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A B S T R A C T   

Thermochemical methods are regarded as promising approach for managing sludge, that can achieve resources 
and energy recovery, volume reduction followed by efficient elimination of microorganisms. This review high-
lights an extensive description of the implementation of thermochemical technologies involving pyrolysis, 
gasification and hydrothermal liquefaction for valorisation of sludge into bio-fuel thus reducing the issues related 
to surplus generation and accumulation of sludge in environment affecting human health followed by rapid 
depletion of energy resources. The paper addresses working mechanism of thermochemical processes, their 
implementation for sludge conversion to bio-fuel and common factors affecting the process efficiency. Various 
studies have proved possible potential of thermochemical techniques for conversion of sludge to bio-fuel 
obtaining a high yield of bio-fuel and syngas. However, few technical challenges are still there that requires 
further studies and understanding for a better commercialization on industrial-scale and subsequently the future 
perspectives have also been analysed. Data collected from existing studies revealed that hydrothermal lique-
faction has the efficiency to be proved better than other thermochemical technologies for proper valorisation of 
sludge resulting in high bio-fuel yield.   

1. Introduction 

The rapid rate of urbanization and growing population has imposed 
significant challenges to sustainable development. On one side, the 
increasing volume of municipal wastewater has generated significant 
amount of residual sludge that demands adequate technologies for 
treatment whereas on another side, rising energy consumption and 
associated problems have directed the requirement for energy and fuel 
diversification along with renewable and clean technology application 
[1,2]. According to recent statistics of Central Pollution Control Board 
(2021), the total amount of sewage sludge generation is around 72,368 
million of liters per day in India. Moreover, the variation in prices of 
fossil fuels and excessive depletion similar to energy productivity fol-
lowed by enhanced carbon footprint has led to a rise in emission of 

greenhouse gases and so on global warming. Therefore, inventing new 
substitute of renewable fuel resources and advanced methods for energy 
production that can effectively be carbon neutral has acquired the 
increased interest of researchers from the last few years [3]. 

Particularly, sludge can be defined as an unavoidable by-product 
released from wastewater treatment plants and is further considered 
as biomass feedstock for recovery of resources and energy like biodiesel, 
fuel gas, biogas, bio-oil, syngas, nutrients, biofertilizers, hydrolytic en-
zymes, heavy metals, biochar, ash etc. due to its great organic and 
beneficial inorganic content. Generally, it includes 59–88% (w/v) of 
organic matter, comprising 50–55% of carbon, 25–30% of oxygen, 
10–15% of nitrogen, 6–10% of hydrogen with small traces of phospho-
rous and sulphur. Simultaneously, few minerals like calcium, iron, 
magnesium, potassium and heavy metals are also found in sludge. 
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However, sludge also constitutes huge proportion of pathogenic mi-
croorganisms and toxic organic matters thus its mishandling may lead to 
serious concerns of atmosphere, water and land pollution with great 
influence on environmental feasibility [4]. Hence, the surplus genera-
tion of sludge from wastewater treatment plants and its accumulation in 
environment demands sustainable technologies for treatment. 

To deal with these, various conventional methods like landfilling, 
incineration, anaerobic digestion etc has been practised and studied 
widely for decades. However, such methods are further associated with 
several flaws for instance, landfilling is most popularly known method 
for disposal of sludge but leaching is the major issue that arise through 
landfills and is somehow unavoidable thus possessing a threat to 
groundwater contamination. Additionally, emissions of fugitive 
methane to the atmosphere from landfills is also a matter of concern as 
methane holds high potency for causing global warming and the op-
portunity of recovering valuable nutrients from sludge is further lost 
after landfilling. Moreover, landfills are also becoming costly due to 
reduction in availability and high prices of land worldwide. Similarly, 
incineration is another commonly known method resulting in around 
70% of the volume reduction followed by inactivation of toxic organic 
components and pathogens due to high operating temperature. But the 
leftover ash after incineration may constitute toxic compounds and 
require subsequent disposal in landfill. In addition, strict regulations 
with respect to concentration of air pollutants emitted into the envi-
ronment further makes this technology a high-priced choice [5]. 
Furthermore, anaerobic digestion is another biological method that in-
volves various steps to disintegrate organic feed for the production of 
biogas [6]. However, this biological process is relatively slow because 
the sludge requires retention for around 10 to 20 days. Additionally, the 
method and its products are sensitive and dependent on operating pa-
rameters and characteristics of feed as the microbes require optimum pH 
and temperature for effective functioning [7,8]. 

Consequently, thermochemical conversion technologies like gasifi-
cation, pyrolysis and hydrothermal liquefaction have been regarded as 
attractive alternatives for recovering energy and renewable resources 
from sludge. These techniques not only provide immense reduction in 
volume, but also significant inactivation of pathogenic micro-organisms 
[9]. Moreover, the primary aim of thermochemical methods is the 
valorization of sludge into energy-rich content thus minimizing the 
negative impacts on environment [3]. Although, the process or equip-
ment of these methods are complex but they reveal great efficacy and 
economic performance as compared to other methods [10]. Specifically, 
pyrolysis is beneficial for decreasing waste volume, neutralizing path-
ogens and degrading organic pollutants. The pyrolysis of sludge basi-
cally yields light gases involving hydrogen, carbon dioxide, carbon 
monoxide, methane, char and bio-oil [11]. Similarly, gasification is 
another thermochemical technique responsible for generation of syngas 
and is also an efficient way for hydrogen production [12]. Likewise, 
hydrothermal liquefaction has also been recognized as a promising 
method for generating novel biofuels directly from wastes and biomass. 
This particular method is capable of converting wet or dry biomass, as 
water is reaction medium thus reducing the additional cost related to 
drying and increasing feedstock flexibility [13]. Nonetheless, various 
existing studies have reviewed and investigated the promising potential 
of these thermochemical methods for recovery of energy and resources 
from sludge. However, some technical challenges related to this are still 
not confronted and demands more work for a better understanding and 
industrial-scale commercialization. 

This review article deals with the current understanding of sludge 
valorization by different thermochemical processes i.e., pyrolysis, hy-
drothermal liquefaction and gasification for recovery of renewable re-
sources and energy along with common factors that significantly 
influence the efficiency of these technologies. Moreover, it also high-
lights some of the technical challenges that are yet not approached and 
requires more attention for a wide scope in upcoming years. 

2. Sludge and its characteristics 

Sludge can be defined as an unavoidable by-product released from 
wastewater treatment plants comprising various solid particles 
dispersed in an impure water medium [8,14]. Generally, sludge has 
unique physico-chemical properties, including high moisture content, 
high ash content, low heating value, density, and viscosity [3]. It pos-
sesses extremely high proportion of water to solids, is comparatively 
pumpable, homogeneous and reveals rheological characteristics of 
‘‘Bingham plastic”. Wastewater from domestic, industrial or municipal 
sectors are regarded as main sources of sludge [15]. As per an estimate, 
sewage sludge is generated at a rate of 0.1–30.8 kg per population 
equivalent per year [8]. Moreover, the solid substances present in sludge 
are complex mixtures of inorganic and organic matter like metals, car-
bohydrates, proteins, fats and oil followed by huge range of dead and 
living microorganisms [16]. 

Nonetheless, sludge because of its great organic and beneficial 
inorganic content is considered as biomass feedstock for recovery of 
resources and energy like hydrolytic enzymes, heavy metals, nutrients, 
ash, biofertilizers, biodiesel, biogas, fuel gas, syngas, bio-oil etc [14] as 
shown in Fig. 1. Various existing studies have revealed possible potential 
of sludge released from wastewater treatment plants as a sustainable and 
renewable biomass source for production of energy [17]. However, the 
characteristics of sludge are highly influenced by numerous factors like 
wastewater properties, environmental legislation, type of pollutant 
entering the treatment plant, type of treatment system applied in 
wastewater treatment plant (WWTP), processing stage, water reclama-
tion requirements and seasonal variations [8]. Moreover, on the basis of 
treatment stage, sludge is categorized into four different types namely, 
primary sludge, secondary sludge, mixed sludge and digested sludge. 
Table 1 depicts characteristics of different sludge. 

Despite of all these advantages, mishandling of sludge possess a 
harmful effect to the ecosystem thus affecting environment sustain-
ability. For instance, the organic and inorganic nitrogen present in 
sludge can lead to acid rain and disruption of ozone layer due to for-
mation of NO2. Similarly, phosphorus and nitrogen transferred by 
rainwater can found its way in waterbodies thus causing eutrophication. 
Additionally, the entrance of heavy metals in human body through food 
chain can lead to consequential health issues as shown in Fig. 2. 

Hence, there is an immediate requirement to execute efficient ways 
for safe disposal and treatment of sludge [4]. On that account, various 
sludge utilization or disposal methods like incineration, landfill etc. 
came into existence. However, all such techniques further possess 
environmental risk related to public health. 

For example, incineration can lessen the load of sludge by 70% but 
the release of exhaust gases into environment can leads to several 
environmental problems like emission of heavy metals, global climate 
change and formation of acid rain [18,19]. It is further considered as an 
expensive method of sewage disposal as it requires drying or dewatering 
of feed [20]. Similarly, the application of pyrolysis is also held back 
because of increased gate costs [3]. Therefore, from the viewpoint of 
environment sustainability and economic feasibility, recovering re-
sources and energy from sludge by thermochemical conversion is highly 
promising. The primary aim of thermochemical methods is valorization 
of sludge energy content thus reducing environmental impacts for 
increased stiff standards. Nonetheless, the evolution of thermochemical 
methods are global players that set outs a global market. 

3. Thermochemical conversion of sludge to bio-fuel 

From the last few years, thermochemical techniques are regarded as 
an efficient way for producing valuable products and energy from resi-
dues of waste. Sludge generated from wastewater treatment plants, in its 
dry form can be reviewed as a distinctive example of biomass because of 
increased organic content and high calorific value [3]. Moreover, such 
techniques are also advantageous in managing sewage sludge, efficient 
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reduction of pathogens, notable volume reduction etc [8,9]. 
These types of thermochemical technologies mainly involve pyrol-

ysis, hydrothermal liquefaction, incineration and gasification [25]. 
Generally, the selection of thermochemical technologies is influenced by 

various factors like economic aspects, desired form of target products, 
quality and type of feedstock, local emission standards etc [4]. Some of 
the thermochemical technologies along with their working principles 
are briefly outlined further. 

Fig. 1. Utilization of sludge in various sectors.  

Table 1 
Characteristics of different types of sludge.  

S. 
No. 

Sludge Type Description Chemical Constituent Reference 

Ash (% 
db) 

C (% 
db) 

H (% 
db) 

N (% 
db) 

O (% 
db) 

S (% 
db) 

HHV 
(MJ/Kg) 

Protein (% 
db)  

Primary 
Sludge 

Sludge which is obtained after primary 
treatment of sewage  

42.02  45.2  7.3  9.3  32.1  – 20.04 – [21]  

Secondary 
Sludge 

Biologically activated sludge  76.60  47.18  7.18  6.70  35.75  3.19 19.87 41.90 [22]  

Digested 
Sludge 

Treated sludge obtained after aerobic 
and anaerobic digestion  

60.3  20.9  2.5  1.9  13.5  0.8 5–10  [23]  

Mixed Sludge Mixture of primary and secondary 
sludge  

–  43.39  6.48  5.04  –  0.8 20 30 [3,24] 

db - dry basis, C- Carbon; H- Hydrogen; N- Nitrogen; O- Oxygen, S- Sulphur, HHV- Higher heating value. 

Fig. 2. Environmental impact of sewage sludge [4].  

