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a b s t r a c t
The activated sludge method is currently the most widely used biological wastewater treatment pro-
cess in the world. It operates stably, the effluent quality is better, and part of the generated sludge 
is effectively disposed of in a concentrated form. However, due to the status quo of emphasizing 
water over sludge and the gradual increase of wastewater treatment rate, residual sludge becomes 
an unavoidable by-product of the treatment process. This by-product not only significantly increases 
the total operating cost of wastewater treatment plants, but also carries a large amount of toxic bio-
chemical residues in the environment. The issue of how to treat and dispose of sludge safely and 
economically has begun to receive attention. The in-situ reduction technology for the simultane-
ous treatment of wastewater and sludge has many advantages over conventional sludge disposal. 
Through the analysis and comparison of various treatment technologies of thermal, chemical, 
mechanical, and other biological processes, their ability to enhance sludge hydrolysis and their 
advantages and disadvantages are summarized.

Keywords: Residual sludge; In-situ reduction; Cytolysis; Uncoupling; Biological predation

1. Introduction

With the acceleration of industrialization and urban-
ization in China, the number and scale of wastewater treat-
ment plants (WWTPs) are increasing. The activated sludge 
method has been widely used to treat domestic and indus-
trial wastewater and plays an irreplaceable role in WWTPs. 
However, due to the proliferation of the scale of WWTPs and 
the increasing tightening of environmental protection poli-
cies, the sludge problem is subsequently becoming increas-
ingly severe. At present, approximately 60 million·tons of 
residual sludge (RS) is produced every year in China, and 
it has been growing [1]. The high RS production and strict 
environmental quality standards have gradually become the 
biggest problems in the operation process, and the operat-
ing costs and environment problems of processing sludge 
are increasing [2,3]. Sludge produced in the wastewater 

treatment process without proper treatment and disposal 
has a complex composition, long-term toxicity, and non-de-
gradability of some pollutants. Its original form contains not 
only water, sediment, and fibrous plant and animal residues, 
but also a large amount of organic matter, heavy metals, 
nitrogen, phosphorus, and many other toxic and harmful 
substances. It emits bad odors and attracts disease-causing 
agents [4]. If the sludge is not adequately treated in time, it 
is easy to cause secondary pollution of water quality, threat-
ening human life and health [5]. Therefore, for the treatment 
of sludge, the principles of reduction, resourcefulness and 
harmlessness should be observed to promote a virtuous 
cycle in the water treatment process.

In recent years, the available sludge disposal meth-
ods are becoming less and less. The traditional end-of-pipe 
urban sludge disposal methods, such as incineration, com-
posting, landfill, and agricultural use, still occupy a dominant 
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position in various countries. Although part of methane gas 
can be recovered from sludge landfill sites, its energy recov-
ery efficiency is lower than municipal solid waste incinera-
tion due to the limited organic content in sludge, and high 
concentration of leachate is produced [6]. Incineration of 
sludge can reduce volume, recover energy, and destroy 
pathogens, but requires high standards of pollution emission 
control [7]. Strict legislation on the presence of heavy met-
als and toxic non-biodegradable organic matter has resulted 
in only a small amount of sludge being used as fertilizer 
in agriculture [8]. Traditional methods are not only costly 
but the valuable phosphate resources in sludge ash are lost 
during the treatment process [9,10], In addition, traditional 
sludge disposal methods produce secondary pollution, such 
as entering the food chain through the media of the atmo-
sphere, soil, surface water, and groundwater, and eventu-
ally entering the human body, endangering human health. 
Furthermore, it faces a series of policy, environmental and 
technical problems.

