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Abstract

The utilization of nutrients in sewage sludge partly alleviates the economic and environmental constraints, and the composting
process has been proved a cost-efficient and simple approach for the recycling of sewage sludge. During the bio-oxidative
process, the thermophilic phase is considered to be the most effective stage for the biodegradation of organic matter in sewage
sludge composting systems. However, the maximum temperatures of conventional thermophilic composting systems only
reach approximately 55-60 °C because of the activity limitations of thermophiles at higher temperatures. Notably, increas-
ing temperatures can accelerate the humification process and shorten the composting cycle. Therefore, the effect of rising
temperature on sewage sludge composting was examined as a specific mechanism. Further, the consequent hyperthermophilic
composting (HTC) system created by rising temperatures was reviewed. Moreover, the potential techno-economic advantages
and future challenges of HTC systems were discussed. Finally, the microbial communities necessary to ensure the efficiency
of HTC systems were analyzed and suitable hyperthermophiles for sludge HTC systems were proposed.
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Abbreviations Introduction
OM Organic matter
TC Thermophilic composting The treatment and disposal of sewage sludge has become an
HTC Hyperthermophilic composting increasingly critical environmental issue because of growing
CTC Continuous thermophilic composting production and potential pollution risks. The total amount
RPBA Recyclable plastic bulking agent of sewage sludge (80 wt.% moisture) generated by the three
EPS Extracellular polymeric substances major economies (the USA, China, and the European Union)
LB-EPS Loosely bound EPS was 137 million tons in 2018 according to GEP Research
TB-EPS Tightly bound EPS (2018). However, the harmless disposal rate is still relatively
BVS Biodegradable volatile solids low because of the improper management strategies, such
DO Dissolved oxygen as direct dumping or simple landfills, and low treatment
HSs Humic substances efficiency [1]. Further, the associated economic cost is also
ARGs Antibiotic resistance genes of growing interest as approximately 35-65% of the total
MGEs Mobile genetic elements wastewater treatment plant operating cost is used for the dis-
posing sewage sludge in accordance with the conditions of
different countries. Sewage sludge is a carrier of energy and
nutrients, which can be employed as an organic fertilizer.
In particular, the organic matter (OM) contained in sewage
sludge varies from 50 to 70% of the total solids, includ-
ing the proteins, carbohydrates, and lipids [2, 3]. It should
i be stated that many of the chemical constituents, including
P4 Yan Lin . . S . .
linyan2002@sjtu.edu.cn nutrients, are important when considering the ultimate dis-
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posal of sewage sludge [4-6]. However, the direct use of raw
sewage sludge as an agricultural fertilizer may damage soil
and plants because of the phytotoxic and pathogenic effects
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of unstable and harmful substances [7-9]. The sustainable
sludge treatment that meets requirements of efficient recy-
cling of resources without supply of harmful substances to
humans or the environment has been the key alternatives
[3-9]. Therefore, the conversion of raw sewage sludge into
safe and stable products, such as soil amendments and ferti-
lizers, which are promising energy carriers, has been encour-
aged in several countries.

A composting process, which has been proved a cost-effi-
cient and simple approach for the disposal of sewage sludge,
has always been employed in the sewage sludge recycling of
sewage treatment plants [10, 11]. The bio-oxidative process
mainly involves the mineralization and partial humification
of OM, leading to a stabilized and detoxicated final prod-
ucts [1, 12, 13], that could be utilized as a potential source
of organic fertilizers or in soil amendments [10, 14]. Com-
posted sewage sludge, as the biofertilizer, has been success-
fully applied to farmland, woodland, grassland, municipal
green, and fruit and vegetable land, so as to restore vegeta-
tion on serious disturbance land and promote soil ripening,
enhancing soil fertility and quality of energy crops [12, 14].
Bioprocesses are heavily dependent on dynamic interac-
tions between biological, chemical, and physical mecha-
nisms. The exothermic process is mainly determined by the
initial temperature, biodegradability of the substrates, and
the microbial activity [15]. Moreover, the physicochemical
parameters, such as temperature, pH, particle size, mois-
ture content, aeration, and electrical conductivity, play an
important role in OM decomposition and the transformation
and synthesis of humus under the action of microorganisms
during a continuous process [16—18]. Among the multi-
ple interacting factors in a complex system, temperature is
regarded as the most critical [16, 19] (Fig. 1). Temperature

can not only change the physicochemical characteristics of
substrates but also affect the properties of microbial commu-
nities, such as the sludge morphology, microbial activity and
OM degradation, oxygen transfer, and microbial succession
[19-24]. The effects of a rising temperature on the four main
bioprocesses in sewage sludge composting are (1) increasing
solubilization of dissoluble solid OM, (2) accelerating diffu-
sion of dissolved matrix, (3) enhancing the permeation and
transmission of oxygen, and (4) improving the oxidation rate
of dissolved matrix using aerobic microorganism [25]. In
addition, higher temperature can further accelerate moisture
evaporation, which reduces the sewage sludge mass. The
moisture content of compost end products in a special hyper-
thermophilic composting (HTC) system with a maximum
temperature of 93.4 °C can reach 38.8%, which is lower
than that in conventional composting systems, which have
a maximum temperature range of 55-60 °C [16, 26, 27].
Rich and Bharti [28] found that the optimum composting
temperature range is from 40 to 65 °C, in which the highest
activity of thermophilic microorganisms generally occurs
at approximately 54 °C according to the levels of superox-
ide dismutase and catalase activity in thermophilic bacteria.
Moreover, when the temperature is greater than 65 °C, most
of the bacteria might be deactivated [16, 29]. In addition,
higher temperature composting systems improve the deac-
tivation of pathogenic bacteria and accelerate the moisture
evaporation, which helps to achieve the quick recycling of
small-scale and decentralized sewage sludge [26]. Therefore,
the HTC system, which exploits a high temperature of about
80-100 °C, seems to have great advantages in the rapid
recycling of sewage sludge. However, HTC systems have
rarely been studied because most of the microorganisms are
destroyed in their temperature range. Oshima and Moriya

Fig.1 The interaction between
temperature and other main
factors
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[30] proposed a special HTC system with a high temperature
of 90 °C that was driven by the Calditerricola satsumen-
sis (YMOS81Y) and Calditerricola yamamurae (YMO722T)
strains [31]. As pointed out by Trautmann and Krasny [32],
when the compost temperature was greater than 65 °C, the
composting process reached a hyperthermophilic phase. Fur-
thermore, increased efforts have been made to the explora-
tion of the novel HTC system that reach higher than 80 °C as
the maximum temperature of their hyperthermophilic phase
[22, 24, 26, 33, 34]. Therefore, with the development of this
emerging sludge treatment technology, we aimed to review
the role of temperature in sewage sludge composting with
emphasis on the hyperthermophilic system.

Present Status of Sewage Sludge
Composting

The sewage sludge composting systems have been widely
investigated, wherein the main areas of focus have been the
following:

1) The effects of various physicochemical parameters on
the composting system, including temperature, pH, aera-
tion, microbial activity, moisture content, and C/N ratio

2) The bioavailability of different OM in sewage sludge,
including the biodegradable matrix (saccharide, humic
acid, protein, and lipid) and refractory organics, and
improving bioavailability with different bulking agents,
such as lignocellulosic amendments, biochar, recyclable
plastic bulking agent (RPBA), medical stone and lime,
pig and cow manure, coal fly ash, municipal solid waste,
spent mushroom substrate, and sucrose

3) Methods and technologies, including the continuous
thermophilic composting (CTC) system, sequential
anaerobic—aerobic composting, multistage inoculation
strengthening composting, semipermeable cover com-
posting, vermi-composting, and rotating-wall bioreactor
composting

4) The optimization strategies of composting, which mainly
involves the statistical approaches (e.g., one variable-at-
a-time, factorial designs, fuzzy logic estimation model,
Markov chain approximation, and modified Gompertz
model) and the kinetic models (such as the first-order
model for OM degradation, microbial growth rates and
formation of humification, Monod or Monod-type model
for the oxygen uptake rates, and empirical model for the
carbon dioxide generation)

5) The maturity evaluation of composting, mainly includ-
ing the changes of physical, chemical, and biological
indexes, such as temperature, OM degradation, carbon
mineralization, and germination index

@ Springer

This research has significantly promoted the efficacy of
conventional thermophilic composting (TC) sewage sludge
systems. Table 1 summarizes the effects of the aforemen-
tioned research focuses on regarding composting tempera-
ture; particularly almost all the improvements in composting
efficiency are accompanied by a rise in temperature. This is
because composting is driven by various microorganisms
whose succession in community composition and population
corresponds to temperature evolution.

Consequently, the process of sewage sludge composting
can be divided into mesophilic, thermophilic, cooling, and
maturing phases according to the temperature and microbial
succession [41-44]. The maximum temperature of the ther-
mophilic phase (55-60 °C) is consistent with the optimum
growing temperature of thermophiles (45-60 °C) [10, 45,
46], in which the survived temperature of thermophiles is
approximately equal to the upper temperature of composting
system because of their thermostability, which is determined
by their special protein [47, 48] and DNA structures [49].
Moreover, the thermophilic phase is the highest efficiency
stage [46, 50, 51], as thermophiles have a high efficiency in
degrading various pollutants, such as the long-chain alkane,
benzopyrene, phenanthrene, azo dyestuffs, benzothiophene,
petrol, etc. [52-55. Therefore, the interaction of temperature
and microorganism activity has attracted the most compost-
ing research attention [16, 24, 26, 56]. A schematic illustra-
tion of the relationship between temperature and microbial
communities is shown in Fig. 2. Notably, most of the micro-
organisms are deactivated when a composting system enters
the hyperthermophilic stage, which has temperatures greater
than 65 °C, with the exception of the distinctive hyperther-
mophilic microbial community in special HTC systems [16,
26, 29].

Effect of Temperature on Sewage Sludge
Composting

Temperature is a critical factor in most chemical, physi-
cal, and biological processes. In the composting process of
sewage sludge, a higher temperature has positive effects on
water evaporation, deactivating pathogenic microorganisms,
and degrading OM. However, if temperature is too high,
most of microorganisms are destroyed, stopping the com-
posting process. Therefore, the roles of temperature in the
composting of sewage sludge should be further examined
regarding its interaction with various factors.

