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Abstract 

Hydrothermal processing, a thermochemical approach, is an excellent method of converting energy-rich biomass into useful products. 

This approach offers the advantage of handling biomass with relatively high moisture content by precluding an energy-intensive 

pretreatment step. Hydrothermal processing is of world-wide interest in view of depleting fossil-fuel reserves and increased 

environmental greenhouse gas emissions. There is potential to develop this novel technology at demonstration scale. This paper 

reviews the three hydrothermal technologies, namely hydrothermal liquefaction, gasification and carbonization, to provide insight into 

the likelihood of commercialization. The study discusses the role of different process parameters that have key impacts on the quality 

and yield of the desired products. This study also identifies the gaps in the literature including the need to establish a baseline to 

develop key process models and to perform a techno-economic assessment to get a better sense of the viability of the technology in 

future. 
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1. Introduction 

Increasing energy demands related to increasing population, rapid industrialization, and stringent environmental regulations call for 

alternative routes of energy production, as conventional energy derived from fossil fuels cause severe environmental harm through the 

release of greenhouse gas emissions. Moreover, the imbalance in supply and demand makes it inevitable that substitutes for 

conventional energy sources are needed [1]. Biomass refers to biological matter or waste obtained from living organisms that has solar 

energy stored in it. It is deemed to be a potential energy source [2, 3] and is considered to be inexpensive, clean, and environmentally 

friendly. Biomass wastes include plants or plant-based wastes, municipal wastes, industrial wastes, animal wastes, and household 

wastes. Due to its renewability and sustainability, biomass waste could become a viable alternative source of energy and, moreover, is 

expected to provide 25 % of the world’s energy demand [4]. Biomass with high moisture content is not economical to process by 

conventional technologies, as a significant amount of energy goes into the drying process. Hydrothermal processing is efficient as it 

eliminates the costly drying step, thereby making it attractive. The energy required for drying exceeds that used for hydrothermal 

processing at supercritical conditions for biomass with a moisture content of 30 % or greater [5].  

Hydrothermal processing is a thermochemical process that involves thermal disintegration of biomass in hot compressed water, 

wherein a series of complex reactions causes changes in the water’s physical properties (i.e., its density, solubility, and dielectric 

constant) [6]. The process converts biomass into a solid (bio-char), a liquid (bio-oil or bio-crude), or a gas (e.g., hydrogen, methane). 

The process also leads to byproducts that can be used for power generation and the recovery of useful nutrients [7]. The desired 
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products are obtained by manipulating variables such as temperature, pressure, catalyst, and time [8]. Of late, hydrothermal processing 

technologies have been the subject of major research for a range of biomass types including agricultural wastes and algae [9, 10]. 

There are many challenges facing the commercialization of these technologies, including expensive and complex  reactors [11] that 

require high capacity water handling equipment [9]. Overall poor understanding of mass balance further make it difficult to  accurately 

measure product yields during the hydrothermal run [12]. The hydrothermal processes (carbonization, liquefaction, and gasification) 

illustrated in Figure 1 are based on data from Kruse et al. and  Toor et al. [13, 14].  

Thermochemical processing technologies have been used since 1788 to convert biomass to bio-crude [15]. They are gaining 

widespread interest as a means of catering to energy demands and tackling growing environmental concerns related to increasing 

global warming and decreasing fossil fuel reserves. 

Hydrothermal processing can produce energy-dense fuels and valuable chemicals. The process allows efficient heat integration 

and thus takes into account the energy penalty due to water valorization from hydrothermal media [16]. The hydrothermal processing 

such as liquefaction and gasification produces an aqueous phase. The residual carbon of the aqueous phase can be used to produce 

biogas through anaerobic digestion. The gas thus produced can be used for heat and to generate electricity through a combined heat 

and power generation system and, therefore, the hydrothermal process coupled with anaerobic digestion allows a useful use of energy, 

thereby reducing energy requirements in the process [17, 18]. With that said, the use of organics in the aqueous phase is also a way to 

reduce the operating costs of the hydrothermal technology, as using organics helps reduce wastewater treatment costs. In the case of 
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algal feedstocks, the aqueous phase has biogenic carbon, phosphorous, nitrogen, and micronutrients that can be recycled for algal 

cultivation purposes. In addition, high value chemicals such as ethanol, acetone, and acetic acid can be obtained through extraction 

and catalytic processes [19]. Furthermore, a pinch analysis can be used to optimize the process by identifying  intensive heat streams, 

i.e., heat can be recovered and used in the process to make hydrothermal technology more economical [20, 21]. Considerable 

improvements in homogeneous and heterogeneous catalysts, including metallic catalysts, have led to major advancements in 

hydrothermal processing technologies [22].  