P. Gururani et al.                                                                                                                                                                                                                               



Fuel 316 (2022) 123351

4

a. Hydrothermal liquefaction 
Hydrothermal liquefaction is a type of thermochemical technique 

which involves exposure of biomass to high pressure of around 5–20 
MPa under an average temperature of 200–374 ◦C. During this process, 
the organic feedstock breaks into four components, namely target 
product i.e., bio-oil or biocrude oil, gas residue, aqueous phase and solid 
residue due to various polymerization reactions like hydrolysis, deoxy-
genation, repolymerization, fragmentation, aromatization and dehy-
dration [26]. Basically, the conceptualization of hydrothermal 
liquefaction is to grasp the benefit of chemical and physical interactions 
between targeted reactants and water molecules such as its improved 
solvation ability and molecular properties like ionic product and 
dielectric strength change to increase the extraction of particular 
organic components such as carbohydrates, gases, proteins and fatty 
acids [27]. Additionally, on the basis of operating temperature it is 
classified into hydrothermal gasification, hydrothermal liquefaction and 
hydrothermal carbonation. However, in among all these, hydrothermal 
liquefaction has been considered as the most efficient approach for 
converting biomass into fuel. Although, the yield of final product is 
dependent on operating parameters of HTL process and type of biomass 
used. This particular process offers numerous advantages like it is 
energy-efficient and around more than 70% of feedstock carbon can be 
recovered in the form of bio-char or bio-oil [28]. Moreover, this tech-
nology has the potential to convert high moisture biomass into biocrude 
in aqueous medium and hence do not need any preliminary drying 
processes followed by elimination of more than 50% oxygen resulting 
biocrude oil with a greater heating value varying from 30 MJ/kg to 40 
MJ/ kg [29]. Particularly, during hydrothermal liquefaction of sewage 
sludge the three main steps listed below takes place as shown in Fig. 3:  

• Firstly, depolymerisation of several biomolecules like carbohydrates, 
proteins and lipids into oligomer or monomer units takes place due to 
various dissolution reactions thus dissolving the macromolecules 
into smaller units in organic solvent or water through solvolytic or 
hydrolytic reactions accelerated by elevated pressure and 
temperature.  

• Secondly, there is decomposition of oligomers or monomers through 
deamination, dehydration, cleavage, decarboxylation resulting in 
fragments formation of small molecules which are active and un-
stable. During this process, there is removal of amino acid content, 
loss of water and carbon dioxide. Moreover, it should be noted that 
decarboxylation and dehydration reactions lower the oxygen content 
in bio-oil by producing CO2 and H2O thus enhancing the energy 
density and stability of bio-oil product.  

• Thirdly, rearrangement of lighter fragments takes place through 
polymerization, cyclization, and condensation resulting to new 
components i.e., bio-oil, solid residue and aqueous phase. If any 
stabilization agent like hydrogen is present freely in the process, then 
the free radicals will be capped producing bio-oil products with good 
stability and low molecular weights [4]. 

Fig. 4 depicts schematic representation of hydrothermal liquefaction 
involved in thermochemical conversion of sludge to bio-fuel. Recently, 
hydrothermal liquefaction has attracted the interest of researchers for 
producing biocrude oil or bio-oil and various existing studies have 
revealed possible potential of HTL process in thermochemical conver-
sion of sludge to biofuel. For instance, Lin et al. [22] in their study 
observed that bio-oil extracted from secondary sewage or activated 
sludge reveals low oxygen content, higher nitrogen-containing compo-
nents and low boiling point compounds in contrast with distilled sewage 

Fig. 3. Reaction pathway of hydrothermal liquefication of sludge conversion [3,4]  
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sludge bio-oil. Additionally, the calorific value was higher (38.13 MJ 
kg− 1) much close to that of petroleum fuel. Hence, it was concluded that 
implementation of HTL can be a useful insight in bio-oil industry. 
Similarly, Seiple et al. [30] stated that HTL process is suitable at 
wastewater treatment plants by utilizing around 79% of complete 

recoverable dry solids of wastewater as a reliable feedstock to 
commercially produce 3.67 GL/y of biocrude intermediate. Therefore, 
this particular process can increase the energy, financial and environ-
ment feasibility of sludge treatment while minimizing the environ-
mental risk and cost of operation and disposal. Kumar et al. [21] also 

Fig. 4. Schematic representation of hydrothermal liquefaction for thermochemical conversion of sludge to bio-fuel. 1 – bunker, 2 – biomass raw, 3 – high-pressure 
pump, 4, 11, 15, 16, 21, 24 – valves, 5 – pressure sensor, 6 – heat-exchanger, 7, 9, 10 – temperature sensors, 8 – heater to set temperature, 12 – mixer, 13 – receiver 
for HTL products, 14 – cooler, 17 – nutsche filter, 18 – screw, 19 – filter, 20 – vacuum compressor, 22 – decanter, 23 – compressor. 

Table 2 
Hydrothermal liquefaction for conversion of different sludge to bio-fuel and its elemental analysis.  

S. 
No. 

Sludge type HTL process parameters Bio-fuel 
yield 

Elemental analysis of extracted bio-fuel Reference 

C (wt 
%) 

H (wt 
%) 

N (wt 
%) 

HHV/CV (MJ/ 
kg)  

Dewatered sludge 340 ℃ for 40 mins along with CTAB–AEO9–SCW pre- 
treatment 

47.6% 75.5 10.4 2.9 37.2 [31]  

Fish sludge 350 ◦C (sub-critical conditions) 59.11 (-)daf 71.65 10.51 6.97 36.17 [13]  
Sewage sludge 350 ◦C for 15 mins 12.0% __ __ __ 32.1 [32]  
Secondary sewage 
sludge 

350 ◦C (sub-critical conditions) 44.46 (-)daf 73.02 10.53 5.18 36.65 [13]  

Paper mill sludge 340 ℃ 44% 32.04 4.10 1.12 5.93 [33]  
Municipal sludge 325 ℃ for 30 min 

using FA as a green liquid hydrogen donor 
41% to 62% __ __ __ 39 [24]  

Municipal sludge Under ethylene ambience at 350 ℃ without any catalyst 41.6 wt% 59.37 7.62 4.80 29.57 [34]  
Sewage sludge 260 ℃, 40 min for first stage and 340 ℃, 40 min for 

second stage 
42.2% 74.26 9.35 4.24 36.62 [35]  

Digested anaerobic 
sludge 

300 ℃, 10–12 MPa and 30 min reaction time 9.4% 66.6 9.2 4.3 32.0 [36]  

Domestic sewage 
sludge 

325 ◦C, 75:25 wt% (KMC4: DSS) and 45 min 39.26% 76.77 10.6 3.38 39.47 [37] 

CTAB–AEO9–SCW- Cetyl trimethyl ammonium bromide-alcohol polyoxyethylene ether-subcritical water; C- Carbon; H- Hydrogen; N- Nitrogen; HHV- Higher heating 
value; CV- Calorific value; (-)daf- Dry ash-free basis; WWTP- Wastewater treatment plant; FA- Formic acid; DSS- Domestic sewage sludge; KMC4- Microalgal biomass 
(Monoraphidium sp. KMC4). 
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performed the hydrothermal liquefaction of municipal sewage sludge 
for recycling of organic nutrients and energy recovery from aqueous 
phase and concluded that HTL of municipal sewage sludge for 45 min at 
255℃ in combination with titanium dioxide produced bio-crude with 
yield of 20.7%. Furthermore, the rate of energy recovery and high 
heating value was 34.27% and 28.12%, respectively. Utilization of hy-
drothermal liquefaction for conversion of different sludge to bio-fuel 
and its elemental analysis is mentioned in Table 2. 

b. Pyrolysis 
The term “pyrolysis” comprises of two Greek words i.e., “pyro” 

meaning “fire” and “lysis” meaning “disintegration into integral parts” 
[38]. Briefly, pyrolysis can be defined as the method of thermal degra-
dation of chemical molecules taking place in an inert atmosphere and 
high temperature including the breakdown of high molecular chemical 
substances into simpler molecules generating oil, gaseous and solid 
fractions [39]. In this process, the temperature range, varies from 300℃ 
to 900℃ and sewage sludge after pyrolysis gets converted into ash, fixed 
carbon, bio-oils, water vapours and combustible gases. Moreover, the 
products obtained from pyrolysis can be divided into three categories: 

• Solids which mainly contains ash and solid carbon along with sig-
nificant quantity of heavy metals; 

• Liquids (oil and tar), specifically, organic acids, aromatic com-
pounds, water, acetic acid, hydrocarbons, aliphatic alcohols and 
carbonyl compounds containing phenols of high molecular weight; 

• Non-condensable or stable gases which mainly includes carbon di-
oxide, methane, carbon monoxide, hydrogen and low molecular 
weight hydrocarbons in small concentrations [3]. 

Particularly, this technology is gaining much attention as it can 
generate py-gas or pyrolysis gas as renewable fuels, crude bio-oil also 
called as bio-oil, and a relevant soil amendment product called as bio-
char [40]. Additionally, with respect to clean gas emissions, it is an 
environment friendly technique as compared to extensive implementa-
tion of incineration and combustion. Generally, pyrolysis of organic 
compounds like plastics, lignocellulosic and municipal wastes has sus-
tained prolonged attention because of their capability to transform such 
wastes into valuable chemicals and useful energy. Recently, pyrolysis of 

sewage sludge has also received great attention as an environmentally 
and economically sustainable technology for advantageous utilization of 
sludge. Furthermore, pyrolysis of sewage sludge presents the advantage 
of concentrating heavy metals (excluding cadmium and mercury) pre-
sent in final residue [3]. 

During treatment of sludge through pyrolysis, firstly heat is trans-
ferred to surface of particles present in sludge either by convection or 
radiation and then slowly to interior of particle. When these sludge 
particles undergo transient heating, there is a specific increase in tem-
perature, initially leading to evaporation of moisture and then secondly 
to progressive release of pyrolytic volatiles known as primary pyrolysis 
stage. Mainly, the generation of primary volatiles is due to thermal 
dissolution of chemical bonds present in sewage sludge organics like 
lipids, carbohydrates and proteins. Pyrolytic volatiles mostly comprise 
of methane, hydrogen, water, carbon monoxide, carbon dioxide, con-
densable organic components and another non-condensable hydrocar-
bon as shown in Fig. 5 [19]. 

Protein present in sewage sludge possess various pathways as 
compared to those of plant residues. Dehydrogenation and deamination 
can cause protein decomposition along with disappearance of –CHON– 
in SSBBs and release of gaseous nitrogen compounds like ammonia [41]. 
The remaining carbon-rich solids turns into biochar constituting a 
notable amount of mineral matter initially present in sludge. With a 
further increase in temperature, few products of primary pyrolysis can 
take part in different secondary reactions forming secondary products as 
resource and energy recovery [4]. Inorganic mineral substances take 
part in sludge pyrolysis through three main pathways:  

• Thermal decomposition of mineral compounds;  
• Interaction between nitrogen-containing and mineral compounds;  
• Sludge degradation by catalytic effect of mineral oxides [42] 

Moreover, the difference between primary and secondary pyrolysis is 
not clear because secondary reactions can take place in particles pores as 
well as in bulk gas. Therefore, primary and secondary reactions can take 
place at same time in various parts of feedstock particles. Char obtained 
from primary pyrolysis can act as catalyst and adsorbent in secondary 
reactions thus converting organic vapours into secondary char and light 

Fig. 5. Reaction pathway of pyrolysis of sludge conversion [3,4]  
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gases [4]. However, the working mechanism of pyrolysis is yet not fully 
acknowledged mainly in area of wet sludge [3]. 

Pyrolysis is further divided into various types, namely fast pyrolysis, 
slow pyrolysis, flash pyrolysis, catalytic pyrolysis and catalytic hydro- 
pyrolysis. Table 3 reflects the influence of different types of pyrolysis. 
Fig. 6 shows schematic representation of pyrolysis involved in thermo-
chemical conversion of sludge to bio-fuel. 