Moisture Content and Dewatering Performance
Moisture removal determines the dewatering performance,

which is important for reducing the sewage sludge mass.
However, it is difficult to remove the capillary water, adhesive
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Table 1 Summary of research focuses on sewage sludge compost temperatures

References

Comments

System temperature

Parameters

Research focuses

[16,19]

Optimization of variables leads to the rise of

Maximum temperature is 55-60 °C

Aeration rate, C/N ratio, moisture content, pH,

Variables optimization

temperature

and particle size

[12-14, 35, 36]

Co-composting with different amendments

Lignocellulosic amendments, biochar, RPBA,

Co-composting

can improve the temperature and extend the

thermophilic phase (>50 °C)

mineral stone, pig and cow manure, coal fly

ash, and municipal solid waste

[16]

Effects of various factors on temperature can

One variable-at-a-time, factorial designs, fuzzy Effective prediction temperature is approxi-

Statistical approaches

be simulated and a significant temperature

gradient occurs

mately 30-60 °C

logic estimation model, and Markov chain

approximation

[16,37]

Thermal balance can be estimated to provide

Applicable temperature to the models is

First-order models, Monod or Monod-type

Kinetic model analysis

proper temperature control and predict tem-

perature profiles

approximately 30-60 °C

models, empirical models, and the Gompertz

equation

[23,30-34, 38,

Accelerates the rise of temperature and

Maximum temperature is approximately

Composting technologies CTC system, sequential anaerobic—aero-

39, 40]

extends the thermophilic phase (> 50 °C).

55-60 °C and only the HTC system is above

80 °C

bic composting, multistage inoculation

Especially, the hyperthermophilic phase of

HTC system when above 80 °C

strengthening composting, semipermeable
cover composting, and HTC system

water, and internal water by mechanical force. Thus, more
than 30% of the bound water cannot be removed effectively
[57]. It was demonstrated that the key to achieving sludge
dewatering is to destroy the structure of the flocculants in
order to release the bound water [58]. Moreover, moisture
removal is strongly dependent on temperature. The succes-
sion of microbial communities is continuous with rising tem-
perature during the composting process. In particular, when
the temperature exceeds the thermal limit of a microorgan-
ism, its cell structure is destroyed, causing cell lysis, and it
releases a large number of extracellular polymeric substances
(EPS) [59, 60]. EPS are mainly involved in microbial aggre-
gation matrix formation, bacterial adhesion to solids, and
microbial flocculation properties [61], which play key roles
in the physicochemical and biological properties of sludge
[62—64]. EPS mainly include the loose bound EPS (LB-EPS)
and tightly bound EPS (TB-EPS), which are related to the
sludge dewaterability. To date, the roles of EPS in dewatering
sewage sludge can be divided into four different mechanisms,
including (1) EPS has a high viscosity due to the amounts of
polysaccharide and proteins that attach to the sludge surface,
lowering the dewatering performance [65]; (2) sludge with
a high EPS content has a strong shear resistance that is not
easily broken, leading to a better filtration performance [66];
(3) an EPS content of 400-500 mg/L is most conducive to
sludge dewatering whereas higher EPS concentrations dimin-
ish sludge dewaterability [63]; and (4) LB-EPS have a slight
effect on the sludge dewatering, but excessive TB-EPS with
a large amount of water can weaken the cell-to-cell binding
and destroy the tight structure, resulting in a worse dewatering
performance [64]. Therefore, the key to achieving extensive
sludge dewatering is to destroy the moisture holding capacity
of EPS. Moreover, it has been shown that higher temperature
can destroy the links between EPS and water, causing the
interstitial or combined water between sludge particles to be
removed, thereby releasing the intracellularly bound water
for either liquid separation or evaporation [67, 68]. However,
a moisture content of 40-60% is necessary for composting.
When the moisture content is lower than 40%, the microbial
metabolic activity is inhibited as a certain moisture content
is necessary for microorganisms proliferation and OM deg-
radation [10]. In particular, for the HTC system, higher tem-
peratures can further promote the reduction of sewage sludge
mass, and the moisture content of the compost end product
can be 38.8% [26].

Microbial Activity and Organic Matter Degradation

Microbial activity is a good indicator of the biotransforma-
tion and mineralization of organic waste because the enzyme
catalytic reaction of microorganisms is an essential process
in composting [69]. The effects between microbial activity

@ Springer



966

BioEnergy Research (2022) 15:962-976

Fig.2 Schematic illustration of
prevailing microbial communi-
ties at certain temperature in the
compost system [56]
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and temperature are dynamic, wherein higher microbial
activity can accelerate OM decomposition, thereby rais-
ing the temperature with metabolic heat. Meanwhile, the
continually changing temperature may cause a certain suc-
cession of microbial communities, and various organic sub-
strates can be decomposed and further humified by microbes
in different phases. During the bio-oxidative process, OM
is first adsorbed on the surface of enzymes, followed by a
biocatalytic degradation reaction. According to the Michae-
lis-Menten mechanism, for the steady-state sewage sludge
composting system, if excessive OM is provided, the maxi-
mum reaction rate can be derived:

__IS]
Vmax - Km + [S] (1)

where V,, . is the maximum degradation rate of OM, S is
the OM, and K, is the Michaelis constant, which is a char-
acteristic constant of enzyme in the steady-state sewage
sludge composting system. Considering the redox reaction
of enzymes, the K, increases gradually as a result of com-
petitive inhibition when excessive OM is provided. As vari-
ous substrates compete for the same enzyme binding sites,
the V,, . is not affected. Therefore, the availability of sewage
sludge is mainly affected by the content of biodegradable
OM, in which the main restrictive degradation step is the
oxidation of dissolved matrix [70].

The temperature dependence of biodegradable volatile
solids (BVS) reaction rates in different composting systems
follows the Arrhenius equation, in which the degradation of
organic solids waste can be quantitatively predicted using
a first-order reaction model [69]. According to typical

@ Springer

Time (Days)

Arrhenius plot of In(k) versus 1/T, to determine the activa-
tion energy, the reaction rate constants and percentage of
BVS degradation can be calculated as follows:

K= 6(17.73—@) (2)
ABVS
VSOn% = 100(1 — e—Kz) N

where K is the reaction rate constant, 7 is the reaction abso-
lute temperature (K), A BVS,, is the amount of BVS degraded
(kg), BVS,, denotes the amount of initial BVS (kg), and ¢
is the degradation time. Therefore, the percentage of BVS
degradation at different temperatures can be determined. As
shown in Fig. 3, increasing the temperature accelerates the

100

[e2] [e2)
o o

N
o

Degradation rate (%)

20

0 5 10 15 20 25 30 35
Time (d)

Fig.3 The percentage of BVS degradation at different temperatures
based on the first-order reaction model



BioEnergy Research (2022) 15:962-976

967

degradation process and improves the percentage of BVS
degradation when the temperature is suitable for microor-
ganisms [71].

Furthermore, the OM solubility and degradation path-
way are dependent on temperature [72]. In particular, most
OM fractions (except those that are gaseous) increase with
increasing temperature, which improves its biodegradability
and thus accelerates the metabolism of microorganisms and
promotes the decomposition of metabolic or intermediate
products [73-75]. Temperature also plays a vital role in the
OM degradation pathway by affecting dissolution/hydroly-
sis, diffusion, active transport, and intracellular respiration
during the compost process. Further, it has been confirmed
that increasing temperature enhances OM degradation [76].
The succession laws of microbial communities also reveal
the domination effect of temperature in the composting pro-
cess [43]. It is generally agreed that when the temperature
enters the thermophilic phase (temperatures above 45 °C)
[39, 43, 77], most of the OM is degraded because of the
interaction between higher temperature and thermophiles
[11]. In the process, water-soluble OM is decomposed first,
followed by the decomposition of refractory organics (such
as cellulose, hemicellulose, and lignin) [78]. In particular,
the removal of pollutants that are toxic to humans, such as
antibiotic resistance genes (ARGs), mobile genetic elements
(MGESs), and heavy metals, is significantly affected by tem-
perature. Moreover, thermophilic conditions realize rapid
antibiotic removal, including tetracyclines and chlortetra-
cyclines [79, 80]. Further, the HTC system was found to be
efficient in removing ARGs, MGEs, and heavy metals [81,
82]. Note that the microbial community composition plays
a crucial role in removing such human-toxic pollutants [81].

Oxygen Transfer

In a sewage sludge composting system, microbial enzyme
activity strongly depends on the oxygen content because the
level of dissolved oxygen (DO) affects the microbial meta-
bolic pathways, resulting in the deviation of target products
[83]. A stabilized DO concentration can avoid not only meta-
bolic abnormalities caused by insufficient oxygen supply but
also the excessive energy consumption caused by oxygen
supply. In general, an increasing temperature has a nega-
tive effect on the transfer of oxygen to water in gas-liquid

Table 2 Microorganism growth at different temperatures

system. However, the existence of solid particles, hydrocar-
bons, and some vegetable oils greatly increases the oxygen
diffusion rate by increasing the transfer coefficient and effec-
tive surface area in the complex composting system [84].
Also, Fick’s law has revealed the effect of oxygen transfer
on aerobic reaction, emphasizing the oxygen concentra-
tion and oxygen consumption rate [85]. However, both the
temperature and viscosity of sewage sludge affect the mass
transfer of oxygen in the complex aerobic composting sys-
tems. Therefore, Fick’s first law and Stokes—Einstein equa-
tion were combined to correlate temperature and oxygen
diffusion, generating the diffusion flux J as follows:

j—__RT dC
T TN dX )

where N, is the Avogadro’s number, R is the gas constant,
n denotes the liquid viscosity coefficient, r represents the
radius of oxygen, T is the temperature of oxygen transfer,
and % is the concentration gradient. Thus, in a steady-state
sewage sludge composting system, a positive relation was
found between diffusion flux and the rising temperature
when the excessive oxygen is provided.