Figure 1 

Hydrothermal processing operates in one of two states: subcritical and supercritical. The states are defined with respect to the critical 

point of water (Tc = 373 °C, pc = 22.1 MPa). The hydrothermal process commences with the dispersion of the water-soluble part of 

biomass into water at 100 °C followed by subsequent hydrolysis above 150 °C, causing the disintegration of the cellulosic and 

hemicellulosic fractions of biomass into its monomeric chains. Then, slurry forms at 200 °C under 1 MPa and proceeds towards either 

liquefaction or gasification depending on the desired product [8]. The first study on supercritical water gasification was published by 

Modell [23], who used maple wood sawdust as a feedstock. Research efforts have been underway in this promising field for a long 

time, and hydrothermal technology research has had a sudden upsurge in publications that show the technology’s potential for biomass 

conversion. However, existing knowledge is disconnected, and this review aims at collecting and analyzing the existing experimental 

studies on hydrothermal technologies. It is challenging to establish the research findings due to the variations that arise from different 
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types of feedstock and reaction environments. Hydrothermal technology processes, along with process parameters needs, need to be 

understood. Hence, the overall objective of this paper is to conduct a review of the hydrothermal processing of biomass feedstocks. 

The specific objectives are: 

● To review and summarize hydrothermal liquefaction processes and discuss operating parameters that have a major impact on the 

processes 

● To review and detail the experimental studies on the catalytic hydrothermal liquefaction process of different biomass feedstocks 

● To review and analyze the reaction mechanisms of the hydrothermal gasification process and study the operating parameters 

● To review and illustrate the experimental studies on the catalytic hydrothermal gasification process of different biomass feedstocks 

● To study and provide a brief account of experimental studies on the hydrothermal carbonization of biomass feedstock 

● To identify the gaps in knowledge and economic bottlenecks relevant to the large-scale commercialization of hydrothermal 

technologies  

1.1 History of hydrothermal processing 

There is great potential in continuous process hydrothermal technology for large-scale commercial conversion of wet biomass to 

energy-rich fuels and chemicals [24, 25]. When biomass is subjected to hydrothermal conditions, water molecules cause the 

degradation of the larger molecules in biomass into smaller fragments. During the 1970s and 1980s, early research efforts on 

hydrothermal processing were undertaken at the Pittsburgh Energy Research Center; there, the technology was based on the process of 
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lignite coal liquefaction [26]. Then it was discovered by researchers at the Lawrence Berkeley Laboratory [27] and Biomass 

Liquefaction in Albany [28]. The processes developed at the Pittsburgh Research Center and the Lawrence Berkeley Laboratory 

varied with respect to pre-treatment methods and post-conversion processes; that is, the former used drying and grinding whereas the 

latter used acid hydrolysis [29]. In the Netherlands, Shell developed a hydrothermal upgrading unit for biomass liquefaction [30]. 

NextFuels in Asia is in the process of developing a commercial hydrothermal liquefaction facility based on a daily production scale of 

1000 barrels of oil from palm oil wastes [31]. A Danish company developed CatLiq, which processes sewage sludge including algae 

and manure [32]. All of these initiatives led to the formation of companies like Steeper Energy, which, in collaboration with Aalborg 

University, is developing a commercial technology [33]. Changing World Technologies was being known to be developing a 

commercial HTL plant to convert turkey waste to oil through thermal de-polymerization [34]. Unfortunately, Changing World 

Technologies suffered from bankruptcy and was purchased by Ridgeline Energy Services in Canada [35, 36]. Early investigations into 

hydrothermal liquefaction were carried out at the University of Toronto (Canada), the University of Arizona (USA), and the Royal 

Institute of Technology (Sweden) [26]. This research focused mainly on terrestrial biomass feedstock and later on algal feedstocks. 

The interest in HTL-based technologies remains a key driver for the production of fuels and chemicals towards an HTL bio-refinery 

concept. 

The concept of hydrothermal gasification was initially proposed by Modell’s group in a report published by the Massachusetts 

Institute of Technology (USA) [37]. Modell and coworkers performed supercritical water decomposition of glucose and then applied 

this novel technology to test hazardous organic wastes in supercritical water. They also studied oxidation in supercritical water, 
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referred to as supercritical water oxidation (SCWO), to gain an understanding of the technology [38]. Following Modell’s research, 

the Pacific Northwest National Laboratory (USA) developed a technology featuring the application of metal catalysts at low 

temperatures (400 ˚C) [39, 40]. Later, a research group at the University of Hawaii developed a technology based on high 

temperatures (600 ˚C) using a carbonaceous catalyst [41, 42]. This led teams of scientists and researchers from other research centers 

and universities such as the Karlsruhe Research Center [43], Hiroshima University [44], the University of Michigan [45], the 

University of Leeds [46] and elsewhere to contribute to research efforts.  