Therefore, in-situ sludge reduction technology, a method 
to minimize excess sludge from the source, has attracted 
widespread attention in order to reduce the RS production 
generated by the activated sludge method and the subse-
quent transportation and treatment, and disposal costs [11]. 
This is considered a promising and economical method to 
minimize the reduction of sludge content, which can effec-
tively reduce sludge production during wastewater treat-
ment and reduce toxic components in the system [12]. It can 
reduce the dry content of the sludge by affecting the process 
of microbial metabolism, improve the sludge settling prop-
erties, and recover useful energy and components from the 
sludge while controlling the effluent to meet the standards 
[13,14]. It not only reduces the environmental impact and 
economic burden of the sludge treatment process, but also 
does not require extensive modification of the original pro-
cess [15]. In recent years, many scholars have conducted 
research in this field. Based on the mechanisms of stealth 
growth, maintenance metabolism, uncoupling metabo-
lism and microbial predation, various feasible and novel 
in-situ sludge reduction technologies have been developed 
(Fig. 1), and some remarkable results have been achieved.

2. Uncoupling metabolism

Uncoupling metabolism is a decrease in the phosphory-
lation of adenosine diphosphate (ADP) to adenosine triphos-
phate (ATP), leading to an increase in energy differences and 
energy uncoupling between catabolism and anabolism, lim-
iting the energy supply, and releasing the energy produced 
not for cellular synthesis but in other forms. As a result, 
when energy uncoupling occurs, a corresponding decrease 
in biomass growth production and a significant reduction 
in the apparent yield of sludge can be observed [16]. Adding 
chemical uncoupling agents or inducing uncoupling under 
abnormal conditions can be a cost-effective and efficient 
method to reduce the high cost and difficulty of WWTPs 
operation [17].

2.1. Injection of the uncoupling agent

Uncoupling agents function by entering the aqueous 
phase and combining with H+ and destroying the normal 
proton gradient on both sides of the cell membrane. This 
interference inhibits the production of activated sludge, hin-
ders the synthesis of ATP, reduces the total energy of bio-
mass synthesis, and leads to the dissipation of the energy 
produced in the form of heat, thereby reducing sludge 
production [16].

The reduction effect of uncoupling agent is shown in 
Table 1. Yang et al. [17,18] and Ferrer-Polonio et al. [19] 
achieved sludge reduction by adding 3,3’,4’,5-tetrachloro-
salicylanilide (TCS) to the sequencing batch reactor (SBR). 
Compared to the blank group, the dosing group with a TCS 
concentration of 0.8 mg/L can reduce the sludge growth 
rate by 40%. Continuous operation at this dose for a short 
period did not affect the effluent water quality. Thus, TCS 
has been recognizes and utilized as a mild and environ-
mentally benign metabolic uncoupling agent [20]. Fang et 
al. [21] and Wang et al. [22] showed that dosing the system 
with 17–62 mg/L of o-chlorophenol (oCP) leading to a sludge 
reduction rate of 17.4%–56.1%. Metabolic uncoupling, 
changes in electron distribution and cell lysis were the main 
reasons for the decrease in sludge yield after oCP addition. 
The sludge reduction effect brought by the decoupling agent 

 
Fig. 1. Method for in-situ reduction of sludge.
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is closely related to the reagent’s acidity coefficient pKa. In 
generally, decoupling agents with lower acidity coefficients 
have a better reduction effect [17]. Experiments by Feng et 
al. [23] found that mixing and dosing 2,4,5-trichlorophenol 
(TCP) and TCS reagents produced a good coupling effect 
and effectively inhibited sludge growth. Under the experi-
mental conditions of T = 25°C and pH = 7, the optimal result 
was achieved when the uncoupling agent TCS was dosed 
at 0.8 mg/L and TCP at 2.8 mg/L, leading to the reduction 
of activated sludge yield from 0.72 to 0.398. During the 
study, Ma et al. [24] found that combining copper ions and 
uncoupling agents can effectively reduce the sludge yield. 
The results showed that 2,6-dichlorophenol (DCP) had a 
significant synergistic effect with divalent copper. When 
the DCP concentration was 20 mg/L, and Cu2+ concentration 
was 1 mg/L, the chemical oxygen demand (COD) removal 
efficiency decreased by only 7%, while the sludge yield 
was reduced by up to 75%. In addition, the measured aver-
age concentration of DCP in water decreased to 0.28 mg/L, 
which was easier to remove, and the removal rate of Cu2+ 
reached more than 90%.