Succession of Microbial Communities

The composting process is a complex, and involves several
dynamic interactions, including the biological, chemical, and
physical mechanisms, and the microbial communities succes-
sion laws that can reflect changes in temperature [38, 42, 44].
During this bioprocess, the microbial communities mainly
comprise bacteria and fungi [86, 87]. The growth situation
of microorganisms can be greatly affected by rising tempera-
tures, as summarized in Table 2. Different microorganisms
dominate different temperature ranges, wherein their contin-
uous metabolism and rising temperature stabilize the com-
munity structures and microbial activity by eliminating the
competition of other bacteria. In the mesophilic phase, most
microorganisms are mesophilic degrading bacteria and fungi,
such as Bacillus licheniformis and Thermoactinomyces, which
can decompose the hydrolyzable substrate quickly, and the
resultant metabolic heat can further increase temperature. In
the thermophilic phase, Bacillus become the dominant bacte-
ria, which can hydrolyze complex OM (such as proteins), and

Microorganisms Temperature, °C References
25-38 38-45 45-55 55-60  60-70  70-80 80-105 >105

Mesophile Excitated Inhibited  Destroyed  — [92-96]

Moderate thermophile ~ Unadapted Excitated Inhibited  Destroyed - [92, 93, 97-99]

Hyperthermophile Unadapted Excitated Inhibited ~ [100, 101]
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rising temperature can easily eliminate the potential patho-
genic microorganisms by the heat generated in this stage [88].
Fungal populations play an intricate role in the early stages
of composting. However, some fungi can also tolerate high
temperatures. For instance, Aspergillus, Corynascus, Tricho-
derma, Penicillium, Phanerochaete, and Pseudallescheria
were found in the thermophilic composting stage [89]. In the
cooling phase, the exhaustion of easily degradable substrates
leads to a decrease of heat production and thus a lower tem-
perature. Meanwhile, in the maturing phase, the mesophiles
(e.g., actinomycetes, bacteria, and fungi) revive and continue
growing. Specifically, in this stage, the fungal community
experiences a stronger ability to utilize amines, amino acids,
and carbohydrates [90], while some nondegradable com-
pounds (such as lignin-humus complexes) form [35, 39, 44,
75]. The results showed that temperature is crucial to chang-
ing the composition of both bacterial and fungal communi-
ties [35], and that changes in their community structure were
dynamic and parallel [91]. Moreover, for the conventional
sludge composting, the thermophilic phase is considered to
be the most suitable stage as it has an abundance of hetero-
genic members belonging to the genus Bacillus, because it
can decompose more extensive organic substances because
it has a higher activity and metabolic rate, as compared with
others [16]. Though the fungal species richness is relatively
low during the composting process, maintaining a favorable
fungal composition is vital for efficient and successful com-
posting because the thermophilic fungal genus could poten-
tially degrade carboxylic acids and polymers [90]. To date,
several moderate functional thermophiles have been found to
improve composting efficiency (as listed in Table 3). How-
ever, when temperature was greater than 65 °C, a decrease in
bacterial abundance was observed because the high tempera-
ture might deactivate fungi, actinomycetes, and most of the

bacteria that are essential in degradation during the thermo-
philic stages [16, 29]. Particularly for the special HTC sys-
tem, the metabolized heat of special microbial communities
gradually increases the temperature, revealing a distinctive
microbial community in the hyperthermophilic phase. The
results of high-throughput sequencing of microbial commu-
nities in the HTC system with a maximum temperature of
93.4 °C revealed that bacterial abundance decreased greatly,
and Thermaceae (35.5-41.7%) became the predominant
family species under hyperthermophilic conditions [22, 26].
However, as HTC systems are still not common because of
their unique start-up inoculants from the volcanic region in
Kagoshima, only a few studies have been published regarding
their special microbial communities [26, 30].

Nitrogen Loss

Nitrogen emissions (N,0 and NH;) from composting are also of
concern as they contribute not only to greenhouse gas emissions
but also to nutrient loss and lower nutrient quality of final com-
post products [103]. The volatilization of NH; during chemical
reactions, the emission of N,O from microbial mediated denitri-
fication processes, and draining by leaching are the main causes
of nutrient loss [104, 105]. Notably, NH; volatilization consists
of 40-80% of the total nitrogen loss during composting [106].
Therefore, decreasing NH; volatilization may be an effective way
to control nitrogen loss during composting. Regarding conven-
tional TC processes, many studies have demonstrated that high
temperatures could affect nitrogen metabolic processes, including
nitrification and denitrification [107-109], and that higher tem-
peratures could cause a higher emission rate of NH, by enhanc-
ing the solubilization of non-dissolved nitrogen and evaporation
of NH,*-N as NH; gas. For example, the emissions of nitrogen
as NH; at 60 and 70 °C were 14.7 and 15.6%, respectively, which

Table 3 Various functional microorganisms isolated from sewage sludge composting system

Strain Temperature, °C pH Characteristics References

Thermus 40-78 7-8 Aerobic, oxidase and catalase positive, penicillin sensitive, yellow, [102]
orange or reddish colonies

Bacillus stearothermophilus 40-75 6-7.5  Aerobic, oval endospore formation, growth inhibition with 3% NaCl, [102]

growth inhibition with NaN;

Ammoniibacillus agariperforans 50-65 7.5-9  Ammonium was required as a nitrogen source, while nitrate, nitrite, [97]
urea, and glutamate were not utilized. Catalase and oxidase activities
were weakly positive and positive, respectively
Bacillus thermoamylovorans 60 7 The strain is facultative anaerobic bacteria and can improve the bioconversion  [98]
of the mixture of sewage sludge and food waste
Bacillus sp. strain T3 55 7-9 The strain can oxidize the ammonia [99]
Microbacterium luticocti 27-45 5.5-9.7 Aerobic, nitrate reduction, starch, gelatin, and aesculin are hydrolyzed  [92]
Candidimonas 15-40 5-8 Facultative anaerobic, nitrate reduction, amino acids, and organic [93]
acids are used as sole carbon sources
Humibacter albus 22-36 5.5-8  Nitrate reduction [94]
Massilia umbonate 37 7-8 Accumulate poly-p-hydroxybutyrate as intracellular granules [95]
Pichia guilliermondii 28 - Uptake the copper [96]
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is much higher than that at 50 °C (9.0%) [14, 104]. Nitrogen
emissions (e.g., NH;) are mainly derived from an incomplete
OM humification process, especially the proteins. However, ris-
ing temperatures can accelerate the humification process, and
high-molecular-weight recalcitrant humic substances (HSs), such
as fulvic acids, humic acids, and humins, are major reservoirs
of recalcitrant nitrogen in the compost and are mainly formed
during the humification process [74, 75]. Thus, it may be ideal
to reduce nitrogen loss by raising the composting temperature
in order to accelerate the humification process and reduce the
substrate for ammonification reactions. Recently, some studies
have shown that the HTC system can accelerate the formation
of HSs and contribute to the reduced nitrogen loss by decreas-
ing NH; emissions, ammonification enzyme activities, and the
ammonifier relative abundance [22, 24]. Moreover, Peng et al.
[110] revealed that a high temperature was key for lowering N,O
emissions in an HTC system, mitigating approximately 90% of
N,O emissions compared with that of a conventional TC system.
This decrease was mainly due to the inhibition of the abundance
of the bacterial amoA and norB genes, which decrease the nitri-
fication rate and N,O formation, respectively [110]. Therefore,
the special hyperthermophilic microbial communities play an
important role in reducing nitrogen loss in sludge composting.

Role of Hyperthermophiles
in the Hyperthermophilic Composting
System

As the temperature of a HTC system is 20-30 °C higher than
that of the conventional TC process, it significantly enhances
the compost maturity and shortens the composting period.
HTC systems can accelerate the formation of humic acid at
the molecular level and improve the removal of ARGs and
MGE:s [24, 54, 109]. The enhanced humification process
may increase the recalcitrant nitrogen reservoir, thereby
decreasing the substrate content for the ammonification reac-
tions, leading to 40.9% reduction of nitrogen loss in the HTC
system [22]. Furthermore, OM loss in the HTC system in
24 d can reach 66.8%, which is higher than that of a TC sys-
tem in 48 d (63.8%) [26]. These results are mainly because
of the HTC system’s special hyperthermophiles, which
can drive the process under hyperthermophilic condition.
However, the proper hyperthermophiles are difficult to be
directly isolated from the sludge composting because of their
special growth environment. To date, many moderate func-
tional thermophiles have been identified (Table 2), but of the
hyperthermophiles with growth temperature above 80 °C,
only Calditerricola satsumensis, Calditerricola yamamu-
rae, and Thermaerobacter were isolated from the volcanic
region in Kagoshima by Oshima’s group [26, 31, 38]. Note
that Thermaerobacter is closely related to Thermaceae [26].

Therefore, the critical issue in the HTC system is the lack of
suitable hyperthermophiles for the continuous degradation
of OM. Thus, the other hyperthermophiles with a good per-
formance in hyperthermia condition may have applicability
in the HTC system. While more than 90 hyperthermophiles
have been isolated from different environment conditions
[112], there are no relevant researches regarding the proper
hyperthermophiles to employ in an HTC system. Most
microorganisms are inhibited when the temperature is above
65 °C as a result of thermal denaturation. However, hyper-
thermophiles have optimum growth temperature greater than
80 °C, and the Pyrodictium occultum strain can even survive
in 121 °C for 1 h [100, 102, 113, 114]. Most hyperthermo-
philes belong to the archaea domain, while only a few excep-
tions (such as Aquificales and Thermotogales) belong to
bacteria [115]. Hyperthermophiles have attracted significant
attention because of their extreme thermostability, which can
be explained using evolutionary theory [116, 117] and their
special molecular structure [118]. Because of the extreme
growth environment, the anaerobic is the main metabolic
mode for most hyperthermophiles [114, 117, 119], wherein
oxygen can be severely toxic to anaerobic hyperthermophiles
at their growth temperature [101]. For the aerobic organo-
trophic metabolism mode, the main metabolic mechanism is
the modified Embden-Meyerhof-Parnas pathway, in which
the carbohydrates (such as sugars) can be completely oxi-
dized to CO, through the citric acid cycle [116]. Research
regarding hyperthermophiles mainly focused on basic biol-
ogy fields, including the growth environment, cell charac-
teristics, proteins, thermostable hydrogenases, and genetic
systems [115, 120]. Industrial applications of hyperthermo-
philes primarily involve detergent production, sugar chem-
istry, oil chemistry, food production, cellulose degradation
and ethanol production, paper pulp bleaching, and molecular
biology [118, 120]. Compared with other microorganisms,
hyperthermophiles have numerous application advantages,
including reduced costs of cooling large-scale thermophilic
fermentations and less contamination in thermophilic con-
ditions [120]. These advantages have stimulated efforts to
explore their potential applications in thermostable protein
nanostructures, robust biosensor devices, and hyperthermo-
phile cell engineering [115]. However, their applications in
biosolids recycling are limited because of their slow-evolv-
ing features and special growth conditions [116]. The proper
strains for aerobic, organotrophic, and hyperthermophilic
conditions may have potential application in HTC system.
According to the characterizations of the Calditerricola
satsumensis strain, several proper strains with the similar
properties have been summarized, such as Pyrobaculum
aerophilum, Aeropyrum camini, and Aeropyrum pemix, as
listed in Table 4.
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Table 4 Comparison of several proper heterotrophic hyperthermophiles with Caldothrix satsumae YMO0817T strain

Strains Domain Temperature (opti-  pH (optimal) Relation to oxygen =~ Metabolism  Carbon sources References
mal) °C

Pyrobaculum aero-  Archaea 74-104 (100) 7.0 Facultative anaerobic Mixotrophic ~ Complex proteins [111]
philum can be used as

Aeropyrum camini 70-97 (85) 8.0 Aerobic Heterotrophic carbon sources, [117]

Aeropyrum pemix 80-100 (90-95) 7.0 such 'as tryptones, [98]

gelatin, yeast

Thermus Bacteria 40-78 (65) 7.0 extract, and beef [100]