In fast pyrolysis, the residues of biomass are heated under high 
temperature in absence of oxygen. This process offers 60–75% of liquid 
biofuels along with 15–25% of biochar residues based on initial biomass 
weight. Furthermore, it can provide 10–20% of gaseous phase on the 
basis of biomass used and the process can be distinguished by small 
vapour retention time. Flash pyrolysis is also another type of pyrolysis 
process in which bio-oil production can reach up to 75%. This method is 
executed by speedy devolatilization in inert atmosphere by applying 
high heating rate under high temperature of around 450℃ and 1000 ◦C. 
However, this process possesses poor thermal stability and due to cat-
alytic effect of char, oil turns viscous and also contains few solid residues 
sometimes. Additionally, slow pyrolysis is third type that can produce 
charcoal of good quality under low heating rates and low temperature. 
In this process, the time of vapour residence can be about 5–30 min and 
quality of bio-oil produce is very low. Slow pyrolysis faces low heat 
transfer values followed by long retention time resulting in increased 
expenditure by high energy input [38]. Catalytic fast pyrolysis could be 
applied to generate aromatics by using different types of lignocellulosic 
feedstocks. It reveals various advantages over other process as the py-
rolysis can take place in single reactor excluding the involvement of 
expensive catalysts [43]. Moreover, catalytic hydro-pyrolysis is a type of 
catalytic pyrolysis in which the process is executed in fluidized bed 
reactor using hydrogen gas flow. It involves the replacement of fluidized 
bed by transition metal catalyst. As per the reports, bio-oil can be 
transformed into low molecular weight hydrocarbons under short con-
tact time by substituting inert sand with nickel-based catalyst at atmo-
spheric pressure [38]. 

Various studies have demonstrated the possible potential of pyrolysis 
process in thermochemical conversion of sludge to bio fuels like, Luo 
et al. [44] analysed the effect of various organics/ash and C/H/O ratios 
on properties microwave pyrolysis to produce bio-fuels and stated that a 
mixture of sludge containing different organic/ash ratios can be pyro-
lyzed to achieve high energy efficiency and high-quality bio-fuels. 
Similarly, Ghodke et al. [45] performed the pyrolysis of sewage sludge 
for producing sustainable and environment friendly fuels followed by 
value-added biochar products. The results revealed that product yield of 
22.4 wt% bio-oil, 58.7 wt% biochar and 18.9 wt% pyrolysis gases at 
around 500 ◦C. In addition, bio-oil revealed a lower O/C ratio (1.10) and 
greater H/C ratio (3.49) which indicated its suitability for engine use. 
McIntosh et al. [46] also studied the effect of pyrolysis in combination 
with sulphided NiMo/Al2O3 for producing biofuels from milk processing 
sludge. The result stated that under low pyrolysis temperature of around 
450 ◦C, yield of bio-oil was increased by 57.7% and the obtained bio-oils 
were improved in aliphatic hydrocarbons 11–14% of alkenes, 19–22% of 
alkanes and 57–63% of alkyl nitriles. Additionally, the O/C molar ratio 
was lower (0.08 to 0.1) followed by a high HHV (40.8–41.8 MJ/kg) thus 
revealing possible fuel applications. Furthermore, Chen et al. [47] used 
low temperature pyrolysis for converting sewage sludge into clean solid 
fuel and evaluated that the fuel ratio of biochar was notably enhanced to 
0.54 and O/C & H/C atomic ratios decreased to 0.33 and 0.76 by 
extending pyrolysis process. In addition, about 70% of sulfur and ni-
trogen was also removed. Utilization of pyrolysis for conversion of 
different sludge to bio-fuel and its elemental analysis is mentioned in 
Table 4. 

c. Gasification 
Gasification is also one of the thermochemical methods which in-

volves conversion of carbonaceous content of fuel into ash and 
combustible gas under a net reducing atmosphere. The ideal target of 
gasification is to produce clean combustible gas under high efficiency 

[61]. Particularly, this process can be considered as an extension of 
pyrolysis, which primarily involves heating of feedstock withstanding 
pyrolysis and drying, emitting volatiles and leaving char as solid resi-
dues, accompanied by gas–gas and gas–solid reactions in presence of 
gasifying agent [4]. When there is gasification of sewage sludge, it un-
dergoes various chemical and physical changes. During this particular 
process, single particle of sludge undergoes four main stages, namely 
drying, pyrolysis, oxidation and reduction which are briefly described 
further as shown in Fig. 7 [3]. 

• Firstly, drying takes place at around 70–200 ◦C to eliminate mois-
ture. There are various factors which influence the drying rate like 
recirculation velocity, surface area of feedstock particle, temperature 
difference between hot gases and particle, internal diffusivity of 
moisture within sludge particle and relative humidity of drying gas.  

• During pyrolysis or secondary step which occurs at around 
350–500 ◦C there is thermal decomposition of organics when 
approximately 60 to 70 wt% of feedstocks can be transformed into 
char, gases and complex liquid fraction. Additionally, the product 
distribution is greatly influenced by heating rate, reactor tempera-
ture, gasification agent and chemical compositions of sewage sludge. 
Although, the proximate analysis of sewage sludge can be used to 
approximately estimate the quantity of char and overall yield of 
pyrolyzed products.  

• Thirdly, there is occurrence of gas–solid reactions which converts 
char that is solid carbon into different gases like methane, carbon 
monoxide, carbon dioxide and hydrogen. The partial or carbon 
oxidation reactions are greatly exothermic, offering sufficient energy 
for pyrolysis and drying of including other solid–gas endothermic 
reactions. Additionally, hydrogenation reactions can also take place 
contributing to energy necessities of gasifier.  

• In last step of gasification, homogenous gas–gas reactions occur 
which affects the configuration of final gaseous produce [62]. 

Fig. 8 depicts schematic representation of gasification involved in 
thermochemical conversion of sludge to bio-fuel. In addition, this 
method is helpful in decreasing the volume of sludge and hence enabling 
its disposal in a suitable form. It can be seen as an attractive substitute in 
contrast with prevalent related technology of incineration. Moreover, 
gasification can overcome the various flaws associated with incineration 
involving demand for supplemental fuel, emissions of nitrogen oxides, 
sulphur oxides, fly ash, heavy metals and the possible generation of 
chlorinated dibenzofurans and dibenzodioxins as it is a net chemically 
reductive process. Gasification of sludge produces combustible gas with 
high-quality which can further be burned for generation of power and 
producing heat for sludge drying. 

Gasification has also been studied for thermochemical conversion of 
sludge to biofuels. Hu et al. [63] in their study used carbon dioxide as 
reaction gas during sub and supercritical water gasification of municipal 
sludge for converting sludge into biofuels. The results stated that lower 
heating value of bio-oil got increased by 6.32 MJ/Nm3 and observed that 
combination with carbon dioxide possess the efficiency for optimizing 
sludge-derived biofuels quality and converting into carbonaceous fuels. 
Furthermore, Werle [64] performed the gasification of dried sewage 
sludge and indicated that the gas produced was of high lower heating 
value hence as a result the production of carbon monoxide and hydrogen 
was promoted. Utilization of gasification for conversion of different 
sludge to bio-fuel and its yield is mentioned in Table 5. 

4. Common factors affecting the efficiency of thermochemical 
processes 

Several existing studies have revealed various factors that signifi-
cantly affects the efficiency of hydrothermal liquefaction, pyrolysis and 
gasification during thermochemical conversion of sludge into biofuels. 
Such type of factors include temperature, pressure, addition of catalysts, 
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Table 3 
Influence of different pyrolysis methods.  

S. 
No. 

Pyrolysis type Reaction conditions Products obtained Yield (wt.%) Advantages Limitations Reference 

Heating 
rate 
(℃/s) 

Vapour 
residence time 

Feedstock 
size (mm) 

Temperature 
(℃) 

Main 
product 

By-product Main product By- 
product 

1. Slow pyrolysis 0.1–1 10–100 mins 5–50 300–700 Biochar Bio-oil & 
gaseous 
products 

̴ 35 ̴ 30 
(Bio-oil)̴ 
35  
(gases)  

• Finer char produced  
• Removal of pollutants like 

SOx, NOx etc.  
• Enhance C/N ratio & 

heating value of sludge  
• Suitable for solid fuel 

production & carbon 
sequestration  

• Produced low quality 
liquid bio-oil  

• Cracking due to long 
residence time thus 
reducing bio-oil yield  

• Increased expenditure 
due to high energy input 

[10,38,48- 
51] a. Faecal sludge 

slow pyrolysis  
10, 20 & 40 
mins 

350, 450 & 
600 

Biochar 70.4, 62.6 & 58.3 
at 350, 450 & 600 
℃, respectively 

b. Biological 
sludge slow 
pyrolysis 

2 to 30 Regarding 10 
mins as 
sufficient time 

300 to 600 Biochar 0.40 to 0.73 kg 
kg− 1 dry sludge 

2. Fast pyrolysis   

Dry sewage 
sludge fast 
pyrolysis 

10–200 0.5–5 s Less than 3 400–800    

487.5 

Bio-oil    

Bio-oil 

Char 
& gaseous 
products 

̴ 50    

35.8 

̴ 20 
(biochar) 
̴ 30 
(gases)  

• Sustainable scaling-up  
• Secondary transformation of 

additives or motor fuels  
• Produced biofuel utilized for 

industrial purposes like 
boiler, engine, turbine.  

• Simple transportability and 
storability of liquid fuels  

• Low yield of gaseous 
products  

• Less heating value of 
produced gases 

[10,38,50,52] 
a. 

3. Flash 
pyrolysis   

Dry -sewage 
flash pyrolysis 

More than 
1000 

Less than 0.5 s Less than 
0.2 

800–1000    

450–600 

Bio-oil Char & 
gaseous 
products 

̴ 75    

77 at 500 ℃. 

̴ 12 
(biochar) 
̴ 13 
(gases)  

• Maximize bio-oil production  
• Produced liquid fraction can 

be used as fuel or source for 
chemicals  

• Produced solid fractions can 
be utilized as adsorbent for 
wastewater treatment 
purposes  

• Poor thermal stability  
• High oil viscosity due to 

catalytic effect of char  
• Presence of solid 

residues in oil 

[38,50,51,53] 
a. 

4. Catalytic 
pyrolysis    

Oily sludge 
catalytic 
pyrolysis 

Catalyst type and its ratio to feed dominantly affects the process 
and product yield  

• Product distribution varies with type of catalyst employed  
• Bio-char yield enhanced by acidic catalyst  
• Basic catalysts responsible for higher bio-oil yield   

• Pyrolysis gas yield 31.46 L/kg with recovery rate of 48.21% 
for pyrolysis oil  

• Ni involvement improved pyrolysis gas yield  

• Catalysts enhance pyrolysis 
efficacy  

• Thermally stable bio-oil 
produced  

• Obtained bio-oil constitutes 
less oxygenated & acidic 
components  

• Secondary cracking 
produced liquid & gas phase  

• Nickel and zeolites 
catalysts undergoes 
rapid deactivation due 
to coke formation  

• Some are highly 
expensive like noble 
metal catalysts 

[4,10,54] 
a.  
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residence time, particle size etc (Table 6). 
a. Effect of Temperature 
Out of the above stated factors, effect of temperature has been 

studied and acknowledged widely. Temperature is the principle con-
trolling process parameter for gasification, pyrolysis and hydrothermal 
liquefaction of sludge. During gasification, it influences the Boudouard 
reaction, steam methane reforming reactions, completion of gasification 
reactions, methane formation, combustion and water gas shift reaction. 
Generally, the decomposition of methane includes reactions related to 
hydrocarbon reformation while due to steam reforming, methane 
decomposition and hydrocarbon reforming reactions the yield of 
hydrogen increase at a very rapid rate. In gasification, a large amount of 
char gets transformed into gaseous content under high temperature. 
Furthermore, at temperature of about more than 800 ◦C, the conversion 
rate of high molecular weight hydrocarbons and carbon will be higher 
for gas production and eventually cold gas efficiency would be enhanced 
[74]. However, excessively elevated temperature can result in clinker 
development due to high ash content of sludge [10]. Moreover, Lin et al. 
[75] regarded temperature as the most crucial parameter influencing the 

yield of produced bio-gas through gasification process. They observed 
that with an increase in temperature from 360 ℃ to 440 ℃, the yield of 
biogas also got increased from 44.6 L/kg sludge to 231.1 L/kg sludge, 
respectively. Hence, it was clearly indicated that with an increase in 
temperature, the efficiency of gasification process also got increased. 
Moreover, noticeable changes were also seen in yield of CO2 and H2 in 
biogas. At high temperature, supercritical water generated more •H and 
•OH radicals, out of which hydroxyl radicals oxidize the carbon element 
into a stable carbon dioxide gas and •H radicals favoured an increase in 
yield of H2 gas. 