The concept of hydrothermal carbonization, initially suggested by Friedrich Bergius as early as 1913, simulated  a natural coalification 

technique [47]. The process later became known as the hydrothermal degradation of organics for the production of fuels and chemicals 

[48, 49]. The burgeoning number of publications in hydrothermal processing technology shows the interest world-wide in research in 

this area. 

1.2 Biomass: a possible future energy source  

Biomass, an abundant source of renewable energy, is often composed of organic substances derived from carbon, hydrogen, and 

oxygen. The substances are categorized based on a range of sources such as trees, algae, grass, urban wastes, agricultural wastes, 

forestry wastes, domestic wastes, municipal wastes, and industrial wastes [50-52]. Biomass contributes 10-14 % of world-wide energy 

demand [53]. It is usually a heterogeneous mixture of organic substances together with a small amount of inorganic substances. On a 

dry basis, biomass has typically 30-40 % oxygen, 30-60 % carbon, and 5-6 % hydrogen, depending on ash content. Other inorganic 
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elements include nitrogen, chlorine, and sulfur, which together make up < 1 % of the biomass. Broadly, biomass is composed of 

cellulose, hemicellulose, lignin, and extractives including proteins, ash, and pectin [54, 55]. The carbohydrate portion of the biomass 

is the cellulose and the hemicellulose, and the non-carbohydrate portion is made up of lignin [1]. Cellulose, (C6H10O5)n, is an abundant 

natural polymer formed by β-1,4 glycosidic linkage of D-glucopyranose units that are held together by strong intra and inter molecular 

hydrogen bonds [56]. Cellulose, being crystalline, is insoluble in water and resistant to enzymatic attack. However, it rapidly 

decomposes and dissolves under subcritical and supercritical conditions of water. Hemicellulose, a hetero-polysaccharide, is an 

amorphous polymer formed by the branching of a straight chain skeleton of xylan and gulucomannan [57]. It is composed of 

monomers of D-glucopyranose, D-mannopyranose, D-galactopyranose, D-xylopyranose, and L-arabinofuranose [58] and constitutes 

20-40 % of biomass. It is linked to cellulose and lignin via hydrogen and covalent bonding, respectively. It is less crystalline because 

of its non-uniformity and the presence of side groups. It is easily hydrolyzed by an acid or a base at temperatures above 180 °C [48]. 

The third component, lignin, is an aromatic compound of p-hydroxyphenylpropanoid units in which hydroxyl and methoxy bonds are 

linked through ether bonds [5]. Lignin is composed of basic building blocks of molecules such as trans p-coumaryl alcohol, coniferyl 

alcohol, and sinapyl alcohol [48]. It is hydrophobic and resistant to biological degradation. It has a higher heating value than cellulose 

and hemicellulose [59]. Extractives in biomass are made up of other heterogeneous materials including inorganic and organic 

compounds, proteins, fatty acids, phenols, resins, and terpenes [58, 60]. Extractives make up < 2% of the dry matter and accounts for 

its color, odor, and durability [57, 58] and  can be extracted by various polar or non-polar solvents [57]. Biomass is widely used as a 
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source of fuel, energy, and chemicals [2]. The selection of biomass for a particular energy conversion technology depends on the 

nature and composition of the biomass [2].   

2. Water: a boon for hydrothermal processing 

Water is regarded as an environmentally innocuous medium for most organic reactions. It exists in three phases: solid, liquid, and gas. 

Below water’s critical point, the vapor pressure curve separating the liquid and vapor phase ends at the critical point 

(Tc = 373 °C, pc = 22.1 MPa). Beyond the critical point, the properties of water can be changed without any phase transition. The 

supercritical state (SC) refers to the zone of high temperature and pressure at the critical point at which water acts as both a reactant 

and a catalyst. At this condition, properties such as the ionic product, density, viscosity, and dielectric constant of water show quick 

variations. Supercritical water (SCW) is an excellent solvent for most homogeneous organic reactions owing to high miscibility and 

the absence of any phase boundaries. It acts as a “nonpolar” solvent and has a dipole moment of 1.85 D. The dipole moment is a 

measure of the ability of the solvent to form dipoles. Water in the supercritical state is able to react with different compounds. As 

shown in Figure 2, the dielectric constant, a gauge of hydrogen bond effectiveness is 80 at normal temperature and pressure and 

reduces substantially to 5 at the critical point, which is typical of a non-polar solvent [36]. This is usually due to the reduction in 

ordered hydrogen bonds per molecule of water with the increase in temperature. As a result, the affinity of water towards hydrophilic 

molecules increases [61]. This change in the dielectric constant of water makes water a suitable medium for solvating organic 

molecules, which causes reactions to occur in a single phase, leading to higher reaction rates due to improved nucleophilic 

substitutions and eliminations [62], and subsequent hydrolysis reactions [63]. However, the phase transition of water to its organic 
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form causes the precipitation of salts due to its decreased solubility, which often results in clogging issues. The organic reactions that 

take place in acidic/alkaline pH occur in a neutral condition in sub-critical water [64]. Similarly, water viscosity tends to decrease with 

an increase in temperature, leading to a higher diffusion coefficient and mass transfer.  