Bacillus stearother- 40-75 (60) 7.0 extract [100]
mophilus

Calditerricola satsu- 50-85 (75) 7.2 [31]

mensis

Techno-economic Analysis
of Hyperthermophilic Composting System

The prominent advantages of an HTC system’s techno-
economic costs were evaluated based on the currently
available theoretical and practical research. To evaluate the
techno-economic cost, the technological process of sewage
sludge composting is shown in Fig. 4. Various technological
characteristics including sludge transportation, composting
additives, energy consumption, land-use efficiency, and end-
product quality were considered for this analysis. Conse-
quently, a comparison between HTC and TC systems was
conducted, as summarized in Table 5. First, the HTC system
significantly shortens the composting period, thereby low-
ering the energy consumption and raising the land-use effi-
ciency. In addition, an HTC system can start with a C/N ratio
lower than 10 [26], while a conventional TC system requires
a ratio between 25 and 30 [26, 121, 122], which means the
HTC system has a lower composting additive cost. Moreo-
ver, an HTC system only requires a space of 45 m? (t wet
sludge)™!, which is 40 m? less than that required to treat
the same volume of sludge using a conventional TC system
[26]. Moreover, the HTC system can greatly decrease the
sludge mass (41.2%), leading to lower end-product transpor-
tation costs. In addition, the agricultural value of a compost
increases when a high nutrient content was obtained which
requires a high degree of OM humification and reduction of

Bulking agent
e.g. woodchips

Mixing

WWTP Sludge transportation

Sludge
80 wt.% moisture

Fig.4 The main technological process of HTC system of sewage sludge

@ Springer

N loss during the process [123]. Obviously, the HTC sys-
tem’s lower N loss and higher OM degradation rates could
lead to higher end-product quality and fewer odor emissions
[22, 110]. At present, the immediate conversion of biowastes
into bioenergy is the high cost of processing, rather than the
cost or availability of biomass feedstock. Thus, to improve
the utilization rate of bioenergy that can be produced sus-
tainably by using biowastes has been a promising chal-
lenge [124]. Significantly, except the bioenergy potential of
the compost production, the HTC system also has a huge
advantage in heat recovery because of the extreme high tem-
perature. For conventional TC system, the amount of heat
recovery can be 1.2 to 2.6 x 10° kJ, about 12-24% of total
heat production [125]. Especially, the direct heat recovery
makes more sense for HTC system, because its temperature
is 20-30 °C higher than that of the conventional TC process
which means more heat production. Based on these findings,
an HTC system may be employed as a novel technology for
future sewage sludge treatment project.

Prospects of the Hyperthermophilic
Composting System

The HTC system was first developed in 2008, but it is not
commonly used because of its special microbial inocu-
lants, which contain large numbers of hyperthermophilic

Deodorization system

Hyperthermophiles

(¢ Aeration control system 7
. -

il € &

. W

W N2 ¥
g

End-product fertilizer

Aeration pipe- '

HTC composting tank
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Table 5 Techno-economic analysis of HTC system as compared with the TC system for sewage sludge treatment
Indexes Technological characteristics Economic savings References
HTC TC
Composting period 24d 48d Lower energy consumption and higher land-use efficiency [6]
Start-up C/N ratio <10 25-30 Less composting additives [26, 121, 122]
Aeration volume 45 m? (t wet 80 m? (t wet Lower energy consumption [26]
sludge)™! sludge) ™!
Moisture loss 41.2% 36.9% Greater sludge decrement and lower transportation costs [6]
N loss 26.2% 31.0% Higher end-product quality [22,110]
OM loss 66.8% 63.8% Greater mineralization rate of OM and less odor emission [26]

bacteria. Therefore, the characterization of microbial
communities associated with HTC systems remains
unclear. In total, only two studies have evaluated some
characteristics of its distinctive microbial communities
[26, 30], in which the bacteria Calditerricola satsumen-
sis, Calditerricola yamamurae, and Thermaerobacter
were identified as the predominant families in the hyper-
thermophilic phase of a sewage sludge HTC system.
Though several studies have evaluated HTC systems, all
of them were based on these special inoculants and only
focused on its superior performance. Thus, the change
mechanism of the special microbial communities asso-
ciated with sewage sludge HTC systems also remains
unclear. Moreover, a critical issue in the HTC system
is the lack of suitable hyperthermophiles for continu-
ous OM degradation. Notably, more than 90 hyperther-
mophiles have been isolated from different environment
conditions, but their bioavailability is seldom involved
in the sewage sludge HTC system. Therefore, to obtain
suitable hyperthermophiles for the sewage sludge HTC
system, different amounts of hyperthermophiles were
investigated, and several strains, such as Pyrobaculum
aerophilum, Aeropyrum camini, and Aeropyrum pemix,
may be suitable for the sludge HTC system, because they
share similar features with Calditerricola satsumensis in
degrading complex carbohydrates at hyperthermophilic
conditions. Therefore, their application feasibility for the
HTC system is a useful research topic. In addition, the
isolation and culture conditions must be further studied
as they remain challenging because of the strict growth
environment required by hyperthermophiles.

Conclusions

Higher temperatures have positive effects on the sewage sludge
composting process because increased temperatures can accel-
erate the humification process and shorten the composting

cycle. However, most microorganisms degrade in higher tem-
perature ranges, thereby limiting composting temperatures. Spe-
cifically, an HTC system, which has a high working tempera-
ture of approximately 80—100 °C, has greater techno-economic
advantages in the rapid recycling of sewage sludge as compared
with that of conventional TC systems. However, HTC systems
are not yet widespread because of their special microbial com-
munities. The lack of suitable hyperthermophiles for HTC sys-
tems is thus a critical issue restricting their development. Con-
sequently, the application feasibility of other hyperthermophiles
for the HTC system should be evaluated in future research.

Acknowledgments Y.L. appreciated the support from the National
Natural Science Foundation of China (22078194) and National Key
Research and Development Program (No. 2017YFE0127100).

Authors’ Contributions Zhiquan Wang: conceptualization, investiga-
tion, methodology, experiment, software, formal analysis, and writing
(original draft preparation).

Deyi Wu: methodology, formal analysis, and investigation.

Xinze Wang: methodology, formal analysis, and investigation.

Yan Lin: methodology, writing (review and editing), visualization,
supervision, and funding acquisition.

Funding This work was supported by the National Natural Science
Foundation of China (22078194). YL also appreciated the support

from the National Key Research and Development Program (No.
2017YFE0127100).

Data Availability The datasets generated and/or analyzed during the
current study can be found from the corresponding author and the data
will be released on reasonable request.

Code Availability Not applicable

Declarations

Conflict of Interest The authors declare no competing interests.
Ethical Approval Not applicable

Consent to Participate Not applicable

Consent to Publish Not applicable

@ Springer



BioEnergy Research (2022) 15:962-976

972
References
1. GuoJ, Fang F, Yan P, Chen Y (2020) Sludge reduction based

10.

12.

13.

14.

on microbial metabolism for sustainable wastewater treatment.
Bioresour Technol 297:122506. https://doi.org/10.1016/j.biort
ech.2019.122506

Zhou W, Liu M, Chai Y, Chen Y, Chen M, Wei Y, Min Y (2018)
Discussion on establishment of technical standard system of
domestic wastewater in villages and towns of China. Water
Wastewater Engin 44(9):2—14. https://doi.org/10.13789/j.cnki.
wwel964.2018.0029

Tan XB, Yang LB, Zhang WW, Zhao XC (2020) Lipids produc-
tion and nutrients recycling by microalgae mixotrophic culture
in anaerobic digestate of sludge using wasted organics as carbon
source. Bioresour Technol 297:122379. https://doi.org/10.1016/j.
biortech.2019.122379

Solmaz A, Isik M (2019) Effect of sludge retention time on
biomass production and nutrient removal at an algal membrane
photobioreactor. Bioenerg Res 12:197-204. https://doi.org/10.
1007/s12155-019-9961-4

Nazia H, Morni N (2020) Co-pelletization of microalgae-
sewage sludge blend with sub-bituminous coal as solid fuel
feedstock. Bioenerg Res 13:618-629. https://doi.org/10.1007/
s12155-019-10061-2

Kubatova P, Hejcman M, Szakova J (2016) Effects of sew-
age sludge application on biomass production and concentra-
tions of Cd, Pb and Zn in shoots of salix and populus clones:
Improvement of phytoremediation efficiency in contaminated
soils. Bioenerg Res 25(3):1-11. https://doi.org/10.1007/
s12155-016-9727-1

Fischer D, Erben G, Dunst G, Glaser B (2018) Dynamics of
labile and stable carbon and priming effects during composting
of sludge and lop mixtures amended with low and high amounts
of biochar. Waste Manage 78:880—-893. https://doi.org/10.1016/j.
wasman.2018.06.056

Kulikowska D, Sindrewicz S (2018) Effect of barley straw and
coniferous bark on humification process during sewage sludge
composting. Waste Manage 79:207-213. https://doi.org/10.
1016/j.wasman.2018.07.042

Phoungthong K, Zhang H, Shao LM, He PJ (2018) Leaching
characteristics and phytotoxic effects of sewage sludge biochar.
J Mater Cycles Waste 20(4):2089-2099. https://doi.org/10.1007/
s10163-018-0763-0

Meng L, Zhang S, Gong H, Zhang X, Wu C, Li W (2018)
Improving sewage sludge composting by addition of spent mush-
room substrate and sucrose. Bioresour Technol 253:197-203.
https://doi.org/10.1016/j.biortech.2018.01.015

. Lian Y, Zhang S, Wen Q, Chen Z, Yao W (2016) Maturity and

security assessment of pilot-scale aerobic co-composting of peni-
cillin fermentation dregs (PFDs) with sewage sludge. Bioresour
Technol 204:185-191. https://doi.org/10.1016/j.biortech.2016.
01.004

Zhang J, Chen G, Sun H, Zhou S, Zou G (2016) Straw biochar
hastens organic matter degradation and produces nutrient-rich
compost. Bioresour Technol 200:876. https://doi.org/10.1016/j.
biortech.2015.11.016

Ramdani N, Hamou A, Lousdad A, Al-Douri Y (2015) Physico-
chemical characterization of sewage sludge and green waste for
agricultural utilization. Environ Technol 36(9-12):1594—1604.
https://doi.org/10.1080/09593330.2014.998716

Sierra J, Chopart JL, Guindé L (2016) Optimization of bio-
mass and compost management to sustain soil organic matter
in energy cane cropping systems in a tropical polluted soil: a
modelling study. Bioenerg Res 9:798-808. https://doi.org/10.
1007/512155-016-9729-z

@ Springer

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Boruszko D (2019) Research of effective microorganisms on
dairy sewage sludge stabilization. J Ecol Eng 20(3):241-252.
https://doi.org/10.12911/22998993/99787

Onwosi CO, Igbokwe VC, Odimba JN, Eke IE, Nwankwoala
MO, Iroh IN, Ezeogu LI (2017) Composting technology in waste
stabilization: On the methods, challenges and future prospects. J
Environ Manage 190:140-157. https://doi.org/10.1016/j.jenvm
an.2016.12.051