Additionally, in pyrolysis there is maximization of liquid yield at a 
temperature of about 450–550 ◦C [58]. At a very low temperature, few 
chemical bonds are not powerfully sufficient to break down. Hence, 
some organic compounds do not degrade which can be understood by 
TGA analysis of sewage sludge. Furthermore, at above optimum tem-
perature, secondary pyrolysis of volatiles is increased. Consequently, tar 
breakdown into light gases, giving an increased gas yield and a reduced 
liquid yield. At high temperature, this reduction in liquid yield is 
commonly companied by increased production of polyaromatic 

Fig. 6. Schematic representation of pyrolysis for thermochemical conversion of sludge to bio-fuel. 1 – bunker, 2 – biomass raw, 3 – feeding screw, 4 – heat-exchanger, 
5 – pyrolysis reactor, 6 – receiver for pyrolysis products, 7 – screw, 8, 9, 12, 15 – valves, 10 – receiver for evaporated pyrolysis products, 11 – cooler, 13 – decanter, 14 
– compressor. 

Table 4 
Pyrolysis for conversion of different sludge to bio-fuel and its elemental analysis.  

S. 
No. 

Sludge type Pyrolysis process parameters Bio-fuel 
yield 

Elemental analysis of extracted bio-fuel Reference 

C (wt 
%) 

H (wt 
%) 

N (wt 
%) 

HHV/CV 
(MJ/kg)  

Digested sewage sludge 15th at 487.5 ℃ 35.8% 65.2 8.6 8.4 35.4 [52]  
Sewage sludge 450 to 600 ℃, with HZSM-5 catalyst to feed ratio of 

2:1 
20.9 wt% __ __ __ __ [55]  

Mixture of LC & DSS 550 ◦C with heating rate of 10 ◦C min− 1 31 wt% __ __ __ 12.29 [56]  
Milk floatation sludge 450 ◦C for 45 mins 57.7% 76.50 11.8 3.57 41.79 [46]  
Sewage sludge 250, 350, 450, 500, 550, 600 & 700 ◦C with heating 

rate of rate of 10 ℃ min− 1 
22.4 wt% 35.43 10.33 2.2 16.53 [45]  

Palm oil sludge 550 ℃ with a heating rate of 100 ◦C/min 27.4 wt% __ __ __ 22.2 [57]  
Sewage sludge 500 ◦C 77 wt% 

daf 
45.0 8.8 6.6 __ [58]  

Sewage sludge + 40% rapeseed 450 ◦C for 15 mins with a heating rate of 25 ◦C/min 16.6% 63.8 11.7 4.6 34.8 [59]  
50 wt% sewage sludge and 50 wt% 
pinewood sawdust 

500 ◦C 55 wt% __ __ 9.40 __ [53]  

Sewage sludge & rice husk Co-pyrolysis at 550 ◦C 17.21 wt 
% 

54.9 7.8 5.85 25.75 [60] 

MWTP- Municipal water treatment plant; LTU- Leachate’s treatment unit; STP- Sewage treatment plant; WWTP- Wastewater treatment plant; C- Carbon; H- Hydrogen; 
N- Nitrogen; HHV- Higher heating value; CV- Calorific value; UPES- University of Petroleum and Energy Studies; daf- Dry ash free basis. 
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hydrocarbons. PAHs are formed by reactions between light hydrocar-
bons and low molecular mass tar components under high temperature 
[76]. On the basis of process temperature, pyrolysis can be categorized 

into two types i.e., liquefaction and gasification. In pyrolysis liquefac-
tion, which takes place at around 425–575 ℃, there is 30–40 wt% 
production of bio-oil while in pyrolysis gasification which occurs at 

~

Fig. 7. Reaction pathway of gasification of sludge conversion [3,4]  

Fig. 8. Schematic representation of gasification for thermochemical conversion of sludge to bio-fuel. 1 – bunker, 2 – biomass raw, 3 – feeding screw, 4 – gasification 
reactor, 5 – filtering system, 6 – heat-exchanger. 
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more than 650 ℃, there is 51 to 66 wt% production of bio-gas of dry 
sewage sludge [3]. For instance, Huang et al. [77] in their study 
concluded that during pyrolysis of granular sewage sludge a tempera-
ture of around 600 ℃ was suitable for complete decomposition of sludge 
thus producing increased quantities of bio-oil. In addition, temperature 
of above 600 ℃ favored the production of bio-char and yield of bio-oil 
increased from 38.8 % to 43.4 % with an increase in temperature from 
500 ◦C to 600 ◦C which got decreased with further increase in temper-
ature. Hence, a temperature of 600 ◦C was regarded as most appropriate 
for bio-oil production. 

Similarly, in hydrothermal liquefaction, temperature is one of the 
most crucial factors that not only influence the bio-fuel yield but also 
exerts a great effect on bio-oil properties. With a rise in temperature, 
there is protein hydrolysation followed by deamination of amino acids 
thus producing ammonia and organic acids or decarboxylation gener-
ating carbon dioxide and amines. Initially, at around 150 ℃, there is 
increment in concentration of amines and with further increase in 
temperature, the yield of acetic acid got enhanced followed by pro-
duction of furfural derivatives, alcohols, ketones, acids, N-O heterocy-
clic components and amides due to reaction of carbohydrates and fatty 
acids with amino acids. All these produced reactants comprise the main 
portion of bio-oil [73]. Like, Xu et al. [78] in their study observed that 
during hydrothermal liquefaction of sewage sludge, the yield of bio- 
crude oil increased significantly at temperature from 260 ℃ to 340 ℃ 
and attained a maximum value of 22.9 wt% at 340 ℃. However, at 350 
℃ a slight drop of around 3.0 wt% was recorded because of the more gas 
production by biocrude conversion. 

b. Effect of gas residence time 
The effect of gas residence time on sludge gasification has also been 

studied by researchers. An increment in the efficacy of sludge gasifica-
tion with increase in bed height has been reported. The reason behind 
this fact is the reduction in reactivity of consuming char particles at 
delayed stage of their conversion. The leftover carbon is diluted in ashes 
and internal diffusion of gaseous components is inhibited by high ash 
content. Furthermore, due to increase in gas heating value with bed 
height there was steam reforming and volatiles cracking, as the volatiles 
were hold for longer in gasifier. To be particular, Amrullah and Mat-
sumura [79] analysed the effect of residence time on efficiency of 
gasification process and concluded that with an increase in residence 

time, the yield of methane got increased by 10.5 to 28.8 vol% due to 
methanation which is favoured under long residence time while the 
yield of hydrogen gas got reduced by 35.1 to 13.9 vol% with time. The 
reason behind this fact is reaction between carbon monoxide and 
hydrogen gas for generating methane. Moreover, under high tempera-
ture from 550 to 600 ℃ and short residence time, hydrogen gas ranging 
from 38.5 to 39.4 vol% was produced as the target product as water–gas 
shift reaction is indulged at increased temperature and the yield of 
methane got increased with time under all temperatures thus indicating 
that a prolonged residence time favours the process of methanation. 

The phenomenon of secondary pyrolysis can be minimized by a very 
short vapour residence time or by a quick quenching of volatiles. Studies 
have shown that short residence time under constant pyrolysis tem-
perature increase the oil yield due to reduction in degree of secondary 
reactions. Although, it is important to keep thing in mind that short 
residence time can’t simply be achieved by maximizing the flow of 
sweeping or fluidising gas. This is because constant increase in gas flow 
rate after a definite point will be responsible for dilution of tar con-
centration in vapour thus making condensation difficult which will be 
resulting in reduced yield of liquid [8]. In addition, Park et al. [80] 
stated that residence time of pyrolysis is one of the most critical pa-
rameters for bio-oil yield as it regulates the chances for secondary tar 
reactions. The study concluded that with an increase in feed rate or 
nitrogen flow rate the yield of bio-oil got enhanced due to decrease in 
vapor residence time. For instance, when the feed rate got doubled to 5 
g/min, the yield of bio-oil got increased by 45.1 wt%. 

Several studies have demonstrated the effect of residence times on 
hydrothermal liquefaction of sewage sludge. The period of reaction time 
may illustrate the substantial conversion of biomass and configuration 
of products. Generally, in supercritical water oxidation waste treat-
ments, there is destruction of dilute organic components under super-
critical pressure and temperature for short residence times. Nonetheless, 
optimization of residence time is a very important step for efficient 
degradation of organic components in biomass. Generally, for achieving 
high yield of liquid oil, it is important to retard the disintegration of 
lighter compounds. The products and radicals can be stabilized by 
addition of reducing agents like syngas, hydrogen and tetraline. The 
yield of oil can reach highest before reducing for extremely long resi-
dence times while biomass conversion and gas yield enhance constantly 

Table 5 
Gasification for conversion of different sludge to bio-fuel and its yield.  

S. No. Sludge type Gasification type Gas produced Gas yield Reference   

• Industrial wastewater sludge (IS)  
• Sewage sludge (SS) 

Steam co-gasification  • Hydrogen  • 9.10 vol% to 12.46 vol 
% 

[17]  

Dewatered sewage sludge SCWG  • Methane  • 11.3% to 41.8% [65]  
Oily sludge Pyrolysis coupled with gasification  • Methane  • 3.25% [54]   
• Sewage sludge  
• Torrefied biomass 

Drying & autothermal gasification  • Hydrogen  
• Carbon monoxide  

• 44.3%  
• 100.1% 

[66]  

Sewage sludge Solar steam gasification  • Hydrogen  • 61.2–67.6 g/kg(sludge) [67]  
Sewage sludge + CaO pellets Two-stage sorption-enhanced steam 

gasification  
• Hydrogen (1st stage)  
• Carbon monoxide (2nd 

stage)  

• 72.2 vol% purity  
• 60.5 vol% purity 

[68]   

• Sewage sludge (SS)  
• Palm oil empty fruit branch 

SCWG  • Hydrogen  
• Methane  
• Carbon dioxide  
• Carbon monoxide  

• 32.2%  
• 27.0%  
• 86.0%  
• 4.5% 

[69]  

Municipal sludge   • Hydrogen  
• Methane  
• Carbon dioxide  
• Carbon monoxide  
• Nitrogen  

• 23.3 (v/v. %)  
• 1.2 (v/v. %)  
• 13.4 (v/v. %)  
• 18.5 (v/v. %)  
• 43.6 (v/v. %) 

[70]  

Activated sewage sludge + RNi-Mo2 
catalyst 

__  • Hydrogen  • 18.13 mol/kg dry   

• sludge 

[71]  

Sewage sludge Gasification system using 
waste heat of BF slag  

• Hydrogen  • 35.3% [72] 

STP- Sewage treatment plant; WWTPs- Wastewater treatment plants; SCWG- Supercritical water gasification; MWWTP- Municipal wastewater treatment plant; RNi- 
Mo2- Raney-nickel-Mo2; BF- Blast furnace. 
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Table 6 
Comparison of different thermochemical techniques for sludge conversion.  

