007). Favoino and Hogg (2008)
found that the greenhouse gas perspective, evaluations
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Table 3 Some values of the main maturity parameters identified in the literature (Francou, 2003) (values explicitly defined by the authors as
maturity threshold are underlined)

Analysis method

Values for immature
compost

Values for mature
compost

Waste type

References

Respirometry

pH

NO, /NH,*

CEC

C/N solid

//

16 g C-COy/kg DM in
3 days

28gCO,/kgOM/
hour (h)

9t018g20,/kgOM/h

>15g0,/kgDM in

7 days
//

//
1.2g0,/kgDM/h
6.2

6.7
5.6-7.6
5.7
7.9-8.6
6.6-7

7 (initial)
//

7 (initial)
/

6.5

<1
/
//

/

28.8 (initial)
19.3

11-31

20 (initial)
16.3-20.9
15-26

22 (initial)
20.7 (initial)
8.74 (initial)
21.5 (initial)
20 (initial)
//

13.9

22-32

/

25

24-27

20 (initial)
83 (initial)
//

//

20

19-25

0.9to 1.5 g/ kg/3rd day
1.3 g C-CO,/kg DM in
3 days
12gCO,/kgOM/h
<1g0,/kgOM/h
<7g0,/kgDM in
7 days

<1 g0, /kg volatile
fraction / h

<100 mg O, /kg DM /h
80 mg O,/ kgDM /h
7.5

8

7.1-1.5

7.1-1.7

7.8

7.5-8.0

7

84

7.3-8

6.2-8.1

7.1

1.4-6.8
>1
>6.3

> 60 meq/100 g MS

13.5

7.8
8.6-11.8
10.4
12.3-13.2
10

10

14.9

11.2

17.9

12
<15-20
10.8
13-16
12-28
20.5
14-18

17

<25
A(C/N) = - 40%
11.3

17
12.5-13.2

Organic matter
Organic matter

Sewage sludge
Organic matter
Organic matter
Sewage sludge
Organic matter

Biowaste
Organic matter
Sewage

sludge + Greenwaste
Organic matter
Manure
Greenwaste
Organic matter
Organic matter
Biowaste
Manure
Greenwaste

Organic matter
Organic matter
Organic matter

Organic matter

Manure
Organic matter
Sewage

sludge + Greenwaste
Biowaste
Manure
Organic matter
Organic matter
Organic matter
Sewage sludge
Sewage

sludge + Greenwaste
Organic matter
Organic matter
Organic matter
Biowaste
Manure
Manure
Biowaste
Manure
Greenwaste
Organic matter
Organic matter

(Forster et al. 1993)
(Iannotti et al. 1994)

(Adani et al. 1995)

(Lasaridi and Stentiford
1998)

(Nicolardot et al. 1986)

(Scaglia et al. 2000)

(Schumann et al. 1993)

(Iannotti et al. 1994)

(Avnimelech et al. 1996)

(Bernal et al. 1998)

/!

(Forster et al. 1993)

(Gagnon et al. 1997)

(Hartz and Giannini
1998)

(Iannotti et al. 1994)

(Iglesias-Jimenez and
Alvarez 1993)

(Kapetanios et al. 1993)

(N’Dayegamiye et al.
1997)

(Roletto et al. 1985)

(Forster et al. 1993)

Serra-Wittling (1995)

(Sanchez-Monedero
etal. 2001)

(Iglesias-Jimenez and
Alvarez 1993)

(Adani et al. 1995)

(Iglesias-Jimenez and
Alvarez 1993)

/l

(Brinton and Evans
2000)

(Forster et al. 1993)

(Gagnon et al. 1997)

(Harada et al. 1981)

(Hirai et al. 1986)

/l

/l

(Iannotti et al. 1994)

(Iglesias-Jimenez and
Perez-Garcia 1989)

(Jedidi et al. 1995)

(Kapetanios et al. 1993)