. LiZ,LuH, RenL, Li H (2013) Experimental and modeling approaches

for food waste composting: A review. Chemosphere 93(7):1247—
1257. https://doi.org/10.1016/j.chemosphere.2013.06.064

Raut MP, William SPMP, Bhattacharyya JK, Chakrabarti T,
Devotta S (2008) Microbial dynamics and enzyme activities
during rapid composting of municipal solid waste — A compost
maturity analysis perspective. Bioresour Technol 99(14):6512—
6519. https://doi.org/10.1016/j.biortech.2007.11.030

Zheng J, Wen QX, Chen ZQ, Zhang SH (2015) Effect of aeration
rate on composting of penicillin mycelial dreg. J Environ Sci
37:172-178. https://doi.org/10.1016/j.jes.2015.03.020

Lin XG, Wang YM, Wei SP, Chen RR, Jing ZW (2015) N,O
emissions and nitrogen transformation during windrow compost-
ing of dairy manure. ] Environ Manage 160:121-127. https://doi.
org/10.1016/j.jenvman.2015.06.021

Toledo M, Gutiérrez MC, Siles JA, Martin MA (2018) Full-scale
composting of sewage sludge and market waste: Stability moni-
toring and odor dispersion modeling. Environ Res 167:739-750.
https://doi.org/10.1016/j.envres.2018.09.001

Cui P, Liao H, Bai Y, Li X, Zhou S (2019) Hyperthermophilic
composting reduces nitrogen loss via inhibiting ammonifiers and
enhancing nitrogenous humic substance formation. Sci Total Envi-
ron 692:98-106. https://doi.org/10.1016/j.scitotenv.2019.07.239
Robledo-Mahén T, Martin MA, Gutiérrez MC, Toledo M,
Gonzilez I, Aranda E, Chica AF, Calvo C (2019) Sewage sludge
composting under semi-permeable film at full-scale: Evalua-
tion of odour emissions and relationships between microbio-
logical activities and physico-chemical variables. Environ Res
177:108624. https://doi.org/10.1016/j.envres.2019.108624

Liu X, Hou Y, Li Z, Yu Z, Zhou S (2020) Hyperthermophilic
composting of sewage sludge accelerates humic acid formation:
elemental and spectroscopic evidence. Waste Manage 103:342—
351. https://doi.org/10.1016/j.wasman.2019.12.053

Yamada Y, Kawase Y (2006) Aerobic composting of waste acti-
vated sludge: Kinetic analysis for microbiological reaction and
oxygen consumption. Waste Manage 26(1):49-61. https://doi.
org/10.1016/j.wasman.2005.03.012

Yu Z, Tang J, Liao H, Liu X, Zhou P, Zhi C, Christopher R, Zhou
S (2018) The distinctive microbial community improves com-
posting efficiency in a full-scale hyperthermophilic composting
plant. Bioresour Technol 265:146-154. https://doi.org/10.1016/j.
biortech.2018.06.011

Nguyen TB, Shima K (2019) Composting of sewage sludge
with a simple aeration method and its utilization as a soil ferti-
lizer. Environ Manage 63(4):455—465. https://doi.org/10.1007/
$00267-017-0963-8

Rich N, Bharti A (2015) Assessment of different types of in-ves-
sel composters and its effect on stabilization of MSW compost.
Int Res J Eng Techno (IRJET) 02(03):37-42

Miyatake F, Iwabuchi K (2005) Effect of high compost tempera-
ture on enzymatic activity and species diversity of culturable bac-
teria in cattle manure compost. Bioresour Technol 96(16):1821—
1825. https://doi.org/10.1016/j.biortech.2005.01.005

Oshima T, Moriya T (2008) A preliminary analysis of microbial
and biochemical properties of high-temperature compost. Ann
N'Y Acad Sci 1125(1):338-344. https://doi.org/10.1196/annals.
1419.012


https://doi.org/10.1016/j.biortech.2019.122506
https://doi.org/10.1016/j.biortech.2019.122506
https://doi.org/10.13789/j.cnki.wwe1964.2018.0029
https://doi.org/10.13789/j.cnki.wwe1964.2018.0029
https://doi.org/10.1016/j.biortech.2019.122379
https://doi.org/10.1016/j.biortech.2019.122379
https://doi.org/10.1007/s12155-019-9961-4
https://doi.org/10.1007/s12155-019-9961-4
https://doi.org/10.1007/s12155-019-10061-2
https://doi.org/10.1007/s12155-019-10061-2
https://doi.org/10.1007/s12155-016-9727-1
https://doi.org/10.1007/s12155-016-9727-1
https://doi.org/10.1016/j.wasman.2018.06.056
https://doi.org/10.1016/j.wasman.2018.06.056
https://doi.org/10.1016/j.wasman.2018.07.042
https://doi.org/10.1016/j.wasman.2018.07.042
https://doi.org/10.1007/s10163-018-0763-0
https://doi.org/10.1007/s10163-018-0763-0
https://doi.org/10.1016/j.biortech.2018.01.015
https://doi.org/10.1016/j.biortech.2016.01.004
https://doi.org/10.1016/j.biortech.2016.01.004
https://doi.org/10.1016/j.biortech.2015.11.016
https://doi.org/10.1016/j.biortech.2015.11.016
https://doi.org/10.1080/09593330.2014.998716
https://doi.org/10.1007/s12155-016-9729-z
https://doi.org/10.1007/s12155-016-9729-z
https://doi.org/10.12911/22998993/99787
https://doi.org/10.1016/j.jenvman.2016.12.051
https://doi.org/10.1016/j.jenvman.2016.12.051
https://doi.org/10.1016/j.chemosphere.2013.06.064
https://doi.org/10.1016/j.biortech.2007.11.030
https://doi.org/10.1016/j.jes.2015.03.020
https://doi.org/10.1016/j.jenvman.2015.06.021
https://doi.org/10.1016/j.jenvman.2015.06.021
https://doi.org/10.1016/j.envres.2018.09.001
https://doi.org/10.1016/j.scitotenv.2019.07.239
https://doi.org/10.1016/j.envres.2019.108624
https://doi.org/10.1016/j.wasman.2019.12.053
https://doi.org/10.1016/j.wasman.2005.03.012
https://doi.org/10.1016/j.wasman.2005.03.012
https://doi.org/10.1016/j.biortech.2018.06.011
https://doi.org/10.1016/j.biortech.2018.06.011
https://doi.org/10.1007/s00267-017-0963-8
https://doi.org/10.1007/s00267-017-0963-8
https://doi.org/10.1016/j.biortech.2005.01.005
https://doi.org/10.1196/annals.1419.012
https://doi.org/10.1196/annals.1419.012

BioEnergy Research (2022) 15:962-976

973

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Moriya T, Hikota T, Yumoto I, Ito T, Terui Y, Yamagishi A,
Oshima T (2011) Calditerricola satsumensis gen. nov., sp. nov.
and Calditerricola yamamurae sp. nov., extreme thermophiles
isolated from a high-temperature compost. Int J Syst Evol Micr
61(3):631-636. https://doi.org/10.1099/ijs.0.018416-0
Trautmann N, Krasny M (1998) Composting in the classroom:
Scientific Inquiry for high school students. Kendall/Hunt Pub-
lishing Company, pp. 6

Liao H, Lu X, Rensing C, Friman VP, Geisen S, Chen Z, Yu
Z, Wei Z, Zhou S, Zhu Y (2017) Hyperthermophilic compost-
ing accelerates the removal of antibiotic resistance genes and
mobile genetic elements in sewage sludge. Environ Sci Technol
52(1):266-276. https://doi.org/10.1021/acs.est.7b04483

Cheng Y, Inamori R, Ruike K, Inamori Y, Zhang Z (2018) Opti-
mum dosage of hyper-thermophilic aerobic compost (HTAC)
produced from sewage sludge for rice yield. Int J Biol 10(3):27.
https://doi.org/10.5539/ijb.v10n3p27

Moreno J (2015) Dynamics of bacterial microbiota during ligno-
cellulosic waste composting: studies upon its structure, function-
ality and biodiversity. Bioresour Technol 175:406—416. https://
doi.org/10.1016/j.biortech.2014.10.123

Zeng GM, Hong LH, Dan LH, Xing ZY, Rong QJ, Man Y, Hong
YY, Jia CZ, Ren YW, Xiao LL (2009) Effect of inoculating
white-rot fungus during different phases on the compost maturity
of agricultural wastes. Process Biochem 44(4):396—400. https://
doi.org/10.1016/j.procbio.2008.11.012

Long YY, Fang Y, Zhang C, Du Y, Shentu J, Shen DS (2015)
Degradation of polychlorinated biphenyls by sequential anaero-
bic—aerobic composting. Water Air Soil Poll 226(3):44. https://
doi.org/10.1007/s11270-015-2333-6

Xiao Y, Zeng GM, Yang ZH, Ma YH, Huang C, Shi W], Xu ZY,
Huang J, Fan CZ (2011) Effects of continuous thermophilic com-
posting (CTC) on bacterial community in the active composting
process. Microb Ecol 62(3):599-608. https://doi.org/10.1007/
s00248-011-9882-z

Kulikowska D (2016) Kinetics of organic matter removal and
humification progress during sewage sludge composting. Waste
Manage 49:196-203. https://doi.org/10.1016/j.wasman.2016.01.
005

Bialobrzewski I, Miks-Krajnik M, Dach J, Markowski M, Cze-
kala W, Gluchowska K (2015) Model of the sewage sludge-straw
composting process integrating different heat generation capaci-
ties of mesophilic and thermophilic microorganisms. Waste Man-
age 43:72-83. https://doi.org/10.1016/j.wasman.2015.05.036
Meng L, Li W, Zhang S, Wu C, Lv L (2016) Feasibility of co-
composting of sewage sludge, spent mushroom substrate and
wheat straw. Bioresour Technol 226:39-45. https://doi.org/10.
1016/j.biortech.2016.11.054

Bialobrzewski I, Miks-Krajnik M, Dach J, Markowski M, Cze-
kala W, Gluchowska K (2015) Model of the sewage sludge-
straw composting process integrating different heat generation
capacities of mesophilic and thermophilic microorganisms.
Waste Manage 43:72-83. https://doi.org/10.1016/j.wasman.
2015.05.036

Wang C, Dong D, Strong PJ, Zhu W, Ma Z, Qin Y, Wu W (2017)
Microbial phylogeny determines transcriptional response of
resistome to dynamic composting processes. Microbiome
5(1):103. https://doi.org/10.1186/s40168-017-0324-0

Ishii K, Fukui M, Takii S (2000) Microbial succession dur-
ing a composting process as evaluated by denaturing gradient
gel electrophoresis analysis. J Appl Microbiol 89(5):768-777.
https://doi.org/10.1046/j.1365-2672.2000.01177.x