However, the dosage of an uncoupling agent should be 
reasonably controlled, if the dosage is too high or frequently 
used, microorganisms will have a domestication effect and 
the number and diversity of aquatic communities will be 
changed. Moreover, most of the uncoupling agents are toxic 
and harmful substances, which are costly and difficult to 
degrade, which will cause some side effects. Therefore, 
further research and solution are necessary to address 
these issues.

2.2. High S0/X0

The initial substrate concentration/initial sludge concen-
tration is an essential parameter in sludge culture (S0/X0 is 
COD/biomass). As the S0/X0 ration increase, the growth yield 
decreases significantly, and energy is dissipated to the envi-
ronment in the form of work and heat [26]. To achieve high 
S0/X0 uncoupling, an S0/X0 ratio greater than 8 is required. 
However, the actual S0/X0 values for domestic wastewater 
are 0.01 to 0.13 mg·COD/mg·MLSS. Therefore, the high S0/
X0 conditions differ significantly from the actual treatment 
plant requirements and cannot be applied to the actual pro-
cess due to high loading at present [27].

2.3. Aerobic-sedimentation-anaerobic (OSA) process

The transformation of organisms in aerobic and anaer-
obic environments can contribute to the production of 
uncoupling and consequently to the reduction of sludge 
yield. The OSA process is a modified activated sludge sys-
tem based on the principle of sludge reduction by adding an 
anaerobic reactor to the sedimentation return section of the 
conventional activated sludge process. In this process, micro-
organisms are exposed to the aerobic and anaerobic sections 
alternately to minimize substrate residues and food storage 
in the effluent effect [26]. This method has been proven to 
be promising for sludge reduction in wastewater treat-
ment processes, with the advantages of no chemical dose, 
easy construction, and improved nutrients [28].

Vitanza, Martins, Demir et al. [29–31] showed that the 
OSA process could reduce sludge yield by 50% and improve 
COD removal and sludge settling properties with no dete-
rioration in effluent quality compared to the conventional 
activated sludge method. Since then, the OSA process has 
been widely used for RS reduction. By adding TCS to the aer-
ation tank in the OSA process, Ye, Li, and Saini et al. [32–34] 
minimized the residual sludge while minimizing the adverse 
effects, which in turn led to the combination of TCS and 
OSA process. As a result, sludge production was reduced 
by 21% to 56%.

3. Maintenance metabolism

Maintenance metabolism refers to the priority of microor-
ganisms to supply the energy needed for normal cell growth 
during wastewater treatment rather than supplying addi-
tional biomass synthesis, which can be achieved by extend-
ing the sludge retention time (SRT) or reducing the sludge 
loading rate (F/M) in aerobic wastewater biological treatment 
processes to achieve a reduction in sludge production [35]. 
Microorganisms use a portion of their cellular self-oxidation 
to generate energy to maintain metabolism and the rest to 
proliferate the organism.

Membrane bioreactor (MBR) offer several advantages, 
such as the ability to easily control the sludge age extension 
in the system, enhance the maintenance metabolism and 
endogenous metabolism of microorganisms in the system, 
and reduce the proliferation of sludge microorganisms to 
achieve RS reduction or even residual sludge-free discharge. 

Table 1
Sludge reduction with different uncoupling agents

Uncoupling agent Reduction effect References

TCS concentration is 0.8 mg/L 40% [18,19]
oCP concentration is 17–62 mg/L 17.14%–56.1% [21,22]
Under the experimental conditions of T = 25°C and pH = 7, 
TCS was dosed 0.8 mg/L and TCP was added 2.8 mg/L

45% [23]

DCP concentration is 20 mg/L, Cu2+ concentration is 1 mg/L 75% [24]
Under the experimental conditions of T = 20°C ± 1°C and pH = 7.7 ± 0.3, 
the pNP concentration was 100 mg/L

49% [25]