The ionic product of water (Kw) initially increases from 10− 14 mol2 L− 2 at 25 °C to ~ 10− 11 mol2 L− 2 at 300 °C, beyond which it 

drops sharply below 10− 20 mol2 L− 2 at the supercritical point [65, 66]. The initial increase in Kw proliferates [H+] and [OH-]. This 

promotes heterolytic cleavage of aromatics and catalyzes acid/base reactions [67]. Delocalization of p-electrons, owing to the 

substitution of hydroxyl groups, causes instability and benzene ring cleavage [68]. The further decline in Kw is attributed to the 

decrease in density that leads to accelerated free radical reactions [69]. 

Figure 2 

The role of water in hydrothermal processing cannot be underestimated. At high temperature, free-radical mechanism proceeds via 

two phases. The first phase is an induction period wherein a radical pool is generated. The second phase involves free-radicals 

reactions. Both phases depend on process variables [68]. Low water density supports the free-radical reaction; however, high water 

density dictates the ionic reaction mechanism [69]. Hydrolysis releases catalytic acid or alkali from water and salt [70, 71]. The 

protons released at high temperature and pressure generate alkyl and C–N radicals and cause ring opening of heterocyclic compounds 

[72]. Water at a supercritical state shows the intermediate behavior of a liquid and a gas. The physico-chemical properties of water 

with respect to temperature, summarized in Table 1, are obtained from Tekin et al. and Onwudili and Williams [53, 73]. 
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Table 1 

3. Effects of hydrothermal processing on biomass 

Many studies focus on simple model compounds rather than real biomass to circumvent problems associated with the heterogeneity 

and complexity of biomass. Glucose and xylose used as a model for cellulose and hemicellulose, respectively, while phenol is used to 

model lignin, as cellulose, hemicellulose and lignin are the main constituents of lignocellulose fractions. A few studies have used 

methanol in models for alcohol and others have used 5-hydroxymethylfurfural (5-HMF), an intermediate for glucose gasification. 

Cellulose is the main component in lignocellulosic biomass fractions and mostly yields glucose [74]. The hemicellulosic fraction is 

made up of five-membered carbons such as xylose and arabinose and six-membered sugar units like glucose, mannose, and galactose, 

which may be substituted with phenolics, uronics, and acetyl groups [75]. Hemicellulose easily undergoes hydrolysis into 

oligosaccharides, monosaccharides, and other products like furfural, hydroxymethylfurfural, and acetic acid via hydrothermal 

processing [76]. Similarly, xylan, a building block of hemicellulose, can be broken into xylose oligosaccharides and intermediates that 

can be used as prebiotics, making them a highly valuable nutritive [77-80]. The xylose oligosaccharides do not act as a direct source of 

nutrients for microorganisms and thus require further breakdown into simple monosaccharides, by a chemical or enzymatic approach, 

to be used as a medium for the production of xylitol [81-83], a reduced precursor of xylose.  

Hydrothermal processing has also been used for the production of lactic acid [84] and xylanases [85]. Improvements in the recovery 

and purification of xylose oligosaccharides through hydrothermal processing have been achieved by using active carbons [86] and 
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ultra or nano filtration membranes [87] and reactor configurations [88-90]. As discussed above, lignin and other heterogenic polymers 

of phenolics are made up of p-coumaryl, coniferyl, and sinapyl alcohols with the aromatic groups p-hydroxyphenyl, guaiacyl and 

syringyl [91, 92]. Hydrothermal processing is supposed to re-localize lignin on the surface of biomass, thereby improving the 

accessibility of enzymes for hydrolysis [93-95]. Lignin components are usually depolymerized through a series of reactions involving 

degradation and re-localization, the degree of which depends on process conditions [96, 97]. The mechanism of lignin breakdown 

involves the fast cleavage of lignin-carbohydrate bonds into low molecular weight and highly reactive lignin fragments that undergo 

gradual re-condensation and re-polymerization in the presence of organic acids [96, 98]. The release of soluble lignin is quantitatively 

determined at an ultraviolet (UV) absorbance of  either 205 or 280 nm, due to its aromaticity [99, 100]. Phenolics, byproducts of lignin 

degradation, are natural antioxidants and food additives [101, 102]. Guaiacol (G) units of lignin are known to produce vanillin, 

vanillic acid, dihydroconiferyl alcohol, and guaiacol [103]; syringaldehyde, syringic acid and sinapaldehyde are usually obtained from 

syringyl (S) units of lignin [104]. 