Fashola M, Ngole-Jeme V, Babalola O (2015) Diversity of aci-
dophilic bacteria and archaea and their roles in bioremediation of
acid mine drainage. Brit Microbiol Res J 8(3):443-456. https://
doi.org/10.9734/BMRJ/2015/14365

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Hashimoto K, Doi T, Okuda T, Nishijima W, Nishimura K
(2015) Function of wood chips for composting of sewage sludge
by thermophilic and aerobic digestion. J Residuals Sci Technol
12(2):53-59. https://doi.org/10.12783/issn.1544-8053/12/2/3
Lieph R, Veloso FA, Holmes DS (2006) Thermophiles like hot
T. Trends Microbiol 14(10):423-426. https://doi.org/10.1016/j.
tim.2006.08.004

Das R, Gerstein M (2000) The stability of thermophilic proteins:
a study based on comprehensive genome comparison. Funct
Integr Genomics 1(1):76-88. https://doi.org/10.1007/51014
20000003

Redman RS, Litvintseva A, Sheehan KB, Henson JM, Rodriguez
R (1999) Fungi from geothermal soils in Yellowstone National
Park. Appl Environ Microbiol 65(12):5193. https://doi.org/10.
1089/01i.1.1999.9.549

Qian X, Sun W, Gu J, Wang XJ, Zhang YJ, Duan ML, Li HC,
Zhang RR (2016) Reducing antibiotic resistance genes, inte-
grons, and pathogens in dairy manure by continuous thermo-
philic composting. Bioresour Technol 220:425-432. https://doi.
org/10.1016/j.biortech.2016.08.101

Kinet RDJ, Hiligsmann S, Thonart P, Delhalle L, Taminiau B,
Daube G, Delvigne F (2015) Thermophilic and cellulolytic con-
sortium isolated from composting plants improves anaerobic
digestion of cellulosic biomass: Toward a microbial resource
management approach. Bioresour Technol 189:138-144. https://
doi.org/10.1016/j.biortech.2015.04.010

Bhatia S, Sharma DK (2012) Thermophilic desulfurization of
dibenzothiophene and different petroleum oils by Klebsiella sp.
13T. Environ Sci Poll Res 19(8):3491-3497. https://doi.org/10.
1007/s11356-012-0884-2

Zhao Z, Selvam A, Wong WC (2011) Synergistic effect of ther-
mophilic temperature and biosurfactant produced by Acinetobac-
ter calcoaceticus BUO3 on the biodegradation of phenanthrene
in bioslurry system. J Hazard Mater 190 (1-3):345-350. https://
doi.org/10.1016/j.jhazmat.2011.03.042

Zhao Z, Wong JW-C (2010) Rapid biodegradation of benzol[a]
pyrene by Bacillus subtilis BUM under thermophilic condition.
Environ Eng Sci 27(11):939-945. https://doi.org/10.1089/ees.
2010.0101

Deive FJ, Dominguez A, Barrio T, Moscoso F, Moran P, Longo
MA, Sanroman MA (2010) Decolorization of dye Reactive Black
5 by newly isolated thermophilic microorganisms from geother-
mal sites in Galicia (Spain). J Hazard Mater 182 (1-3):735-742.
https://doi.org/10.1016/j.jhazmat.2010.06.096

Yuan J, Chadwick D, Zhang D, Li G, Chen S, Luo W, Du L, He
S, Peng S (2016) Effects of aeration rate on maturity and gase-
ous emissions during sewage sludge composting. Waste Manage
56:403-410. https://doi.org/10.1016/j.wasman.2016.07.017

Xu Z, Zhang X, Zhou J, Xiang L (2018) Technical review of
dewatering process for excess sludge of municipal sewage plant.
Water Purif Technol 37(2):38-44. https://doi.org/10.15890/j.
cnki.jsjs.2018.02.007

LiYY,Jin YY, Li H, Nie YF (2010) Effects and kinetics model of
combined alkaline and thermal sludge treatment. China Environ
Sci 30(9):1230-1234. https://doi.org/10.3724/SP.J.1088.2010.
00432

Yan M, Prabowo BY, He L, Fang ZM, Xu ZG, Hu YJ (2017)
Effect of inorganic coagulant addition under hydrothermal
treatment on the dewatering performance of excess sludge with
various dewatering conditions. J] Mater Cycles Waste Manage
19(3):1279-1287. https://doi.org/10.1007/s10163-016-0522-z
Yu J, Guo M, Xu X, Guan B (2014) The role of temperature
and CaCl, in activated sludge dewatering under hydrothermal
treatment. Water Res 50:10-17. https://doi.org/10.1016/j.watres.
2013.11.034

@ Springer


https://doi.org/10.1099/ijs.0.018416-0
https://doi.org/10.1021/acs.est.7b04483
https://doi.org/10.5539/ijb.v10n3p27
https://doi.org/10.1016/j.biortech.2014.10.123
https://doi.org/10.1016/j.biortech.2014.10.123
https://doi.org/10.1016/j.procbio.2008.11.012
https://doi.org/10.1016/j.procbio.2008.11.012
https://doi.org/10.1007/s11270-015-2333-6
https://doi.org/10.1007/s11270-015-2333-6
https://doi.org/10.1007/s00248-011-9882-z
https://doi.org/10.1007/s00248-011-9882-z
https://doi.org/10.1016/j.wasman.2016.01.005
https://doi.org/10.1016/j.wasman.2016.01.005
https://doi.org/10.1016/j.wasman.2015.05.036
https://doi.org/10.1016/j.biortech.2016.11.054
https://doi.org/10.1016/j.biortech.2016.11.054
https://doi.org/10.1016/j.wasman.2015.05.036
https://doi.org/10.1016/j.wasman.2015.05.036
https://doi.org/10.1186/s40168-017-0324-0
https://doi.org/10.1046/j.1365-2672.2000.01177.x
https://doi.org/10.9734/BMRJ/2015/14365
https://doi.org/10.9734/BMRJ/2015/14365
https://doi.org/10.12783/issn.1544-8053/12/2/3
https://doi.org/10.1016/j.tim.2006.08.004
https://doi.org/10.1016/j.tim.2006.08.004
https://doi.org/10.1007/s101420000003
https://doi.org/10.1007/s101420000003
https://doi.org/10.1089/oli.1.1999.9.549
https://doi.org/10.1089/oli.1.1999.9.549
https://doi.org/10.1016/j.biortech.2016.08.101
https://doi.org/10.1016/j.biortech.2016.08.101
https://doi.org/10.1016/j.biortech.2015.04.010
https://doi.org/10.1016/j.biortech.2015.04.010
https://doi.org/10.1007/s11356-012-0884-2
https://doi.org/10.1007/s11356-012-0884-2
https://doi.org/10.1016/j.jhazmat.2011.03.042
https://doi.org/10.1016/j.jhazmat.2011.03.042
https://doi.org/10.1089/ees.2010.0101
https://doi.org/10.1089/ees.2010.0101
https://doi.org/10.1016/j.jhazmat.2010.06.096
https://doi.org/10.1016/j.wasman.2016.07.017
https://doi.org/10.15890/j.cnki.jsjs.2018.02.007
https://doi.org/10.15890/j.cnki.jsjs.2018.02.007
https://doi.org/10.3724/SP.J.1088.2010.00432
https://doi.org/10.3724/SP.J.1088.2010.00432
https://doi.org/10.1007/s10163-016-0522-z
https://doi.org/10.1016/j.watres.2013.11.034
https://doi.org/10.1016/j.watres.2013.11.034

974

BioEnergy Research (2022) 15:962-976

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

Yan L, Fang HHP (2003) Influences of extracellular polymeric
substances (EPS) on flocculation, settling and dewatering of
activated sludge. Crit Rev Environ Sci Technol 33(3):237-273.
https://doi.org/10.1080/10643380390814479

Ma W, Zhao L, Liu H, Liu Q, MaJ (2017) Improvement of sludge
dewaterability with modified cinder via affecting EPS. Front Env
Sci Eng 11(6):19. https://doi.org/10.1007/s11783-017-0967-x
Xin F, Deng J, Lei H, Tao B, Fan Q, Li Z (2009) Dewaterability
of waste activated sludge with ultrasound conditioning. Biore-
sour Technol 100(3):1074-1081. https://doi.org/10.1016/j.biort
ech.2008.07.055

Li XY, Yang SF (2007) Influence of loosely bound extracellular
polymeric substances (EPS) on the flocculation, sedimentation
and dewaterability of activated sludge. Water Res 41(5):1022—
1030. https://doi.org/10.1016/j.watres.2006.06.037

Geyik AG, Cecen F (2014) Production of protein- and carbo-
hydrate-EPS in activated sludge reactors operated at different
carbon to nitrogen ratios, J. Chem. Technol. Biotechnol 91(2):
522-531. https://doi.org/10.1002/jctb.4608

Mikkelsen LH, Keiding K (2002) Physico-chemical character-
istics of full scale sewage sludges with implications to dewa-
tering. Water Res 36(10):2451-2462. https://doi.org/10.1016/
s0043-1354(01)00477-8

Wang L, Li A (2015) Hydrothermal treatment coupled with
mechanical expression at increased temperature for excess sludge
dewatering: The dewatering performance and the characteristics
of products. Water Res 68:291-303. https://doi.org/10.1016/j.
watres.2014.10.016

Wang W, Liu W, Wang L (2015) Characteristics research on sew-
age sludge under thin-layered hot-press treatment. Desalin Water
Treat 57(44):1-7. https://doi.org/10.1080/19443994.2015.11105
38

Bohacz J (2018) Microbial strategies and biochemical activ-
ity during lignocellulosic waste composting in relation to the
occurring biothermal phases. J Environ Manage 206:1052—
1062. https://doi.org/10.1016/j.jenvman.2017.11.077

Komilis DP (2006) A kinetic analysis of solid waste composting
at optimal conditions. Waste Manag 26(1):82-91. https://doi.org/
10.1016/j.wasman.2004.12.021

Bari QH, Koenig A, Tao G (2000) Kinetic analysis of forced
aeration composting- I. Reaction rates and temperature. Waste
Manage Res 18(4):303-312. https://doi.org/10.1177/07342
42X0001800402

He F, Yu R, Zhang Y, Zhu J, Sun P (2015) Effects of ash form-
ing temperature on water-soluble fraction of biomass ash and
it’s elements. T Chinese Soc Agric Engin (TCSAE) 31(8):227—
232. https://doi.org/10.3969/j.issn.1002-6819.2015.08.033
Reinscheid UM, Bauer MP, Miiller R (1996) Biotransformation
of halophenols by a thermophilic Bacillus sp. Biodegradation
7(6):455-461. https://doi.org/10.1007/BF00115292

Gao X, Tan W, Zhao Y, Wu J, Sun Q, Qi H, Xie X, Wei Z
(2019) Diversity in the mechanisms of humin formation dur-
ing composting with different materials. Environ Sci Technol
53(7):3653-3662. https://doi.org/10.1021/acs.est.8b06401