Under the experimental conditions of T = 25°C ± 1°C and pH = 7.0, 
the mCP concentration was 20 mg/L

87% [17]
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Zhao and Liu [36,37] used MBR technology to achieve a long-
term sludge reduction. The sludge reduction rate reached 
80% during operation, and biological predation played a 
great influence in sludge reduction due to the stability of 
protozoan and postbiotic species and numbers in the system, 
resulting in 73.9% of the total cumulative sludge reduction. 
Yeom, Wang et al. [38,39] combined MBR and ozone pre-
treatment to accelerate sludge degradation, with an optimal 
ozone dosing of 0.04 g·O3/g·SS, and the degree of sludge frag-
mentation was observed with a cumulative sludge reduc-
tion of more than 70%. Zheng, Cheng et al. [40,41] combined 
the anaerobic side-stream reactor (ASSR) and MBR in their 
research to build a process that can effectively remove pol-
lution and simultaneously reduce sludge production, with a 
reduction rate of about 40%, which is a promising method. 
Under the optimal sludge reduction condition, sludge 
setting ability and biological maintenance can be improved.

Further studies have been conducted on membrane 
reactors, but their high cost of membrane equipment and 
problems such as membrane contamination remains a chal-
lenge. Therefore, many researchers have begun to put met-
abolic uncoupling agents into MBR systems to control the 
formation of membrane contamination [42–44].

4. Lysis-cryptic growth

Lysis-cryptic growth is the release of cellular contents 
after cell decay for the metabolic growth of the substrate 
microorganism, and the whole process includes two main 
steps: lysis and cryptic growth [45] (Fig. 2). A portion of the 
carbon source is released as respiration products during 
metabolism, resulting in a reduction in overall biomass 
production, followed by cryptic growth due to the inabil-
ity to separate from the original organic matter biomass 
growth on the primary substrate.

4.1. Biolysis

Biolysis can be carried out by adding bacteriologi-
cal agents and enzymes so that the secretable extracellular 
enzymes can lyse the bacteria. It has the advantages of sim-
ple operation and a good sludge reduction effect. Enzymes 
can not only lyse the cells during anaerobic digestion but 
also decompose large molecules of organic matter that are 
not easily biodegradable into small molecules [46], thereby 
improving sludge digestibility and facilitating the sec-
ondary use of the substrate by bacteria [47].

In a specific study, Li and Wang et al. [48,49] investigated 
the effect of multifunctional compound micro-organisms 
preparation (MCMP) reagent injection on sludge reduction 
in the aerobic section of the wastewater treatment process. 
The study revealed that the best sludge reduction effect 
was achieved when the amount of MCMP bacterial agent 
injection reached 0.02%. During two months of continuous 
operation of the system, no residual sludge was discharged. 
Wu et al. [50] studied the parameters of effective microor-
ganisms (EM) bacterial agent dosage and temperature to 
obtain the optimal operating conditions, which can effec-
tively reduce sludge production when the dosage of the 
bacterial agent is 0.005%, the experimental temperature is 
30°C, and the contact time reaches 6~18 h. Song et al. [51] 
investigated the effect of adding hydrolytic lysozyme to the 
SBR system on the treatment effect of the system. The results 
showed that the lysozyme treatment of raw sludge had 
higher hydrolysis efficiency. With 0.8 g of hydrolytic lyso-
zyme in a 12 L treatment system, the sludge reduction effect 
reached 76.3% and the effluent COD and total phospho-
rus (TP) removal rates reached 88% and 54%, respectively. 
Bai, Yang, Zou et al. [46,52,53] found that due to the strong 
specificity of the biological enzymes themselves, a specific 
type of enzyme can only catalyze a certain substrate. Due 