S. 
No. 

Technologies Reaction conditions Target 
product 

By-product Yield of 
main target 
product 

Advantages Limitations Reference 

Operating 
temperature 

Atmosphere Pressure Suitability 
for feedstock  

Pyrolysis 300 to 650 ℃ Inert or oxygen 
free 

Atmospheric Dry sewage 
sludge 

Bio-oil Non-condensable 
gases, ash & solid 
carbon 

51 to 80 wt 
% on daf  

• Optimization of product 
distribution on the basis of 
operating conditions  

• Reduction in waste 
volume  

• Decomposition of organic 
pollutants  

• Neutralization of 
pathogens  

• Low product quality due to 
high moisture content of 
sludge  

• Demands high energy 
consumption  

• Drying is time consuming  
• Accessibility of product for 

direct economic use 

[5,10,51]  

Gasification Above 650 ℃ Requires 
gasifying agent 
like CO2, steam 
etc. 

Atmospheric Dry sewage 
sludge 

Bio-gas Char 51 to 66 wt 
% on db  

• Promising route for H2 

production  
• Avoid the emission of 

hazardous compounds  
• Enhanced thermal 

efficiency  
• Produced bio-gas can be 

used for fuel as well as for 
chemical synthesis  

• Low product quality due to 
high ash & moisture content  

• Energy consumption for 
drying is a main issue upon 
direct feeding of sludge into 
gasifier  

• Production of tar as by- 
product cause blockage of fuel 
injector nozzles, down-stream 
valves & pipelines 

[10,51,63]  

Hydrothermal 
liquefaction 

425 to 575 ℃ Presence of 
nitrogen gas 

Elevated (5 to 
20 MPa) 

Wet sewage 
sludge 

Bio-oil Solid (biochar), 
aqueous phase 
fraction & gaseous 
materials 

30 to 40 wt 
% on db  

• Wet sludge can be utilized 
directly  

• Energy recovery rate is 
greater than 50%  

• Elimination of bioactive 
components  

• Inactivates antibiotic 
resistant genes  

• Low operating 
temperature as compared 
to other technologies  

• Requires special reactor due 
to high operating pressure  

• Requirement of resistant 
materials for reactors 
fabrication  

• Reduction in bio-oil yield 
during evaporation of solvent  

• Increased capital cost 

[4,51,73] 

MPa- mega pascal; db- dry basis; daf- dry ash-free basis. 
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till saturation point [81]. To be specific, Tong et al. [35] stated that 
under low temperature conditions, elongation in residence time can 
enhance the yield of bio-oil. As per the studies, when residence time was 
10 min for low temperature segment, the bio-oil yield got enhanced with 
increase in temperature followed by a reduction in yield of solid residue. 
On the other hand, when residence time got extended by 40 min under 
low temperature segment, the bio-oil yield commuted unevenly with 
rise in temperature. This might be due to breakdown of stable proteins 
present in sewage sludge when the temperature was above 200 ℃ the 
partial breakdown of bio-oil into light compounds that are not encap-
sulated in oil fraction, led to slight reduction in bio-oil yield with a 
continuous rise in temperature of up to 340 ℃. 

c. Effect of Pressure 
The partial pressure of gasifying agent in reactor is of crucial 

importance because it greatly influences the desired yield of product. 
There is a requirement of optimum partial pressure along with optimum 
temperature in order to have increased interaction with compounds 
present in reactor. Additionally, it will be responsible for heating rate 
thus converting sewage sludge into syngas of high quality [10]. In direct 
pyrolysis of wet sludge, high moisture content of sludge causes 
condensation of water which results in increased water content of liquid 
product leading to various complication in downstream processing and 
purification of product. On the other hand, high partial pressure of water 
in reactor in contrast to dry sludge pyrolysis causes an in-situ steam 
reforming of volatile components which maximize the generation of 
non-condensable gases after partial gasification of solid char [82]. 
Therefore, pyrolysis of wet sludge is not suitable for production of liquid 
fuel. 

Furthermore, hydrothermal liquefaction is highly reliant on elevated 
pressures and temperatures at the critical pressure point where water 
approaches sub- or super-critical conditions (i.e., near critical region of 
water) [83]. The density, viscosity, and dielectric constants of water 
vary dramatically when it moves from normal conditions (20 ◦C/0.1 
MPa) to its critical point (374 ◦C /22 MPa) [84]. Temperature is the most 
important element impacting reaction efficiency in sub-critical water, 
but temperature and pressure both play a role in enhancing conversion 
efficiency in super-critical water. 

In sub- and super-critical states, temperature and pressure may be 
adjusted to modify the density of water. Due to the low diffusivity of sub- 
critical water, it has minimal contact with sewage sludge and hence 
serves primarily as a reaction media [85]. Super-critical water, on the 
other hand, has a greater diffusivity and speeds up the interaction be-
tween the solvent and the sewage sludge. Near-critical water zone, 
water’s hydrogen bonding is weaker therefore, can be used as a 
hydrogen donor for sewage sludge conversion and as soon it hits the 
super-critical point, conversion efficiency skyrockets [86]. Free radical 
reactions predominate in the super-critical area because the likelihood 
of radical formation from a succession of elemental reaction steps in-
creases as temperature rises [83]. The use of hydrothermal liquefication 
promote environmental health by converting various forms of sewage 
sludge to biocrude oil. It has also been employed to remove emerging 
chemicals [87,88] dichlorination [89] and denitrogenation [90]. 

d. Action of catalyst 
In gasification process, the aim behind catalyst addition is to stim-

ulate the process efficiency followed by degradation of tar contaminants 
thus producing greater yield of syngas. Tar contains a complex mixture 
of greater hydrocarbons that needs to be breakdown into hydrocarbons 
of low molecular weight in gas phase for achieving higher methane, 
carbon monoxide and hydrogen. In addition, catalyst facilitates mass 
and heat transfer between the particles in befitting manner. Few cata-
lysts are also added to the reactor as an alternative for sand or as an 
additive. It also helps in lowering the activation energy thus improving 
efficacy of gasification and producing higher yields of gaseous products. 
In addition, Chen et al. [91] studied the effect of Ni-based catalyst on 
hydrogen gas production through steam gasification of sludge and 
observed that at 900 ℃, the catalyst loading at a rate of 20 % 

significantly increased the volume fraction of hydrogen gas by 45.096 
%. However, the loading of catalyst at more than or equal to 25 % 
decreased the yield of produced gas. 

Similarly, in catalytic pyrolysis also there is production of liquid fuel 
with high energy content capable of producing chemicals, power, heat 
and biofuels. Several studies have stated that addition of a catalyst can 
significantly enhance the value of end-products. During the process, 
catalyst can be added at three stages, before pyrolysis, during pyrolysis 
and after pyrolysis. In many cases, scientists have noticed that catalyst 
not only increased the bio-oil properties by also improved the hydrogen 
production followed by removal of chlorine, sulfur and nitrogen. For 
achieving high yield of fuel, there is a need of optimum reaction con-
ditions for sustainable fuel production. Therefore, the major role of 
catalyst in pyrolysis is to generate high quality of desired product that 
can either be bio-fuel, gas or char but in most cases bio-oil is the main 
desired product [10]. Xie et al. [55] observed that during pyrolysis of 
sewage sludge, catalyst addition reduced the yield of bio-oil. This might 
be due to passage of pyrolysis vapours through catalyst particles that 
enhanced the gas residence time. Therefore, carbonization reactions and 
thermal cracking of volatiles resulted with great probability, that can 
decrease the yield of bio-oil and an increment in char yield was noticed 
upon catalyst addition. However, when the catalyst to feed ratio got 
enhanced by 1:1 to 2:1, there was an increase in bio-oil yield followed by 
reduction in gas yield. Hence, keeping in viewpoint the product distri-
bution, catalyst does not enhance the bio-oil yield. 

Moreover, in hydrothermal liquefaction several heterogeneous and 
homogeneous catalysts have shown increased bio-oil yield followed by 
enhancing through denitrogenation and deoxygenation or both at the 
same time. Various homogeneous catalysts like H3PO4, FeCl3, HCOOH, 
FeSO4, KOH, NaOH and Na2CO3 are widely utilized for HTL and possess 
a denitrogenation effect. Additionally, the addition of HCOOH signifi-
cantly enhanced encapsulation of nitrogen in aqueous as well as bio-oil 
nitrogen [73]. Rahman et al. [34] in their study performed hydrother-
mal liquefaction of municipal sewage sludge and observed a clear 
reduction in biocrude yield upon catalyst addition as compared to that in 
non-catalytic HTL. 

e. Effect of particle size 
Like all other factors, the particle size of feed also significantly affects 

the efficiency of thermochemical processes. For instance, a study 
investigated that liquid yield got increased by decreasing the sludge 
particles size in fluidised bed reactor. The influence of particle size can 
be described by distinguishing between rate of heat transfer and intra-
particle mass. Small particles on entering the reactor heats up very 
instantly and rapidly as compared to large particles which undergo slow 
heating. Additionally, the heating rates of large particles are little uni-
form, resulting in incomplete fast pyrolysis, thus reduced volatilisation 
of particles [80]. For instance, Han et al. [92] performed fast pyrolysis of 
biophysical dried sludge in horizontal fixed bed reactor and analysed the 
effect of particle size on products yield and syngas composition. The 
results revealed that large particles (greater than 4 mm) favoured the 
production of oil with a highest value of around 19 %. In addition, the 
highest char yield was provided by small particles (greater than 0.27 
mm) with a highest value of 60.6% and medium size particles ranging 
from 0.27 mm to 4 mm favoured syngas production along with inducing 
greater H2 and CO emission. In gasification also the feed particle size 
plays a vital role for achieving high yield of product gas. 

Generally, in hydrothermal liquefaction the influence of particle size 
is very low to negligible. The reason behind this fact is that in super or 
subcritical water act as an extractant as well as a heat transfer medium. 
It helps to overcome the flaws of heat transfer thus making particle size a 
secondary parameter. Therefore, the efficiency of HTL is insensitive to 
particle size and there is no requirement for extreme reduction in size of 
biomass feedstock [81]. In addition, Edifor et al. [93] stated that particle 
size greatly influences the transportation and stability of biosolids 
slurries preliminary to the production of renewable crude-like oil by 
hydrothermal liquefaction and the size reduction below 750 µm was 
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regarded as unnecessary. Moreover, Fig. 9 depicts a brief description of 
different process parameters affecting efficiency of thermochemical 
methods and yield of bio-fuel. 

f. Effect of Heavy metals 
Sludge comprises of various heavy metals like zinc, lead, nickel, 

copper, mercury, cadmium and chromium whose concentration varies 
from less than 1 ppm to greater than 1000 ppm and they further possess 
the potential for causing ecotoxicological hazards. The elevated metal 
content of sludge is regarded to be under investigation and also their fate 
and mobility is a major matter of concern. In various thermochemical 
technologies like pyrolysis or gasification, the trace elements are more 
concentrated in solid or gaseous products. Moreover, studies have also 
reported on the presence of ketones, esters, carboxylic acids, cyclanes, 
alkyl aromatic hydrocarbons, halogenated aromatics in the liquid 
products obtained through pyrolysis of sludge [3]. For instance, Yuan 
et al. [94] performed the pyrolysis of sewage sludge in a horizontal 
tubular furnace at 550 ℃ and 850 ℃ for 120 mins and observed the 
presence of cadmium and zinc in bio-oil obtained at 850 ℃. Hence, the 
study concluded that high temperature pyrolysis can generate more 
dangerous bio-oils and moreover bio-oils obtained through low tem-
perature pyrolysis were also risky at different levels. In addition, the 
need for upgradation or pre-treatment before utilization was also 
highlighted. Similarly, Tian et al. [95] observed the presence of sulphur 
and nitrogen content in bio-oil and stated the requirement for extraction 
so that it can be utilized as fuel. 