Li S, Li D, Li J, Li G, Zhang B (2017) Evaluation of humic
substances during co-composting of sewage sludge and
corn stalk under different aeration rates. Bioresour Technol
245:1299-1302. https://doi.org/10.1016/j.biortech.2017.08.
177

Cai Y, He Y, He K, Gao H, Ren M, Qu G (2019) Degrada-
tion mechanism of lignocellulose in dairy cattle manure with
the addition of calcium oxide and superphosphate. Environ
Sci Poll Res 26(32):33683-33693. https://doi.org/10.1007/
s11356-019-06444-9

Wu X, Wei Y, Zheng J, Zhao X, Zhong W (2011) The behav-
ior of tetracyclines and their degradation products during

@ Springer

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

swine manure composting. Bioresour Technol 102(10):5924—
5931. https://doi.org/10.1016/j.biortech.2011.03.007

Lin H, Zhang J, Chen H, Wang J, Sun W, Zhang X, Yang Y,
Wang Q, Ma J (2017) Effect of temperature on sulfonamide
antibiotics degradation, and on antibiotic resistance determi-
nants and hosts in animal manures. Sci Total Environ 607-
608:725-732. https://doi.org/10.1016/j.scitotenv.2017.07.057
Liao H, Zhao Q, Cui P, Chen Z, Yu Z, Geisen S, Friman V-P,
Zhou S (2019) Efficient reduction of antibiotic residues and
associated resistance genes in tylosin antibiotic fermenta-
tion waste using hyperthermophilic composting. Environ Int
133:105203. https://doi.org/10.1016/j.envint.2019.105203
Tang J, Zhuang L, Yu Z, Liu X, Wang Y, Wen P, Zhou S (2019)
Insight into complexation of Cu(II) to hyperthermophilic com-
post-derived humic acids by EEM-PARAFAC combined with
heterospectral two dimensional correlation analyses. Sci Total
Environ 656:29-38. https://doi.org/10.1016/j.scitotenv.2018.
11.357

Biumchen C, Arnd K, Bernward H, Juri S, Bernd M, Carsten
D, Ghassem A, Jochen B (2007) Effect of elevated dissolved
carbon dioxide concentrations on growth of Corynebacte-
rium glutamicum on d-glucose and 1-lactate. J Biotechnol
128(4):868-874. https://doi.org/10.1016/j.jbiotec.2007.01.001
Sauid SM, Murthy VVPS (2010) Effect of palm oil on oxygen
transfer in a stirred tank bioreactor. J Appl Sci 10 (21):2745—
2747. https://doi.org/10.3923/jas.2010.2745.2747

Zhang J, Zhao Y (2012) Kinetic analysis of sludge compost-
ing and engineering inspiration. China Water Wastewater 28
(4):6-10. https://doi.org/10.3969/j.issn.1000-4602.2012.04.
002

Awasthi MK, Li J, Kumar S, Awasthi SK, Wang Q, Chen H,
Wang M, Ren X, Zhang Z (2017) Effects of biochar amend-
ment on bacterial and fungal diversity for co-composting of
gelatin industry sludge mixed with organic fraction of munici-
pal solid waste. Bioresour Technol 246:214-223. https://doi.
org/10.1016/j.biortech.2017.07.068

Tortosa G, Castellano-Hinojosa A, Correa-Galeote D, Bedmar
EJ (2017) Evolution of bacterial diversity during two-phase
olive mill waste (“alperujo”) composting by 16S rRNA gene
pyrosequencing. Bioresour Technol 224:101-111. https://doi.
org/10.1016/j.biortech.2016.11.098

Fang Y, Jia X, Chen L, Lin C, Chen J (2019) Effect of ther-
motolerant bacterial inoculation on the microbial community
during sludge composting. Can J Microbiol 65(2). https://doi.
org/10.1139/cjm-2019-010

Sebdk F, Dobolyi C, Bobvos J, Szoboszlay S, Kriszt B, Magyar
D (2016) Thermophilic fungi in air samples in surroundings
of compost piles of municipal, agricultural and horticultural
origin. Aerobiologia 32(2):255-263. https://doi.org/10.1007/
$10453-015-9396-0

Wang K, Yin X, Mao H, Chu C, Tian Y (2018) Changes in
structure and function of fungal community in cow manure
composting. Bioresour Technol 255:123-130. https://doi.org/
10.1016/j.biortech.2018.01.064

Hansgate AM, Schloss PD, Hay AG, Walker LP (2005) Molecu-
lar characterization of fungal community dynamics in the initial
stages of composting. FEMS Microbiol Ecol 51 (2):209-214.
https://doi.org/10.1016/j.femsec.2004.08.009

Han Z, Sun D, Wang H, Li R, Bao Z, Qi F (2018) Effects of
ambient temperature and aeration frequency on emissions of
ammonia and greenhouse gases from a sewage sludge aerobic
composting plant. Bioresour Technol 270:457-466. https://doi.
org/10.1016/j.biortech.2018.09.048

Koyama M, Nagao N, Syukri F, Rahim AA, Kamarudin MS,
Toda T, Mitsuhashi T, Nakasaki K (2018) Effect of tempera-
ture on thermophilic composting of aquaculture sludge: NH3


https://doi.org/10.1080/10643380390814479
https://doi.org/10.1007/s11783-017-0967-x
https://doi.org/10.1016/j.biortech.2008.07.055
https://doi.org/10.1016/j.biortech.2008.07.055
https://doi.org/10.1016/j.watres.2006.06.037
https://doi.org/10.1002/jctb.4608
https://doi.org/10.1016/s0043-1354(01)00477-8
https://doi.org/10.1016/s0043-1354(01)00477-8
https://doi.org/10.1016/j.watres.2014.10.016
https://doi.org/10.1016/j.watres.2014.10.016
https://doi.org/10.1080/19443994.2015.1110538
https://doi.org/10.1080/19443994.2015.1110538
https://doi.org/10.1016/j.jenvman.2017.11.077
https://doi.org/10.1016/j.wasman.2004.12.021
https://doi.org/10.1016/j.wasman.2004.12.021
https://doi.org/10.1177/0734242X0001800402
https://doi.org/10.1177/0734242X0001800402
https://doi.org/10.3969/j.issn.1002-6819.2015.08.033
https://doi.org/10.1007/BF00115292
https://doi.org/10.1021/acs.est.8b06401
https://doi.org/10.1016/j.biortech.2017.08.177
https://doi.org/10.1016/j.biortech.2017.08.177
https://doi.org/10.1007/s11356-019-06444-9
https://doi.org/10.1007/s11356-019-06444-9
https://doi.org/10.1016/j.biortech.2011.03.007
https://doi.org/10.1016/j.scitotenv.2017.07.057
https://doi.org/10.1016/j.envint.2019.105203
https://doi.org/10.1016/j.scitotenv.2018.11.357
https://doi.org/10.1016/j.scitotenv.2018.11.357
https://doi.org/10.1016/j.jbiotec.2007.01.001
https://doi.org/10.3923/jas.2010.2745.2747
https://doi.org/10.3969/j.issn.1000-4602.2012.04.002
https://doi.org/10.3969/j.issn.1000-4602.2012.04.002
https://doi.org/10.1016/j.biortech.2017.07.068
https://doi.org/10.1016/j.biortech.2017.07.068
https://doi.org/10.1016/j.biortech.2016.11.098
https://doi.org/10.1016/j.biortech.2016.11.098
https://doi.org/10.1139/cjm-2019-010
https://doi.org/10.1139/cjm-2019-010
https://doi.org/10.1007/s10453-015-9396-0
https://doi.org/10.1007/s10453-015-9396-0
https://doi.org/10.1016/j.biortech.2018.01.064
https://doi.org/10.1016/j.biortech.2018.01.064
https://doi.org/10.1016/j.femsec.2004.08.009
https://doi.org/10.1016/j.biortech.2018.09.048
https://doi.org/10.1016/j.biortech.2018.09.048

BioEnergy Research (2022) 15:962-976

975

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

recovery, nitrogen mass balance, and microbial community
dynamics. Bioresour Technol 265:207-213. https://doi.org/10.
1016/j.biortech.2018.05.109

Vaz-Moreira I, Lopes AR, Falsen E, Schumann P, Nunes OC,
Manaia CM (2008) Microbacterium luticocti sp. nov., isolated
from sewage sludge compost. nt J Syst Evol Micr 58(7):1700—
1704. https://doi.org/10.1099/ijs.0.65494-0

Vaz-Moreira I, Figueira V, Lopes AR, Brandt ED, Manaia CM
(2010) Candidimonas nitroreducens gen. nov., sp. nov. and Can-
didimonas humi sp. nov., isolated from sewage sludge compost.
Int J Syst Evol Microbiol 61(Pt 9):2238-2246. https://doi.org/10.
1099/ijs.0.021188-0

Vaz-Mireura I, Mobre MF, Ferreira ACS, Schumann P, Nunes
OC, Manaia CM (2008) Humibacter albus gen. nov., sp. nov.,
isolated from sewage sludge compost. Int J Syst Evol Micr 58(Pt
4):1014-1018. https://doi.org/10.1099/ijs.0.65266-0
Rodriguez-Diaz M, Cerrone F, Sanchez-Peinado M, Santacruz-
Calvo L, Pozo C, Lopez JG (2014) Massilia umbonata sp. nov.,
able to accumulate poly-f-hydroxybutyrate, isolated from a sew-
age sludge compost-soil microcosm. Int J Syst Evol Micr 64(Pt
1):131-137. https://doi.org/10.1099/ijs.0.049874-0

Siléniz M-Id, Balsalobre L, Alba C, Maria-José V, Peinado JM
(2002) Feasibility of copper uptake by the yeast Pichia guillier-
mondii isolated from sewage sludge. Res Microbiol 153(3):0-
180. https://doi.org/10.1016/S0923-2508(02)01303-7

Sakai M, Deguchi D, Hosoda A, Kawauchi T, Ikenaga M (2015)
Ammoniibacillus agariperforans gen. nov., sp. nov., a thermo-
philic, agar-degrading bacterium isolated from compost. Int J
Syst Evol Micr 65(Pt 2):570-577. https://doi.org/10.1099/ijs.0.
067843-0

Combet-Blanc Y, Ollivier B, Streicher C, Patel BKC, Dwivedi
PP, Pot B, Prensier G, Garcia JL (1995) Bacillus thermoamylo-
vorans sp. nov., a moderately thermophilic and amylolytic bac-
terium. Int J Syst Bacteriol 45(1):9-16. https://doi.org/10.1099/
00207713-45-1-9

Shimaya C, Hashimoto T (2011) Isolation and characterization
of novel thermophilic nitrifying Bacillus sp. from compost. Soil
Sci Plant Nut 57(1):150-156. https://doi.org/10.1080/00380768.
2010.548312