Fig. 2. Sludge lysis process in water treatment.
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to the complexity of the sludge composition, a mixture of 
two enzymes (protease:amylase = 1:3) was administered at 
50°C, and multiple enzymes were essential for the hydroly-
sis of different substrates. The best hydrolysis efficiency of 
68.43% was achieved at 50°C. To achieve the best treatment 
effect, amylase was added before protease. When the ration 
of lysozyme and protease is 4:1, the extracellular polymeric 
substances (EPS) increase greatly, but it should be added 
back-to-back, otherwise it will interfere with each other 
and reduce the hydrolysis level. In addition, after enzyme 
treatment, EPS was more extractable, and the floc struc-
ture was looser. Wawrzynczyk, Kavitha, and Nguyen et al. 
[47,54,55] achieved reduced adsorption and more effective 
and lower enzyme doses by pretreating sludge with cat-
ionic binding agents. Citric acid was the most effective of 
the three cationic binding agents tested, and it is biodegrad-
able. It can be produced endogenously by microorganisms 
in the sludge and also has the most significant potential for 
practical application in improving biogas production.

Biolysis is environmentally friendly and does not pro-
duce secondary pollution. However, long-term use may 
change the native microbial composition of the system. It may 
make the original microorganisms dependent and is expen-
sive, so further research is still needed to enable its wide-
spread implementation in domestic wastewater treatment.

4.2. Chemical lysis

Chemical cytolysis methods include ozonolysis, chlo-
rine cytolysis [56], and the use of acids and bases [57]. 
Among them, ozonolysis has been the most widely stud-
ied [58]. Ozone, as a green reactive oxidant, is one of the 
effective means of sludge solubilization due to its favorable 
performance in destroying microbial cell walls and releas-
ing intracellular compounds with compact preparation, 
simplified operation and no secondary pollution [59,60]. 
There is good evidence that the organic matter in the sludge 
can be converted to biodegradable substances, and partial 
mineralization of activated sludge into carbon dioxide and 
water can be achieved by partial ozonation of the returned 
sludge in the activated sludge process [61]. As the ozone 
dose increase, the water content of the sludge decreases, and 
the scum and swelling were reduced [62]. Ozonolysis cells 
were studied in Japan as early as the 1990s [63]. Sludge was 
decomposed in biological treatment after passing through 
the ozonation cell, so that the intracellular material was dis-
solved in water and recirculated to the aeration tank, mak-
ing it more accessible to microorganisms. Chu, and Qiang 
[64,65] explored the application of ozone in the A2O pilot 
scale and found that when the ozone doses ranged from 
0.03 to 0.05 g·O3/g·TSS, a balance between sludge reduction 
efficiency and the cost was achieved, and approximately 
70%~90% of the sludge was inactivated [66]. The optimal 
sludge residence time for ozone treatment was 75 d. Under 
this condition, the reduction of organic matter in sludge 
was 41.53% and the total amount of remaining sludge was 
reduced by 25.92% compared to the control group. Since 
ozone is an expensive reagent, optimizing of the ozonation 
process is a critical point of process engineering. Chu and 
Hashimoto et al. [67,68] used ozone oxidation technology 
combined with micro and nanobubbles to improve ozone 

utilization and sludge dissolution. The sludge dissolution 
efficiency of the microbubble system reached 25%~40% at 
ozone doses of 0.06~0.16 g·O3/g·TSS. For a contact time of 
80 min, the ozone utilization efficiency was over 99% in the 
microbubble system. However, even for the microbubble 
ozone system, there was no significant change in sludge 
dissolution and solubilization efficiency when the ozone 
dose was higher than 0.16 g·O3/g·TSS. Li et al. [11] adopted 
Venturi aerator to achieve sludge reduction, and the sludge 
dissolution efficiency was 0–100mg/g·MLSS. The device 
transformed ozone into many tiny bubbles to promote the 
self-decomposition of ozone, destroyed the surface com-
ponents of cell membranes and dissolved organic matter 
into the supernatant, thus reducing energy consumption 
and improving utilization efficiency. These two methods 
improve the limitation of traditional ozone technology 
in water treatment by reducing the cost of sludge ozone 
treatment and expanding the application range of ozone.