4. Hydrothermal liquefaction 

Hydrothermal liquefaction (HTL) involves the thermochemical conversion of a broad range of biomass types in the presence of hot 

compressed water at subcritical conditions into a liquid product known as bio-oil [14, 105-124]. HTL requires an operating 

temperature of 300-350 °C at 5-20 MPa for 5-60 min, wherein water is in the liquid phase [125]. The process begins with  solvolysis 

of biomass in micellar forms, the disintegration of biomass fractions (cellulose, hemicellulose, and lignin), and thermal 

depolymerization into smaller fragments [126, 127]. HTL, which mimics the  processing of fossil fuels buried deep inside the earth, 
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occurs in minutes or hours [128]. HTL produces oil with low oxygen content as opposed to other processes like fast pyrolysis. HTL 

proves to be very energy efficient as it entails temperatures lower than those reached during pyrolysis [129, 130]. 

The process is driven by a complex set of reactions and transformations in subcritical water. The process mechanism involves the 

hydrolysis of biopolymers into water-soluble oligomers followed by the breakup of intramolecular and intermolecular hydrogen bonds 

into simple monomers like glucose and other products such as acetaldehyde, acetic acid, and furfural compounds [129]. Hemicellulose 

is easily susceptible to hydrolysis around 180 °C [48]. Xylose, a component of hemicellulose, may exist either in pyranose, furanose, 

or open chain form. The furfural is believed to form a pyranose ring structure while formic acid and glyceraldehyde form an open 

structure [129]. Lignin decomposes to phenolics in hydrothermal media [131]. During the hydrothermal run, the oxygen content of the 

organics decreases from about 40 % to 10-15 % [132]. Oxygen is removed in the form of a gas such as CO2, CO, CH4, and H2. Along 

with gases, an aqueous fraction of water and other small organics are formed. The products from liquefaction processes have fewer 

process conditions and the resulting products can be safely stored and transported [133]. Srokol and coworkers observed that the acid-

catalyzed reactions result in a 5-hydroxymethylfurfural via dehydration while base-catalyzed reactions produce glyeraldehyde, which 

could further break down into lactic acid, formic acid, acetic acid, etc.  

Figure 3 (A) depicts plausible pathways of bio-oil via hydrothermal liquefaction from polysaccharides [134]. Polysaccharides are 

made of pentoses and hexoses bound together by glycosidic bonds [135]. The degradation products of polysaccharides comprises of 

low molecular weight compounds such as phenols, ketones, aldehydes and acids out of which cyclic ketones constitute nearly 50% 
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[134]. During hydrothermal liquefaction, polysaccharides undergo hydrolysis into monosaccharides, which further undergoes 

isomerization, cyclization and dehydration to produce phenols or cyclic ketones. Carbohydrates are known to form aromatics through 

ring opening and subsequent reactions involving cyclization and condensation [136]. Similarly, the plausible decomposition of 

proteins into bio-oil are summarized in Figure 3 (B) [134]. The nitrogen-containing compounds are the major ones which consist of 

pyrroles, pyrazines, and amines. Proteins undergoes hydrolysis into amino acids which then either proceeds decarboxylation to 

produce carbonic acid and amines or deamination reaction into ammonia and organic acids [16]. The resulting molecules results in 

pyrazine, pyrrole, indoles and aromatic amides molecules via cyclization and condensation [137]. 

Figure 3 

As shown in Figure 4, the formation of polycyclic nitrogenous compounds involves Maillard reactions between reducing sugars and 

amino acids, obtained from carbohydrates and proteins hydrolysis, respectively [138]. The formation of Melanoidin-like polymers in 

Maillard reactions occurs at low temperature of 260 °C, which does not favor the formation of bio-oil [118, 138]. With an increase in 

temperature, the Melanoidin-like polymers decompose and turn into monocyclic compounds like pyrazines and pyrroles, thereby 

improving bio-oil yield [138]. 

Figure 4 
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Conditions such as temperature [21, 139-153], pressure [154-157], particle size [158], and reaction times [21, 159-171] influence the 

conversion of biomass into bio-oil. Temperature improves fragmentation and lignocellulosic fraction cleavage and has a considerable 

effect on product yield. It is imperative to overcome the energy barrier and use sufficient activation energy for biomass breakup to 

achieve higher concentrations of free radicals. Biomass liquefaction is usually endothermic at low temperatures and becomes 

exothermic at high temperatures [172]. As a result, bio-oil yield increases with temperature and reaches a point where a further rise in 

temperature suppresses liquefaction. Reduced bio-oil yield could also be due to the dominating secondary decomposition and 

Bourdard gas reactions [173] along with the recombination effects of high concentrations of free radicals into char. At moderately low 

temperatures (< 275 °C), bio-oil yield also shows a decline due to the partial breakdown of biomass components. Thus, it is believed 

that an intermediate temperature range of 300-350 °C will likely result in a higher bio-oil yield [174-176].  