However, as compared to pyrolysis the chances of gaseous products 
contamination are more in gasification process due to its high operating 
temperature which creates a necessity to monitor metal distribution 
throughout the process [3]. Saveyn et al. [96] performed the gasification 
of sewage sludge and indicated the presence of heavy metals like zinc, 
lead and copper in biochar. Similarly, Li et al. [97] evaluate the heavy 
metals in solid residues from sub and super critical water gasification of 
sewage sludge and concluded that the total concentration of heavy 
metals and contamination was increased by two levels after the gasifi-
cation process. Nonetheless, hydrothermal liquefaction can result in 
more greener products due to its low operating temperature. As Leng 
et al. [98] carried out the hydrothermal liquefaction of sewage sludge at 
280–360 ℃ and stated that no heavy metals were detected in the 
gaseous products. In addition, the percentage of heavy metals 

distribution in obtained bio-oil was less than 10 % but there is no doubt 
that HTL produce bio-char with high metal content as more than 90 % of 
heavy metals were distributed in solid char. 

5. Technical challenges 

Despite of all the advantages, various thermochemical processes like 
gasification, pyrolysis and hydrothermal liquefaction still faces several 
challenges that are yet not confronted and needs to be acknowledged 
further in detail. The key challenges for efficient thermochemical con-
version of sludge are as follows: 

5.1. Key challenges of pyrolysis or gasification of sludge 

5.1.1. Tar issue 
At the time of gasification or pyrolysis, generation of tar can be a 

reason behind tremendous issues like plugging of lines and filters, 
forming coke etc. leading to significant operational obstructions [99]. 
This is due to the condensation of hydrocarbon volatiles with molecular 
weight higher than in benzene [62]. Additionally, tar is also detrimental 
to human health because it contains various carcinogenic and terato-
genic compounds. It further contains consequential amount of energy 
that can be utilized for gas production. Therefore, generation of tar 
either in gasification or pyrolysis will not only be responsible for un-
desirable extent of sustentation for downstream equipment but it will 
also lessen the energy efficacy of process [4]. 

5.1.1.1. Catalyst deactivation. Deactivation of catalyst is a very known 
problem in catalytic methods. It is generally due to active sites poisoning 
caused by few contaminants present in feed. Another reason behind this 
is clogging of pores or active sites by coke produced at the time of 
condensation or cracking of products and reactants. Moreover, in few 
cases this deactivation might be due to stream washing of metals or 
chemical variations resulting in loss of active species on surface of 
catalyst [100]. Likewise, during gasification or pyrolysis of sewage 
sludge the catalyst may get deactivated due to fly ash produced in 
process, covering the surface or blocking the pores of catalyst [101]. 
Moreover, several mechanical reasons like attrition are also responsible 
for catalyst deactivation. It can be signified by decreased rate of reaction 

Fig. 9. Common parameters affecting efficiency of thermochemical processes.  
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and reduced quantity and quality of products [102]. Hence, constant 
efforts are still required for developing strong catalysts and adequate 
methods for reactivation, recovery and regeneration of deactivated or 
used catalysts. 

5.1.1.2. High moisture content. High moisture content of sludge can 
significantly influence the characteristics of generated gas and the 
gasifier operation followed by high consumption of energy. In addition, 
the issues can also arise in feeding of sludge into gasifier thus compli-
cating heat and mass transfer due to pasty consistency of sludge with 
high moisture content [103]. Therefore, drying or dewatering is 
required prior to gasification or pyrolysis process, which balances the 
efficacy of energy recovery. However, significant moisture content can 
upgrade the gasification of biochar and tar decomposition. Moreover, it 
has been stated that the moisture content limit is dependent on type of 
gasifier utilized. Anyhow, it is advantageous to consistently maintain the 
moisture content to less than 30 % for reducing energy losses because of 
vaporisation and heating of water [104]. Thus, it is mandatory to 
decrease the water content of sludge to a sustainable limit before feeding 
it for gasification or pyrolysis treatment. 

5.1.1.3. High sulphur and nitrogen content. The significant challenges to 
gasification of sludge are also bought by high amount sulphur and ni-
trogen present in sludge which possess a great efficiency for causing 
secondary environment pollution. At the time of thermochemical con-
version, substantial content of sludge-bound sulphur and nitrogen are 
volatilised at the same time with volatiles during pyrolysis process 
leading to the production of toxic pollutants like hydrogen sulphide, 
hydrogen cyanide and ammonia [8]. Moreover, sludge normally con-
stitutes around about 1 wt% sulfur and 9 wt% nitrogen by dry weight, 
that can emit SOx and NOx precursors in gasification or pyrolysis 
treatment which finally will be responsible for secondary pollution of 
acid rain and photochemical smog [105,106]. Therefore, to slow down 
the production of sulfur or nitrogen containing components during 
gasification or pyrolysis of sludge efforts have been made. For instance, 
it has been stated that for developing measures to reduce the emissions 
of NOx, it is necessary to properly acknowledge sludge-nitrogen nexus at 
the time of gasification or pyrolysis [4]. 

5.2. Key challenges of hydrothermal liquefaction of sludge 

5.2.1. Catalyst recovery 
Although, hydrothermal liquefaction is an efficient technology for 

thermochemical conversion of sludge to biofuel but still there are some 
challenges that yet not confronted. Generally, in thermochemical pro-
cesses the catalysts are employed for enhancing the efficacy of methods 
followed by reduction in yield of solid residue thus maximizing bio-oil 
yield. Nonetheless, the recovery of several soluble catalysts from end 
product, is a challenge that needs energy intensively and expensive 
separation technologies [107]. Hence, to overcome these challenges, 
certain heterogeneous catalysts have been tried out that can possibly be 
reutilized and simply be recovered for many times [108,109]. However, 
such heterogeneous catalysts are further associated with several chal-
lenges like poisoning due to inorganics or tar deposition and deactiva-
tion because of metals leaching loss [110]. 

5.2.2. Continuous v/s batch flow reactor system 
During hydrothermal liquefaction, corrosive surroundings are pro-

duced by subcritical water that demands the involvement of resistant 
materials for construction of reactor. Furthermore, due to high pressure 
and high temperature operating conditions there is requirement of 
pressure reactors which results in an increased capital cost. Addition-
ally, the produced low solubility compounds easily get deposited in 
downstream units or reactors that can block the functioning of equip-
ment. Therefore, from the viewpoint of industrial scale applications, 

hydrothermal liquefaction should be carried out in a continuous flow 
system possessing higher economic feasibility and efficacy. Neverthe-
less, hydrothermal liquefaction of sludge is by distant lack of operating 
experience and commercialized instalment [111]. 

5.2.3. Product separation 
Soon after the process of HTL, acquired products requires separation. 

On that account, several existing studies have analysed the utilization of 
organic solvents for extracting bio-oil from solid residues and liquid 
phase. However, only few studies have focused on studying the effects of 
such organic solvents on quality and yield of bio-oil products. The 
addition of organic solvents in HTL process can maximize the overall 
cost of technique because the solvent requires recovering either by 
distillation or evaporation where small molecules of bio-oil can be lost 
by evaporation in addition with solvent, causing deduction in bio-oil 
yield. Hence, cost and energy efficient separation of bio-oil from hy-
drothermal liquefaction is still challenging [4]. 

Moreover, apart from this, some of the other key challenges are as 
follows:  

• Existing studies have focused only on the characterization of bio-oil. 
However, vital information like heavy metal, volatile content, type 
and amount of functional group, pH, ash, moisture content etc. is still 
lacking.  

• The commercial trade-offs for bio-oil co-production from biomass by 
hydrothermal liquefaction should be examined carefully.  

• In addition, the information on effect of process parameters, like 
distribution of particle size, heating rate, size and shape of reactor, 
liquid–solid ratio, pH etc. is still lacking [28]. 

6. Recent novel technologies 

Besides from all the above discussed influential and novel thermo-
chemical technologies, Supercritical water oxidation (SCWO) and Su-
percritical water gasification (SCWG) are also few other emerging 
technologies that are receiving an increased interest of researchers for 
thermochemical conversion of sludge into bio-oil. The major reason 
behind this fact is that such technologies also extinguish an energy 
consuming step i.e., drying of wet feedstock, just like in hydrothermal 
liquefaction [112]. The water in supercritical state along with co- 
existing liquid and gas phases can be a source of reactive species 
engaged for treating biomasses with high moisture content like sewage 
or additional type of sludge. Under supercritical water, the biomass 
gasification behaves like an oxidant and O2 atoms from this state link 
with carbon atom of feedstock for producing carbon dioxide, which 
sequentially act with steam for generating carbon dioxide and hydrogen 
gas by water gas shift. In addition, this method is a better path for 
hydrogen gas production and is more appropriate for wet feedstock as 
compared to gasification. However, the production cost of hydrogen gas 
is higher as compared to that in conventional method [74]. Amrullah 
and Matsumura [79] performed supercritical water gasification of 
sewage sludge in a continuous reactor and observed the production of 
gases involving hydrogen, methane and carbon dioxide. Moreover, a 
high carbon gas efficiency of 0.73 was achieved at 600 ℃ with 50 s 
residence time. 

Supercritical water oxidation is also an efficient and novel oxidation 
technology for overall elimination of organic waste. During this process, 
the organic components and oxidizing agents are completely dis-
integrated into supercritical water, and homogeneous oxidation re-
actions are brought out quickly. After a moment or two, organic 
compounds are extensively modified into harmless substances in the 
form of minute molecules, like water, carbon dioxide and nitrogen. 
Simultaneously, heteroatoms are transformed into their equivalent 
mineral acids or salts depending on the pH of feedstock. This technology 
removes around 99.9% of organic matters in precisely a couple of mi-
nutes. In addition, self-heating balance can also be achieved when a 
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percentage of organic content is greater than 3 wt%. However, super-
critical water oxidation further faces some challenges such as problems 
related to salt deposition, corrosion and high operating costs [113]. Li 
et al. [114] carried out the supercritical water oxidation of sludge at 
520–580 ℃ along with 23–25 MPa of pressure and observed that 
removal efficiency of organic content was around 99%. Similarly, tor-
refaction is also a thermal pre-treatment carried out at temperature 
between 200 and 300 ◦C in an inert atmosphere. Sometimes, it is also 
known as mild pyrolysis or roasting and is basically utilized for pro-
ducing solid product with high energy density, low moisture content, 
low O/C ratio and high calorific value. This is due to release of H2O, 
CO2, CO and lightweight organic substances. In addition, it can further 
be coupled with physical densification, drying and torrefaction process 
[8]. Nonetheless, due to an increased interest in application of hydro-
thermal technologies more investigations are expected related to sludge 
thus improving the economic performance and resource recovery. 

7. Future perspectives 

Thermochemical technologies can be considered as promising in 
contrast with other conventional methods because they offer certain 
advantages like recovery of resources and energy, advances in pre- 
treatment, sludge valorisation, intensification of process etc. which are 
suggested as important factors for sludge. Moreover, to deal with the 
problems related with disposal and treatment of sludge, there is a need 
to think out of the box for evolving more innovative and commercialized 
technologies that will occupy a wide scope in upcoming future. Some of 
the such innovations can be production of hydrogen gas from sludge, co- 
gasification, co-HTL and co-pyrolysis of sludge with biomass as dis-
cussed below.  

• To be particular, catalytic gasification has been considered more 
promising for mitigation of pollutants, technological evolution, 
addition of socio-economic advantages, production of environment 
friendly products etc. because sulfur and nitrogen are found to be 
highest emitting pollutants from sludge and the utilization of catalyst 
can be helpful in reducing SOx and NOx precursors [10,115].  