4.3. Physical lysis

Physical lysis refers to the use of physical methods such 
as ultrasound [69,70], mechanical crushing [71], and heat 
treatment [72,73] (heating the sludge at 40°C~180°C) to 
destruct the original cell structure [74]. The organic material 
released from the crushed cells is rapidly increased and used 
by the active organisms in the system to promote the implicit 
growth of microorganisms. Physical lysis of cells does not 
pose a risk of secondary contamination by by-products but 
requires additional facilities to the original treatment equip-
ment. Among them, ultrasonic treatment is to decompose 
sludge effectively by inducing ultrasonic waves to emit the 
frequency of sludge cracking, and to disinfect wastewater 
[75,76]. It involves decomposing microbial cells to extract 
intracellular substances and is most effective at low ultra-
sonic frequencies by generating large cavitation bubbles. 
When these cavitation bubbles collapse, it will trigger pow-
erful jets that exert strong shear forces in the liquid result-
ing in sludge hydrolysis, but will not affect the wastewater 
treatment and sludge settling performance [77]. Gao et al. 
[78] discussed the feasibility of reducing sludge production 
in SBR reactors under low intensity ultrasound, and the 
results showed that the sludge production rate was reduced 
by 53.2%. The dehydrogenase activity, effluent quality and 
sedimentation performance of sludge were not affected. 
Tahmasebian et al. [79] applied ultrasonic technology to 
the moving bed biofilm reactor, and achieved a reduction 
of 61.7% of the sludge, and 42.2% of the excess sludge was 
cracked and converted into soluble COD. Parandoush et al. 
[80] combined ultrasonic wave with ozonation, and used 
the ability of ultrasonic wave to destroy floc structure and 
the oxidation capacity of ozone gas to reduce the volume 
of sludge produced. The sludge output in the system was 
reduced by 54%, and the wastewater treatment efficiency was 
still maintained at the standard level. Niu [72] et al. adopted 
thermal hydrolysis to improve the dehydration and digest-
ibility of sludge and accelerate the cell lysis to achieve the 
reduction of sludge mass. By analyzing the contents of pro-
tein and polysaccharide, the damage of the flocculation struc-
ture of sludge and the process of sludge reduction could be  
determined.
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5. Biological predation

Microbial predation is used to extend the food chain in 
the wastewater treatment process, leading to a longer food 
chain that loses more nutrients and energy [81]. In the waste-
water environment, there are not only microorganisms but 
also protozoa and post-zoa [82] that can feed on sludge flocs. 
It is a promising technology due to its advantages of high 
efficiency, environmental protection as well as high-quality 
effluent, and low sludge yield [83]. However, nitrogen and 
phosphorus removal is poor, so the research on nitrogen 
and phosphorus removal should be carried out simultane-
ously in combination with other methods (Fig. 3).

5.1. Inoculation of microscopic organisms

The method of inoculation of microfauna is to inject the 
reactor directly with micro-protozoa and post-protozoa for 
sludge reduction. The drawback of this technique is that 
the culture of protozoa is changing the control and may 
also cause the collapse of the nitrification system.

Worm technology based on predation to reduce RS has 
received increasing research attention because of its low 
cost and eco-friendliness [82,84]. In different types of worm 
reactors, sludge reduction efficiency can reach 30%–50% 
[85]. Worm predation leads to not only the release of solu-
ble microbial products (SMP) but also the changes in EPS 
characteristics, including EPS content and carbohydrate/
protein ratio [86]. Tamis, Zheng, Emamjomeh et al. [87–89] 
found that the presence of earthworms led to a 56.6%–75% 
reduction in sludge in the control system, improving the 
sludge settling possibility in continuous flow processes 
and significantly enhancing sludge reduction. Hendrickx, 
Wei, Ding et al. [90–92] utilized some novel worm reactors 
in order to promote worm growth and improve sludge 

reduction rates, sludge dewatering performance and set-
ting performance are improved. In their study, the amount 
of total suspended solids (TSS) was reduced by about 75%, 
and worm predation resulted in significant sludge reduction, 
almost as much as in the blank experiment three times.