Pressure is another crucial factor in the hydrothermal liquefaction process as it helps maintain water in the liquid state and thus incur 

savings by avoiding the high energy costs of a two-phase system [30]. An increase in pressure results in the effective penetration and 

extraction of biomass. However, pressure becomes insignificant and has little impact on liquid oil near or at supercritical water 

liquefaction reaction conditions [155, 156, 177]. It should to be noted that a further elevation of pressure under supercritical conditions 

results in higher local solvent density, which prevents C-C bond fragmentation. Residence time affects product composition and 

hydrothermal liquefaction conversion efficiency [161, 178]. As degradation under supercritical conditions occurs rapidly, it is often 

desirable to have short residence times [179]. This is because the dominating secondary and tertiary reactions in a  temperature 
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reaction medium form liquids or gases from heavy intermediates and thus decrease bio-oil yield [172]. So, bio-oil attains maximum 

yield, after which it declines with further increases in residence times [180]. 

The nature of biomass feedstock affects bio-oil yield due to differing biomass compositions. Hemicellulose and cellulose increase bio-

oil yield while lignin goes into the residue fraction [181] because hemicellulose, being amorphous, is easily susceptible to degradation, 

and cellulose, with a relatively intermediate degree of polymerization, also tends to degrade; however, lignin’s decomposition is 

limited by its high degree of polymerization and complex interlinkage [129].  

The biomass type also affects the nature of the bio-oil. Loosely packed biomass liquefaction results in bio-oil with high oxygen and 

moisture content that is undesirable as it lowers the quality and HHV of the fuel [172]. Small particle size improves accessibility and 

penetration of heat, thereby improving conversion rate and bio-oil efficiency. As grinding to the smallest possible size may increase 

costs, it is better to have a standard particle size of 4-10 mm for the hydrothermal run [172]. A summary of the factors influencing the 

hydrothermal liquefaction of biomass is presented in Table 2. 

Table 2 

4.1 Catalytic hydrothermal liquefaction 

4.1.1 Homogeneous catalysts 

The use of catalysts in hydrothermal liquefaction processes is intended to improve process efficiency by reducing char and tar 

formation. Two types of catalysts, homogeneous and heterogeneous, are reported in the literature and are summarized here.  
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Homogeneous catalysts comprise alkali salts such as Na2CO3, K2CO3 and KHCO3 [140, 142, 182-203]. Alkali salts reduce char/tar 

formation and improve product yield by accelerating the water–gas shift reaction. They are economical to use for hydrothermal 

technologies. The working mechanism involves the formation of esters through the decarboxylation reaction between the hydroxyl 

groups in biomass and the formate ions in alkali carbonates. Ester formation is followed by a series of reactions, i.e., dehydration, 

deoxygenation, decarboxylation, and the dehydrogenation of micellar-like fragments into smaller ones. This is followed by a  cycle of 

rearrangements through cyclization, polymerization, and condensation [204]. Karagöz et al. [205] suggested that potassium salts are 

more catalytically active than other salts (K2CO3 > KOH > Na2CO3 > NaOH). Along with these salts, other catalysts in the form of 

acids and gases have been used [206]. With homogeneous catalysts, there are some advantages: decreased solids production, increased 

bio-crude yield, and improved bio-crude properties. Moreover, the incorporation of alkali salts in the hydrothermal media elevates pH, 

thereby decreasing dehydration reactions, which usually lead to unstable unsaturated molecules [207]. With NaOH, less char is 

produced [198]. This is because the OH- neutralizes the molecules causing polymerization in char formation. The polymerization 

reaction between the hydroxyl groups at the residue surface and the carboxylic groups in the aqueous stream produces ester bonds, 

which form char. Hence, NaOH cannot cause polymerization, due to the neutralization of carboxylic acids. As a result, NaOH’s 

participation is restricted in condensation reactions [176].  

A recent publication discussed the use of catalysts such as colemanite and borax for the hydrothermal processing of biomass [208]. 

According to the study, a borax catalyst is effective to 300 ˚C, and colemanite is much more effective than borax.  
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Table 3 

4.1.2 Heterogeneous catalysts 

As discussed, homogenous catalysts such as NaOH, Na2CO3, and KOH have been widely used for the catalytic HTL of biomass. 

Homogenous catalyst recovery is expensive due to the cost-intensive separation process and is energy intensive. Although 

heterogeneous catalysts are used mostly in hydrothermal gasification, a few reports have discussed the hydrothermal liquefaction of 

lignocellulosic biomass to improve bio-crude quality. Some gasification is needed to remove oxygen; however, prolonging it could 

reduce bio-oil yield. 