(N’Dayegamiye et al.
1997)

(Paré et al. 1998)

(Pichler and Kogel-
Knabner 2000)
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Table 3 (continued)

Analysis method Values for immature Values for mature Waste type References
compost compost
Sewage sludge (Robertson and Morgan
Organic matter 1995)
(Roletto et al. 1985)
(Saviozzi et al. 1988)
(Serra-Wittling 1995)
(Schumann et al. 1993)
(Sugahara et al. 1979)
HA/FA /l 3.3-75 Organic matter (Forster et al. 1993)
/1 1.9 Organic matter (Iglesias-Jimenez and
0.82 1.1 Greenwaste Alvarez 1993)
0 (initial) 3.1-4.8 Manure (Kostov et al. 1994)
/ >1 Greenwaste (N’Dayegamiye et al.
// A(HA/FA) = 70% Organic matter 1997)
0.1-0.3 0.9-1.8 Organic matter (Roletto et al. 1985)
(Saviozzi et al. 1988)
(Sugahara et al. 1979)
Self-heating test 2 >4 Biowaste (FCQAO, 1994)
Solvita® test 4 6 Biowaste (Brinton and Evans

2000)

led in the past neglected the important positive effects of
composting and compost application on:

1. Improving organic carbon soil reserves;

2. Its effects on improving the absorption of nutrients;

3. The high energy consumption avoided for the pro-
duction of equivalent chemical fertilizers;

4. The avoided release nitrous oxide from fertilizer by
allowing the release of nutrients from organic
amendments.

Based on the average of the recalcitrant carbon con-
tents of major types of compost, and the annual
production, Houot (2002) evaluates to 1 million tons
of carbon storage potential in the soil. The development
of composting and compost amendment having a stabi-
lized organic matter increases this potential. The use of
low-stabilized organic matter has the opposite effect of
increasing soil microbial activity and thus the return to
the atmosphere of carbon as a carbon dioxide (Ginting
et al. 2003).

The potential GHG impact of composting of different
raw material was evaluated with a review of literature
focusing on the avoided release of methane (CH,). The
option of organic waste management took into account

@ Springer

composting raw materials instead of being burying them
directly in the soil or their surface lagooning. Moreover,
GHG emissions during composting were higher for nitro-
gen rich materials and high moisture content. This finding
may be adjusted by the use of raw materials with a high C/
N ratio and lower moisture contents. Studies have con-
firmed that composting in addition to the environmental
benefits associated with this practice can be an effective
way to reduce greenhouse gas emissions of a range of
organic waste materials (Brown and Subler 2007).

Conclusion

The literature survey showed that there are many pa-
rameters that can be considered for start-up, monitoring
and quality of compost. However, it becomes challeng-
ing when extrapolating the process into field and indus-
trial level. Nowadays, gas and moisture sensors become
to be used in monitoring by large composting compa-
nies, but farmers and small composters cannot afford the
device and the analytical cost. Therefore, scientists have
a great responsibility to perform simple field test for
monitoring the composting process. Furthermore, the
start-up parameters could be gathered in a database
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and then given for both initial C/N and moisture calcu-
lation. Spectral infrared analysis (FTIR and NIRS) start
to be adapted to assess the maturity of the produced
compost, but there is a consistent work to calibrate the
method in order to fit to every composted organic waste.
Cress test and phytotoxicity test remain affordable ma-
turity tests for field and laboratory testing. According to
literature, initial C/N (25-30), initial moisture (50-60%)
and O, content in pore space (15%) are required to start
a significant thermophile phase. However, those values
can change in order to accelerate (decreasing initial C/N
and increasing initial O, content in pore space) the
process or lowering it by reversing the initial conditions.
Composting is an exciting global process to turn wastes
into resources, but it should be locally adapted taking
into consideration the cost, the nature of the waste and
the environmental impact of the produced compost
amended to the soil.
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