5.2. Two-stage method

The two-stage method uses a two-stage system to treat 
wastewater. The first stage is the dispersive bacteria culti-
vation stage, without biomass retention, and the growth of 
dispersive bacteria is induced under short sludge age con-
ditions. The second stage is the stimulation of protozoa 
and the post-zoa predation stage with long sludge age. In 
this stage, the front-end sludge is predated by microscopic 

Fig. 3. Degradation and reduction of sludge worms during 
predation.

Table 2
Advantages and disadvantages of different treatment effects

Process Principle Technology Advantages Disadvantages

Growth process

Uncoupling Uncoupling agent Process is simple and efficient High cost and refractory 
to degradation

Uncoupling High S0/X0 Low energy consumption and low 
environmental harm

High load

Uncoupling OSA No chemical dose, easy to apply, 
improve nutrients

High cost

Maintains 
metabolism

Extend SRT and reduce F/M Process is simple and self-oxidizing 
to produce energy

High cost

Decay process

Uncoupling High S0/X0 Low energy consumption and low 
environmental harm

High load

Maintains 
metabolism

Extend SRT and reduce F/M Process is simple and self-oxidizing 
to produce energy

High cost

Invisible growth 
process

Biolysate Fungicidal agents, enzyme 
preparations, etc

Simple operation, good sludge 
reduction effect

High cost and dependency

Chemical 
lysis

Ozone, chlorine, acid and 
alkali, etc

Efficient and effective Expensive

Physical 
lysis

Ultrasonic, mechanical 
crushing, heat treatment, etc

No secondary pollution Add additional equipment
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animals and converted into CO2, water, and energy to pro-
mote the growth of protozoa using a biofilm process or 
membrane bioreactor [93].

Ratsak et al. [94] first conducted a study on the dosing 
of ciliates in a two-stage reactor for biological predation 
to minimize sludge yield and reduce biomass. Compared 
to the first stage, the sludge production in the second 
stage was significantly reduced by 60%–80%. The better 
the growth of microfauna in the water column, the less RS 
production. Ghyoot et al. [82] used a two-stage system for 
treating aerobic wastewater with synthetic wastewater and 
used cultured protozoa-rich sludge to achieve a reduction 
in RS production with stable effluent quality. The culti-
vation of predators in the two-stage MBR system not only 
reduced the nitrification capacity but also led to an increase 
in the effluent N and P concentrations. The advantages and 
disadvantages of various methods are shown in Table 2.

6. Conclusion

Currently, new stringent regulations on sludge treatment 
and disposal and social as well as environmental issues are 
making a significant contribution to the development of 
strategies to reduce excess sludge production, and in-situ 
sludge reduction technology is an effective way to solve the 
current problem of sludge yield. The variety of this technol-
ogy is complex and can be selected according to the actual 
situation, to achieve the optimal combination of sludge 
reduction and wastewater purification without comparing 
effluent quality. In addition, the technology transforms var-
ious substances during the process, making effective use of 
nitrogen and phosphorus-rich in sludge. Currently, ozono-
lysis, ultrasonic crushing, and the addition of bacterial or 
enzymatic agents are widely used in experimental studies, 
but not applied in large-scale systems. In subsequent exper-
imental studies, sludge lysis and subsequent hidden growth 
can be promoted by combining physical, chemical, and 
multiple processes to reduce sludge production and avoid 
its existing drawbacks and shortcomings.
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WWTPs — Wastewater treatment plants
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ATP — Adenosine triphosphate
TCS — 3,3’,4’,5-tetrachlorosalicylanilide
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oCP — o-Chlorophenol
TCP — 2,4,5-Trichlorophenol
DCP — 2,6-Dichlorophenol
COD — Chemical oxygen demand
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OSA — Aerobic-sedimentation-anaerobic
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ASSR — Anaerobic side-stream reactor
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EM — Effective microorganisms
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EPS — Extracellular polymeric substances
TSS — Total suspended solids
N — Nitrogen
T — Phosphorus
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pKa — Acidity coefficient
T — Temperature
S0/X0 — COD/biomass
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