 Heterogeneous catalysts include platinum, nickel, and palladium. As these metals are rare, there has been shift of focus to metallic 

oxides, i.e., zirconium dioxide (ZrO2) [158, 209-211]. Apart from these catalysts, studies on catalytic hydrothermal liquefaction have 

used alkali catalysts, which improve bio-oil yield. Other known metal oxide catalysts include MnO, MgO, NiO, ZnO, CeO2, La2O3, 

etc. [212-214]. Nanocatalysts involving use of Ni have been tested as they have the potential to improve bio-oil yield at low 

temperatures, which could help in the commercialization of HTL [215]. Reductive noble metal catalysts such as Pt and Ru are 

expensive; therefore, an attempt has been made to use a CuZnAl catalyst, which has the potential to covert furfural into 

cyclopentanone via hydrogenation and hydrogenolysis [216]. Moreover, the activity of such catalysts can be modified by varying Cu 

or Zn oxide and allows recycling through reactivation in H2 gas environment. Zeolite has been cited as a catalyst for the hydrothermal 

liquefaction of biomass [194]. 
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The transition metal improves the quality of bio-oil [217]. However, in order to avoid the deactivation of catalysts during a 

hydrothermal run, catalysts showing high hydrothermal stability are important. Keeping in mind industrial applications, carbonaceous 

materials such as carbon nanotubes (CNTs) using activated carbon as a support for metallic catalysts are suitable because they can 

provide  a large surface area and recycle noble metals [218, 219].  

The use of carbon nanotubes (CNT)-supported transition metals for the catalytic HTL of biomass into bio-oil has also been studied 

[220]. Apart from catalysts, studies have considered co-solvents, which scavenge unsaturated molecules that form through dehydration 

and that may otherwise be re-polymerized. The most commonly used organic solvents are methanol, butanol, phenol, acetone, and 

propylene glycol [221-225]. Another study on the use of transition metal chlorides (ZnCl2, CuCl2, and NiCl2) for subcritical 

hydrothermal liquefaction has also been performed  [226].   

Table 4  

 

5. Hydrothermal gasification 

Hydrothermal gasification is a process that involves a reaction temperature above 350 °C in the absence of oxidants and  produces a 

flue gas rich in either H2 or CH4, depending on reaction conditions [227].  HTG is done in either batch or continuous mode. The batch 

process offers the advantage of carrying out experiments at different concentrations and catalysts, while the continuous system allows 

for studies of reaction kinetics. Hydrothermal gasification has three main types: aqueous phase refining, catalytic gasification in a 

near-critical state, and supercritical water gasification. Aqueous phase refining occurs at low concentrations at ~ 215-265 °C to 
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produce H2 and CO2 in the presence of a heterogeneous catalyst [228, 229]. The process is not desired unless hydrogen is used in situ 

for the hydrogenation of biomass [230]. Catalytic gasification of biomass in a near-critical state occurs at 350–400 °C and produces 

CH4 and CO2 in the presence of a heterogeneous catalyst wherein CO undergoes hydrogenation to CH4 [231-234]. This process was 

first performed in a batch reactor at Battelle Memorial Institute [235, 236] and later realized in a bench-scale continuous system [237]. 

Supercritical water gasification (SCWG) uses water at a supercritical state in the range of 600–700 °C to generate mainly H2 and CO2 

with/without a catalyst. SCWG is preferred for biomass with a moisture content above 30 % [238]. Even biomass with a moisture 

content as high as 90 % (w/w) can be gasified. SCWG uses high energy to raise the temperature of water to 600 °C, and the energy 

content in the product can be easily recovered by passing it through a heat exchanger. Heat exchangers operate at high pressures, 

which makes heat recovery possible [239]. Moreover, reactors at supercritical conditions operate at high pressure that do not require 

gas pressurization afterwards and thus the compressed medium allows gasification to occur with minimal heat loss [240-242]. The 

further dissolution of reaction intermediates in the reaction medium minimizes coke and tar formation [239]. When process conditions 

and the nature of the catalyst are varied, the desired products are obtained [241, 243]. Hydrothermal gasification has significant 

advantages over traditional processes. The traditional method produces low-quality syngas with impurities such as char/tar that lead to 

clogging issues. This low-quality syngas needs to be purified, which increases costs [244, 245].  

The products from hydrothermal gasification include CO2, H2, CO and CH4, with small amounts of C2H4 and C2H6. Figure 5 depicts 

the simplified process flow for the conversion of biomass to gaseous products via aqueous intermediate compounds under 

hydrothermal conditions [246]. At low temperatures, cellulose undergoes hydrolysis into glucose, which is isomerized into mannose 
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and fructose [247]. At subcritical temperatures, the saccharides thus generated undergo dehydration into furans and furfural 

compounds [248]. However, above critical temperature and pressure, saccharides undergo hydration through free radical reaction to 

produce carboxylic acids [248]. 