• Additionally, sludge constitute few distinctive physicochemical 
properties like low heating value, viscosity, high ash content, high 
moisture content and density. Therefore, the combination of two 
processes or materials in a suitable manner can recompense the 
weaknesses of residues followed by enhanced physicochemical and 
mechanical properties of new blend material. Nonetheless, few 
existing studies have focused on the implementation of co- 
gasification and co-pyrolysis for thermochemical conversion of 
sludge but still it requires adequate understanding for a wide scope in 
future [3]. Moreover, Gao et al. [54] also stated that upgradation of 
bio-oil can be attractive because it reveals properties similar to that 
of heavy fuel oil but addition of catalyst or co-pyrolysis will be 
required for that purpose.  

• Similarly, hydrothermal co-liquefaction of residues mixture and 
algal biomass can also be seen as a sustainable modification for 
selectively adjusting the composition, amount and quality of gener-
ated biocrude oil mainly when molecules like sulphur and nitrogen 
have to meet with specific threshold values for future utilization of 
biocrude. Hence, few mixtures of residues alone or in combination 
with algal biomass can be utilized for large scale production of bio- 
oil with desired quality and yield. Nevertheless, co-liquefaction can 
be a way for reducing process cost thus ensuring constant and suf-
ficient mixtures of raw material for processing [32,116-119]. 

• In addition, studies have also shown significant possibility for pro-
ducing hydrogen gas from wet sludge due to its high moisture con-
tent. Wet sludge pyrolysis under high temperature in combination 
with high heating rates can further increase the generation of 
hydrogen rich fuel gas [3,120]. 

8. Conclusion 

In recent decades, implementation of thermochemical technologies 
has been regarded as a promising approach for conversion of sludge into 
bio-fuel due to several advantages like energy recovery, pathogens 
inactivation and concurrent volume reduction. They can be a possible 
route for energy recovery from sludge despite of its heavy metal content, 
high ash content and moisture content. However, it is concluded that, 
hydrothermal liquefaction can be considered as the most efficient 
technology as it has been stated that different products obtained through 
hydrothermal liquefaction of sludge i.e., bio-char, bio-oil, gaseous phase 
and aqueous phase possess high concentration of nutrients and organic 
compounds and moreover the produced gaseous phase is rich in carbon 
dioxide. Hence, due to these properties, such products reveal a potential 
for fully utilization [121]. For instance, the solid products can be utilized 
as activated carbon-based compounds for energy and environmental 
applications or as soil conditioners. In addition, HTL results in high bio- 
oil yield in contrast with other methods which has the potential for 
utilization as fuels in transportation after enhancement and the aqueous 
phase also possess consequential possibility for carbon sources and nu-
trients like for algae cultivation. Nonetheless, this provides a clear 
indication that the HTL process not only holds the efficiency of pro-
ducing energy but can also yield tremendous advantages related to 
environment. Furthermore, the direct utilization of aqueous phase for 
different purposes like anaerobic digestion, catalytic hydrothermal 
gasification or algae cultivation are also appealing substitutes for pro-
duction of methane-rich fuel gas and hydrogen-rich fuel gas. Biocrude 
produced from HTL of sewage sludge can be used as a substitute for fossil 
fuels. Moreover, as compared to other technologies like pyrolysis, hy-
drothermal liquefaction does not demand any drying of sludge, hence 
the wet feedstock like sludge can be liquefied directly that significantly 
minimize the operational cost of process. Additionally, the biocrude oils 
obtained through HTL possess higher heating value, low water content 
and therefore enhanced quality of bio-oils are obtained as compared to 
those in pyrolysis. Nonetheless, HTL also provides an economically 
sustainable solution in removing emerging chemical contaminants, 
denitrogenation and dechlorination. 

Although, it offers a potential thermochemical platform, but still 
further with few technical challenges that requires more work and 
proper understanding for a better industrialization and commercializa-
tion in the market globally. The optimization of process parameters is 
still needed and vital information about like volatile content, type and 
amount of functional group etc. is also lacking. Also, use of sludge blends 
with biomass residues in an appropriate proportion in thermochemical 
processes appears to be an intriguing prospect that could compensate 
further shortcomings in order to improve alternative fuel characteristics 
such as sludge moisture reduction, increased calorific value, and dilu-
tion of sludge’s undesirable species content. 

Nonetheless, the future scope of thermochemical processes can’t be 
questioned for recovery of energy and resources from sludge hence also 
minimizing its negative impacts on environment and human health. 
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[18] Fonts I, Gea G, Azuara M, Ábrego J, Arauzo J. Sewage sludge pyrolysis for liquid 
production: a review. Renew Sustain Eng Rev 2012;16(5):2781–805. 

[19] Li J, Gan J, Hu Y. Characteristics of heavy metal species transformation of Pb, Cu, 
Zn from municipal sewage sludge by thermal drying. Procedia Environ Sci 2016; 
31:961–9. 

[20] Makarichi L, Jutidamrongphan W, Techato K-A. The evolution of waste-to-energy 
incineration: A review. Renew Sustain Eng Rev 2018;91:812–21. 

[21] Kumar V, Jaiswal KK, Vlaskin MS, Nanda M, Tripathi M K, Gururani P, ... & Joshi 
HC. Hydrothermal liquefaction of municipal wastewater sludge and nutrient 
recovery from the aqueous phase. Biofuels 2020;1-6. 

[22] Lin Y-Y, Chen W-H, Liu H-C. Aging and emulsification analyses of hydrothermal 
liquefaction bio-oil derived from sewage sludge and swine leather residue. 
J Cleaner Prod 2020;266:122050. https://doi.org/10.1016/j. 
jclepro.2020.122050. 

[23] Wang S, Persson H, Yang W, Jönsson PG. Pyrolysis study of hydrothermal 
carbonization-treated digested sewage sludge using a Py-GC/MS and a bench- 
scale pyrolyzer. Fuel 2020;262:116335. https://doi.org/10.1016/j. 
fuel.2019.116335. 

[24] Prestigiacomo C, Proietto F, Laudicina VA, Siragusa A, Scialdone O, Galia A. 
Catalytic hydrothermal liquefaction of municipal sludge assisted by formic acid 
for the production of next-generation fuels. Eng 2021;232:121086. https://doi. 
org/10.1016/j.energy.2021.121086. 
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solar-driven steam gasification of sewage sludge in an indirectly irradiated 
fluidized-bed reactor. Appl Eng 2020;261:114229. https://doi.org/10.1016/j. 
apenergy.2019.114229. 

[68] Yang X, Kan T, Kheradmand A, Xu H, Strezov V, Yu A, et al. Tunable syngas 
production from two-stage sorption-enhanced steam gasification of sewage 
sludge. Chem Eng J 2021;404:126069. https://doi.org/10.1016/j. 
cej.2020.126069. 

[69] Weng Z, Kanchanatip E, Hantoko D, Yan Mi, Su H, Zhang S, et al. Improving 
supercritical water gasification of sludge by oil palm empty fruit bunch addition: 
Promotion of syngas production and heavy metal stabilization. Chinese J Chem 
Eng 2020;28(1):293–8. 

[70] Ayol A, Tezer Yurdakos O, Gurgen A. Investigation of municipal sludge 
gasification potential: Gasification characteristics of dried sludge in a pilot-scale 
downdraft fixed bed gasifier. Int J Hydrogen Eng 2019;44(32):17397–410. 

[71] Chen Y, Yi L, Li S, Yin J, Jin H. Catalytic gasification of sewage sludge in near and 
supercritical water with different catalysts. Che Eng J 2020;388:124292. https:// 
doi.org/10.1016/j.cej.2020.124292. 

[72] Luo S, Wang J, Guo X, Liu Z, Sun W. The production of hydrogen-rich gas by wet 
sludge gasification using waste heat of blast-furnace slag: mass and energy 
balance analysis. Int J Hydrogen Eng 2019;44(11):5171–5. 

[73] Leng L, Zhang W, Peng H, Li H, Jiang S, Huang H. Nitrogen in bio-oil produced 
from hydrothermal liquefaction of biomass: A review. Chem Eng J 2020;401: 
126030. https://doi.org/10.1016/j.cej.2020.126030. 

[74] Sikarwar VS, Zhao M, Fennell PS, Shah N, Anthony EJ. Progress in biofuel 
production from gasification. Prog Eng Combust Sci 2017;61:189–248. 

[75] Lin J, Liao Q, Hu Y, Ma R, Cui C, Sun S, et al. Effects of process parameters on 
sulfur migration and H2S generation during supercritical water gasification of 
sludge. J Hazard Mater 2021;403:123678. https://doi.org/10.1016/j. 
jhazmat.2020.123678. 

[76] Dai Q, Jiang X, Jiang Y, Jin Y, Wang F, Chi Y, et al. Formation of PAHs during the 
pyrolysis of dry sewage sludge. Fuel 2014;130:92–9. 

[77] Huang F, Yu Y, Huang He. Temperature influence and distribution of bio-oil from 
pyrolysis of granular sewage sludge. J Anal Appl Pyrolysis 2018;130:36–42. 

[78] Xu D, Lin G, Liu L, Wang Y, Jing Z, Wang S. Comprehensive evaluation on product 
characteristics of fast hydrothermal liquefaction of sewage sludge at different 
temperatures. Energy 2018;159:686–95. 

[79] Amrullah A, Matsumura Y. Supercritical water gasification of sewage sludge in 
continuous reactor. Bioresour Technol 2018;249:276–83. 

[80] Park HJ, Heo HS, Park Y-K, Yim J-H, Jeon J-K, Park J, et al. Clean bio-oil 
production from fast pyrolysis of sewage sludge: effects of reaction conditions and 
metal oxide catalysts. Bioresour Technol 2010;101(1):S83–5. 

[81] Akhtar J, Amin NAS. A review on process conditions for optimum bio-oil yield in 
hydrothermal liquefaction of biomass. Renew Sustain Eng Rev 2011;15(3): 
1615–24. 

[82] Zhang B, Xiong S, Xiao Bo, Yu D, Jia X. Mechanism of wet sewage sludge pyrolysis 
in a tubular furnace. Int J Hydrogen Eng 2011;36(1):355–63. 

[83] Chen W-T, Haque MA, Lu T, Aierzhati A, Reimonn G. A perspective on 
hydrothermal processing of sewage sludge. Curr Opin Environ Sci Health 2020; 
14:63–73. 

[84] Chen WT. Upgrading hydrothermal liquefaction biocrude oil from wet biowaste 
into transportation fuel. University of Illinois at Urbana-Champaign); 2017. 
Doctoral dissertation. 

[85] Hu Y, Gong M, Xing X, Wang H, Zeng Y, Xu CC. Supercritical water gasification of 
biomass model compounds: A review. Renew Sustain Eng Rev 2020;118:109529. 
https://doi.org/10.1016/j.rser.2019.109529. 

[86] Bai B, Liu Y, Meng X, Liu C, Zhang H, Zhang W, et al. Experimental investigation 
on gasification characteristics of polycarbonate (PC) microplastics in supercritical 
water. J Eng Inst 2020;93(2):624–33. 

[87] Pham M, Schideman L, Sharma BK, Zhang Y, Chen W-T. Effects of hydrothermal 
liquefaction on the fate of bioactive contaminants in manure and algal feedstocks. 
Bioresour Technol 2013;149:126–35. 

[88] Shin YH, Schideman L, Plewa MJ, Zhang P, Scott J, Zhang Y. Fate and transport of 
estrogenic compounds in an integrated swine manure treatment systems 
combining algal-bacterial bioreactor and hydrothermal processes for improved 
water quality. Environ Sci Pollut Res 2019;26(16):16800–13. 

[89] Sugano M, Shimizu T, Komatsu A, Kakuta Y, Hirano K. Liquefaction and 
dechlorination of hydrothermally treated waste mixture containing plastics with 
glass powder. Environ Sci Technol 2011;45(6):2493–7. 

[90] Wang LK, Shammas NK, Hung YT, editors. Advanced Biological Treatment 
Processes, 9. Springer Science & Business Media; 2010. 