Hartman PA, Ralph Wellerson J, Tetrault PA (1955) Bacillus
stearothermophilus. Appl Microbiol 3(1):124-129. https://doi.
org/10.1016/S0769-2609(86)80099-0

Rees DC, Adams MW (1995) Hyperthermophiles: Taking the
heat and loving it. Structure 3 (3):251-254. https://doi.org/10.
1016/S0969-2126(01)00155-1

Hartman PA, Ralph Wellerson J, Tetrault PA (1955) Bacillus
stearothermophilus. Appl Microbiol 3 (1):124-129. https://doi.
org/10.1016/S0769-2609(86)80099-0

Céceres R, Magri A, Marfa O (2015) Nitrification of leachates
from manure composting under field conditions and their use in
horticulture. Waste Manage 44:72-81. https://doi.org/10.1016/].
wasman.2015.07.039

Nakhshiniev B, Perera C, Biddinika MK, Gonzales HB, Sumida
H, Yoshikawa K (2014) Reducing ammonia volatilization during
composting of organic waste through addition of hydrothermally
treated lignocellulose. Int Biodeterior Biodegrad 96:58-62.
https://doi.org/10.1016/j.ibiod.2014.08.011

Wang X, Pan S, Zhang Z, Lin X, Zhang Y, Chen S (2017) Effects
of the feeding ratio of food waste on fed-batch aerobic compost-
ing and its microbial community. Bioresour Technol 224:397-
404. https://doi.org/10.1016/j.biortech.2016.11.076

Courtens ENP, Spieck E, Vilchez-Vargas R, Bodé S, Boeckx
P, Schouten S, Jauregui R, Pieper DH, Vlaeminck SE, Boon N
(2016) A robust nitrifying community in a bioreactor at 50 °C
opens up the path for thermophilic nitrogen removal. ISME J
10(9):2293-2303. https://doi.org/10.1038/ismej.2016.8

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

XuX,LiuX,LiY,RanY, LiuY, Zhang Q,LiZ, He Y, Xu J, Di
H (2017) High temperatures inhibited the growth of soil bacteria
and archaea but not that of fungi and altered nitrous oxide pro-
duction mechanisms from different nitrogen sources in an acidic
soil. Soil Biol Biochem 107:168-179. https://doi.org/10.1016/].
50ilbi0.2017.01.003

Stetter KO (2013) A brief history of the discovery of hyperther-
mophilic life. Biochem Soc Trans 41:416-420. https://doi.org/10.
1042/BST20120284

Huang YLD, Shah GM, Chen W, Wang W, Xu Y, Huang H
(2019) Hyperthermophilic pretreatment composting significantly
accelerates humic substances formation by regulating precursors
production and microbial communities. Waste Manage 92:89-96.
https://doi.org/10.1016/j.wasman.2019.05.021

Cui P, Chen Z, Zhao Q, Yu Z, Yi Z, Liao H, Zhou S (2018)
Hyperthermophilic composting significantly decreases N20
emissions by regulating N2O-related functional genes. Bioresour
Technol 272. https://doi.org/10.1016/j.biortech.2018.10.044
Volkl P, Huber R, Drobner E, Rachel R, Burggraf S, Trincone
A, Stetter KO (1993) Pyrobaculum aerophilum sp. nov., a novel
nitrate-reducing hyperthermophilic archaeum. Appl Environ
Microbiol 59(9):2918. https://doi.org/10.1002/bit.260420616
Huber R, Kurr M, Jannasch HW, Stetter KO (1989) A novel
group of abyssal methanogenic archaebacteria (Methanopyrus)
growing at 110 °C. Nature 342(6251):833-834. https://doi.org/
10.1038/342833a0

Hartman PA, Ralph Wellerson J, Tetrault PA (1955) Bacillus
stearothermophilus. Appl Microbiol 3(1):124—129. https://doi.
org/10.1016/S0769-2609(86)80099-0

Bustard MT, Burgess JG, Meeyoo V, Wright PC (2000) Novel
opportunities for marine hyperthermophiles in emerging bio-
technology and engineering industries. J Chem Technol Biot
75(12):1095-11009. https://doi.org/10.1002/1097-4660(200012)
75:123.0.CO;2-3

Sakuraba H, Goda S, Ohshima T (2010) Unique sugar metabo-
lism and novel enzymes of hyperthermophilic archaeca. Chem
Rec 3(5):281-287. https://doi.org/10.1002/tcr.10066

Segerer AH, Trincone A, Gahrtz M (1991) Stygiolobus azori-
cus gen. nov. sp. nov. represents a novel genus of anaerobic,
extremely thermoacidophilic archaebacteria of the order sul-
folobales. Int J Syst Bacteriol 41(4):495-501. https://doi.org/
10.1099/00207713-41-4-495

Nakagawa S, Takai K, Horikoshi K, Sako Y (2004) Aeropyrum
camini sp. nov., a strictly aerobic, hyperthermophilic archaecon
from a deep-sea hydrothermal vent chimney. Int J Syst Evol Micr
54(Pt 2):329-335. https://doi.org/10.1099/ijs.0.02826-0
Vieille C, Zeikus GJ (2001) Hyperthermophilic enzymes:
sources, uses, and molecular mechanisms for thermostability.
Microbiol Mol Biol Rev 65(1):1-43. https://doi.org/10.1128/
MMBR.65.1.1-43.2001

Rees DC, Adams MW (1995) Hyperthermophiles: Taking the
heat and loving it. Structure 3(3):251-254. https://doi.org/10.
1016/S0969-2126(01)00155-1

Atomi H, Sato T, Kanai T (2011) Application of hyperthermo-
philes and their enzymes. Curr Opin Biotechnol 22(5):618-626.
https://doi.org/10.1016/j.copbio.2011.06.010

Wu J, Zhao Y, Qi H, Zhao X, Yang T, Du Y, Zhang H, Wei Z
(2017) Identifying the key factors that affect the formation of
humic substance during different materials composting. Biore-
sour Technol 244:1193-1196. https://doi.org/10.1016/].biortech.
2017.08.100

Sevik F, Tosun I, Ekinci K (2018) The effect of FAS and C/N
ratios on co-composting of sewage sludge, dairy manure and
tomato stalks. Waste Manag 80:450-456. https://doi.org/10.
1016/j.wasman.2018.07.051

@ Springer


https://doi.org/10.1016/j.biortech.2018.05.109
https://doi.org/10.1016/j.biortech.2018.05.109
https://doi.org/10.1099/ijs.0.65494-0
https://doi.org/10.1099/ijs.0.021188-0
https://doi.org/10.1099/ijs.0.021188-0
https://doi.org/10.1099/ijs.0.65266-0
https://doi.org/10.1099/ijs.0.049874-0
https://doi.org/10.1016/S0923-2508(02)01303-7
https://doi.org/10.1099/ijs.0.067843-0
https://doi.org/10.1099/ijs.0.067843-0
https://doi.org/10.1099/00207713-45-1-9
https://doi.org/10.1099/00207713-45-1-9
https://doi.org/10.1080/00380768.2010.548312
https://doi.org/10.1080/00380768.2010.548312
https://doi.org/10.1016/S0769-2609(86)80099-0
https://doi.org/10.1016/S0769-2609(86)80099-0
https://doi.org/10.1016/S0969-2126(01)00155-1
https://doi.org/10.1016/S0969-2126(01)00155-1
https://doi.org/10.1016/S0769-2609(86)80099-0
https://doi.org/10.1016/S0769-2609(86)80099-0
https://doi.org/10.1016/j.wasman.2015.07.039
https://doi.org/10.1016/j.wasman.2015.07.039
https://doi.org/10.1016/j.ibiod.2014.08.011
https://doi.org/10.1016/j.biortech.2016.11.076
https://doi.org/10.1038/ismej.2016.8
https://doi.org/10.1016/j.soilbio.2017.01.003
https://doi.org/10.1016/j.soilbio.2017.01.003
https://doi.org/10.1042/BST20120284
https://doi.org/10.1042/BST20120284
https://doi.org/10.1016/j.wasman.2019.05.021
https://doi.org/10.1016/j.biortech.2018.10.044
https://doi.org/10.1002/bit.260420616
https://doi.org/10.1038/342833a0
https://doi.org/10.1038/342833a0
https://doi.org/10.1016/S0769-2609(86)80099-0
https://doi.org/10.1016/S0769-2609(86)80099-0
https://doi.org/10.1002/1097-4660(200012)75:123.0.CO;2-3
https://doi.org/10.1002/1097-4660(200012)75:123.0.CO;2-3
https://doi.org/10.1002/tcr.10066
https://doi.org/10.1099/00207713-41-4-495
https://doi.org/10.1099/00207713-41-4-495
https://doi.org/10.1099/ijs.0.02826-0
https://doi.org/10.1128/MMBR.65.1.1-43.2001
https://doi.org/10.1128/MMBR.65.1.1-43.2001
https://doi.org/10.1016/S0969-2126(01)00155-1
https://doi.org/10.1016/S0969-2126(01)00155-1
https://doi.org/10.1016/j.copbio.2011.06.010
https://doi.org/10.1016/j.biortech.2017.08.100
https://doi.org/10.1016/j.biortech.2017.08.100
https://doi.org/10.1016/j.wasman.2018.07.051
https://doi.org/10.1016/j.wasman.2018.07.051

976

BioEnergy Research (2022) 15:962-976

123.

124.

125.

Yanagi Y, Shindo H (2016) Assessment of long-term compost
application on physical, chemical, and biological properties, as
well as fertility, of soil in a field subjected to double cropping.
Agr Sci 07(1):30-43. https://doi.org/10.4236/as.2016.71004
Antizar-Ladislao B, Turrion-Gomez JL (2008) Second-genera-
tion biofuels and local bioenergy systems. Biofuel Bioprod Bior
2(5):455-4609. https://doi.org/10.1002/bbb.97

Irvine G, Lamont ER, Antizar-Ladislao B. (2010) Energy from
waste: Reuse of compost heat as a source of renewable energy.
Int J Chem Eng (3):1-10. https://doi.org/10.1155/2010/627930

@ Springer

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.4236/as.2016.71004
https://doi.org/10.1002/bbb.97
https://doi.org/10.1155/2010/627930

	Role of Temperature in Sludge Composting and Hyperthermophilic Systems: a Review
	Abstract
	Introduction
	Present Status of Sewage Sludge Composting
	Effect of Temperature on Sewage Sludge Composting
	Moisture Content and Dewatering Performance
	Microbial Activity and Organic Matter Degradation
	Oxygen Transfer
	Succession of Microbial Communities
	Nitrogen Loss

	Role of Hyperthermophiles in the Hyperthermophilic Composting System
	Techno-economic Analysis of Hyperthermophilic Composting System
	Prospects of the Hyperthermophilic Composting System
	Conclusions
	Acknowledgments 
	References