[91] Chen A, Tian Z, Han R, Wei X, Hu R, Chen Y. Preparation of Ni-based steel slag 
catalyst by impregnation method for sludge steam gasification. Sust Eng Technol 
Assessm 2021;47:101553. https://doi.org/10.1016/j.seta.2021.101553. 

[92] Han R, Liu J, Zhao C, Li Y, Chen A. Hydrogen-rich gas production via fast 
pyrolysis of biophysical dried sludge: Effect of particle size and moisture content 
on product yields and syngas composition. Waste Mng Res 2016;34(6):572–7. 

[93] Edifor SY, van Eyk P, Biller P, Lewis DM. The influence of feedstock 
characteristics on processability of biosolid slurries for conversion to renewable 
crude oil via hydrothermal liquefaction. Chem Eng Res Design 2020;162:284–94. 

[94] Yuan X, Leng L, Huang H, Chen X, Wang H, Xiao Z, et al. Speciation and 
environmental risk assessment of heavy metal in bio-oil from liquefaction/ 
pyrolysis of sewage sludge. Chemo 2015;120:645–52. 

[95] Tian Yu, Zuo W, Ren Z, Chen D. Estimation of a novel method to produce bio-oil 
from sewage sludge by microwave pyrolysis with the consideration of efficiency 
and safety. Bioresour Technol 2011;102(2):2053–61. 

[96] Saveyn H, Ferrasse JH, Hernandez AB, Rose J, Meeren PV, Roche N. The 
distribution of heavy metals following sewage sludge gasification. J Residuals Sci 
Technol 2011;8:61–6. 

[97] Li L, Xu ZR, Zhang C, Bao J, Dai X. Quantitative evaluation of heavy metals in 
solid residues from sub-and super-critical water gasification of sewage sludge. 
Bioresour Technol 2012;121:169–75. 

[98] Leng L, Yuan X, Huang H, Jiang H, Chen X, Zeng G. The migration and 
transformation behavior of heavy metals during the liquefaction process of 
sewage sludge. Bioresour Technol 2014;167:144–50. 

[99] Han J, Kim H. The reduction and control technology of tar during biomass 
gasification/pyrolysis: an overview. Renew Sustain Eng Rev 2008;12(2):397–416. 

[100] Cordero-Lanzac T, Palos R, Hita I, Arandes JM, Rodríguez-Mirasol J, Cordero T, 
et al. Revealing the pathways of catalyst deactivation by coke during the 
hydrodeoxygenation of raw bio-oil. Appl Catalysis B: Environ 2018;239:513–24. 

[101] Sadooghi P, Rauch R. Mathematical modeling of sulfur deactivation effects on 
steam reforming of producer gas produced by biomass gasification. Fuel Process 
Technol 2013;110:46–52. 

[102] Okoye PU, Abdullah AZ, Hameed BH. A review on recent developments and 
progress in the kinetics and deactivation of catalytic acetylation of glycerol—A 
byproduct of biodiesel. Renew Sustain Eng Rev 2017;74:387–401. 

[103] Ferrasse J-H, Seyssiecq I, Roche N. Thermal gasification: A feasible solution for 
sewage sludge valorisation? Chem Eng Technol: Indus Chem-Plant Equip-Process 
Eng-Biotechnol 2003;26(9):941–5. 

[104] Seggiani M, Vitolo S, Puccini M, Bellini A. Cogasification of sewage sludge in an 
updraft gasifier. Fuel 2012;93:486–91. 

[105] Cao J-P, Li L-Y, Morishita K, Xiao X-B, Zhao X-Y, Wei X-Y, et al. Nitrogen 
transformations during fast pyrolysis of sewage sludge. Fuel 2013;104:1–6. 

[106] Zhang J, Zuo W, Tian Yu, Chen L, Yin L, Zhang J. Sulfur transformation during 
microwave and conventional pyrolysis of sewage sludge. Environ Sci Technol 
2017;51(1):709–17. 

[107] Kumar M, Olajire Oyedun A, Kumar A. A review on the current status of various 
hydrothermal technologies on biomass feedstock. Renew Sustain Eng Rev 2018; 
81:1742–70. 

[108] Galadima A, Muraza O. Hydrothermal liquefaction of algae and bio-oil upgrading 
into liquid fuels: Role of heterogeneous catalysts. Renew Sustain Eng Rev 2018; 
81:1037–48. 

[109] Navalon S, Dhakshinamoorthy A, Alvaro M, Garcia H. Metal nanoparticles 
supported on two-dimensional graphenes as heterogeneous catalysts. Coord Chem 
Rev 2016;312:99–148. 

[110] Cao L, Zhang C, Chen H, Tsang DCW, Luo G, Zhang S, et al. Hydrothermal 
liquefaction of agricultural and forestry wastes: state-of-the-art review and future 
prospects. Bioresour Technol 2017;245:1184–93. 

[111] Elliott DC, Biller P, Ross AB, Schmidt AJ, Jones SB. Hydrothermal liquefaction of 
biomass: developments from batch to continuous process. Bioresour Technol 
2015;178:147–56. 

[112] Reddy SN, Nanda S, Dalai AK, Kozinski JA. Supercritical water gasification of 
biomass for hydrogen production. Int J Hydrogen Eng 2014;39(13):6912–26. 

[113] Yang J, Wang S, Li Y, Zhang Y, Xu D. Novel design concept for a commercial-scale 
plant for supercritical water oxidation of industrial and sewage sludge. J Environ 
Mng 2019;233:131–40. 

[114] Li Y, Wang S, Xu T, Li J, Zhang Y, Xu T, et al. Novel designs for the reliability and 
safety of supercritical water oxidation process for sludge treatment. Process Safety 
Environ Prot 2021;149:385–98. 

P. Gururani et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0016-2361(22)00220-4/h0275
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0275
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0275
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0280
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0280
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0280
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0285
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0285
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0285
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0290
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0290
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0290
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0295
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0295
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0295
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0300
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0300
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0300
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0305
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0305
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0310
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0310
https://doi.org/10.1016/j.energy.2021.121184
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0320
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0320
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0325
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0325
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0325
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0330
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0330
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0330
https://doi.org/10.1016/j.apenergy.2019.114229
https://doi.org/10.1016/j.apenergy.2019.114229
https://doi.org/10.1016/j.cej.2020.126069
https://doi.org/10.1016/j.cej.2020.126069
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0345
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0345
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0345
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0345
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0350
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0350
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0350
https://doi.org/10.1016/j.cej.2020.124292
https://doi.org/10.1016/j.cej.2020.124292
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0360
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0360
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0360
https://doi.org/10.1016/j.cej.2020.126030
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0370
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0370
https://doi.org/10.1016/j.jhazmat.2020.123678
https://doi.org/10.1016/j.jhazmat.2020.123678
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0380
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0380
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0385
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0385
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0390
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0390
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0390
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0395
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0395
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0400
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0400
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0400
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0405
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0405
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0405
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0410
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0410
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0415
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0415
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0415
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0420
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0420
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0420
https://doi.org/10.1016/j.rser.2019.109529
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0430
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0430
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0430
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0435
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0435
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0435
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0440
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0440
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0440
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0440
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0445
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0445
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0445
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0450
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0450
https://doi.org/10.1016/j.seta.2021.101553
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0460
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0460
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0460
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0465
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0465
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0465
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0470
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0470
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0470
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0475
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0475
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0475
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0480
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0480
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0480
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0485
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0485
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0485
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0490
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0490
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0490
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0495
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0495
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0500
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0500
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0500
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0505
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0505
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0505
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0510
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0510
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0510
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0515
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0515
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0515
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0520
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0520
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0525
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0525
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0530
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0530
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0530
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0535
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0535
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0535
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0540
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0540
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0540
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0545
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0545
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0545
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0550
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0550
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0550
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0555
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0555
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0555
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0560
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0560
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0565
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0565
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0565
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0570
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0570
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0570


Fuel 316 (2022) 123351

19

[115] Kumar V, Kumar S, Chauhan PK, Verma M, Bahuguna V, Joshi HC, et al. Low- 
temperature catalyst based hydrothermal liquefaction of harmful macroalgal 
blooms, and aqueous phase nutrient recycling by microalgae. Scient Reports 
2019;9(1). https://doi.org/10.1038/s41598-019-47664-w. 

[116] Ramola B, Kumar V, Nanda M, Mishra Y, Tyagi T, Gupta A, et al. Evaluation, 
comparison of different solvent extraction, cell disruption methods and 
hydrothermal liquefaction of Oedogonium macroalgae for biofuel production. 
Biotechnol Reports 2019;22:e00340. https://doi.org/10.1016/j.btre.2019. 
e00340. 

[117] Vlaskin MS, Grigorenko AV, Chernova NI, Kiseleva SV, Kumar V. Bio-oil 
production by hydrothermal liquefaction of microalgae biomass. Altn Eng Ecol 
(ISJAEE) 2018;(22-24):68–79. https://doi.org/10.15518/isjaee.2018.22-24.068- 
079. 

[118] Grigorenko AV, Kostyukevich YI, Chernova NI, Kiseleva SV, Kiseleva EA, 
Popel OS, et al. Hydrothermal liquefaction of Arthrospira platensis for bio-oil 

production and study of chemical composition for bio-oil and its gasoline fraction. 
Russ J Appl Chem 2019;92(11):1480–6. 

[119] Jaiswal KK, Kumar V, Vlaskin MS, Nanda M, Verma M, Ahmad W, et al. 
Hydropyrolysis of freshwater macroalgal bloom for bio-oil and biochar 
production: Kinetics and isotherm for removal of multiple heavy metals. Environ 
Technol Innovation 2021;22:101440. https://doi.org/10.1016/j. 
eti.2021.101440. 

[120] Vlaskin MS, Kumar V. Assessing the Effectiveness of the Hydrothermal 
Carbonization Method to Produce Bio-Coal from Wet Organic Wastes. Thermal 
Eng 2020;67(7):441–50. 

[121] Zhou Y, Schideman L, Yu G, Zhang Y. A synergistic combination of algal 
wastewater treatment and hydrothermal biofuel production maximized by 
nutrient and carbon recycling. Eng Environ Sci 2013;6(12):3765. https://doi.org/ 
10.1039/c3ee24241b. 

P. Gururani et al.                                                                                                                                                                                                                               

https://doi.org/10.1038/s41598-019-47664-w
https://doi.org/10.1016/j.btre.2019.e00340
https://doi.org/10.1016/j.btre.2019.e00340
https://doi.org/10.15518/isjaee.2018.22-24.068-079
https://doi.org/10.15518/isjaee.2018.22-24.068-079
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0590
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0590
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0590
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0590
https://doi.org/10.1016/j.eti.2021.101440
https://doi.org/10.1016/j.eti.2021.101440
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0600
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0600
http://refhub.elsevier.com/S0016-2361(22)00220-4/h0600
https://doi.org/10.1039/c3ee24241b
https://doi.org/10.1039/c3ee24241b

	Recent advances and viability in sustainable thermochemical conversion of sludge to bio-fuel production
	1 Introduction
	2 Sludge and its characteristics
	3 Thermochemical conversion of sludge to bio-fuel
	4 Common factors affecting the efficiency of thermochemical processes
	5 Technical challenges
	5.1 Key challenges of pyrolysis or gasification of sludge
	5.1.1 Tar issue
	5.1.1.1 Catalyst deactivation
	5.1.1.2 High moisture content
	5.1.1.3 High sulphur and nitrogen content


	5.2 Key challenges of hydrothermal liquefaction of sludge
	5.2.1 Catalyst recovery
	5.2.2 Continuous v/s batch flow reactor system
	5.2.3 Product separation


	6 Recent novel technologies
	7 Future perspectives
	8 Conclusion
	Declaration of Competing Interest
	Acknowledgement
	References