Lignin, a complex compound, consists of p-coumaryl, sinapyl, or coniferyl alcohols that hydrolyze to produce phenols, cresols, 

syringols, guaiacols, and catechols. At subcritical conditions, these phenolics can undergo dehydrogenation and dehydration into coke. 

Above critical conditions, these phenolics degrade to form gases through the generation of intermediates such as aldehydes, alcohols, 

ketones, and carboxylic acids [246].  

Lignin alkali initially undergoes hydrolysis to form phenol and formaldehyde, which gets converted into gaseous products [249]. In 

other pathway, compounds such as formaldehyde and phenol may also undergo cross-linking to form resins through reactions with 

reactive sites in supercritical water conditions. Hence, lignin, not only produces low-molecular molecules, but also produces high 

molecular weight char or tar [250]. The product composition and yield are influenced by a number of design and operation parameters. 

Key parameters include temperature, pressure, time, heating rate, reactor type, and the nature of the catalyst. 

Figure 5 

As SCWG proceeds to the critical point of water, the gasification of biomass into H2 and CH4 occurs through reactions (a) and (b):  

C6H12O6 + 6 H2O → 6 CO2 + 14 H2                                                                    (a) 
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C6H12O6 → 3 CH4 + 3 CO2                                                                                       (b) 

The H2 formation is endothermic while CH4 is somewhat exothermic. As per Le Chatelier’s principle, H2 would dominate CH4 at 

elevated temperatures; however, CH4 would be favorable at high pressures. Thus, free radical reactions are favored at high 

temperatures and low pressures during gas formation [251]. Higher temperatures lead to higher conversion but reduce SCWG’s energy 

efficiency. Hence, it is desirable to achieve gasification at lower temperatures with the help of catalysts. The types of catalysts used for 

SCWG are discussed in detail in the next section.  

SCWG involves methanation (c), steam reforming (d) and water gas shift (e) reactions. 

CO + 3H2 → CH4 + H2O                  (c) 

C6H10O5 + H2O → 6 CO + 6 H2                   (d) 

CO + H2O → CO2 + H2                 (e) 

The extent of gasification is expressed in terms of gasification efficiency, which is a measure of the fraction of H2 or C in the gaseous 

product to that in the feeding stream. Carbon gasification efficiency (CGE) increases with temperature, reaching ~100 % at 700 °C, 

while H2 efficiency exceeds 100 % and reaches ~158 % efficiency at 740 °C. The enormous increase in H2 efficiency is attributed to 

the abstraction of H from H2O, which depicts the role of water as a reactant and medium. In a continuous reactor, gas yields are 
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presumed to be unaffected by the reaction time after complete biomass conversion into gases [242, 252]. In batch reactors, reaction 

time has a profound effect on yield [253]. When reaction time increases from 30 to 120 min, the gaseous yield falls. Heating rates also 

affect yield in batch reactors. High heating rates tend to have high gaseous yields [254]. The percentage of biomass in the input stream 

also changes the product yield [255-257]. As biomass concentration increases, a high temperature is required to achieve complete 

gasification [255]. In general, CGE ranges from 92 - 100 % for lower feed concentrations and drops to 68 - 80 % above 10 %. CH4 

yields increase with biomass concentration, and a gas mixture of CO2 and H2 tends to form at low biomass concentrations [256]. 

Experiments involving hydrothermal gasification technology without catalysts are summarized in Table 5 using references [258-268]. 

Table 5 

5.1 Catalytic hydrothermal gasification 

Effective degradation of biomass into low-molecular weight gaseous compounds requires high operating temperatures (up to 600 °C). 

High temperatures result in a high yield; however, the high temperature lowers process energy efficiency. Hence, gasification at a 

lower temperature is desirable and is often carried out by catalyst. The use of catalysts improves the yield and quality of fuels. It is 

also known to enhance gasification performance at mild conditions, thereby showing huge promise as a suitable candidate for 

supercritical hydrothermal gasification. As for hydrothermal liquefaction, the literature highlights two types of catalysts, homogeneous 

and heterogeneous, and they are discussed below. 
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5.1.1 Homogeneous catalysts 

The use of homogeneous catalysts such as alkali metals (NaOH, Na2CO3, K2CO3, KHCO3, etc.) on sub- and supercritical gasification 

of biomass has been widely reported in the literature [43, 177, 269-280]. Such catalysts are often used to improve the water-gas shift 

reaction. The catalytic effect of K2CO3 was reported in a number of studies for the catalytic SCWG of a broad range of model 

compounds and biomass types [246, 269, 281-285]. K2CO3 shows activity through the formation of HCOO-K+ [254, 286, 287]. The 

process involves the release of CO2 and H2 via formic acid as an intermediate through reactions (f-j):  

CO + H2O   → HCOOH    ↔   CO2 + H2                                                            (f) 

2KHCO3 → H2O + K2CO3 + CO2                                                                             (g) 

K2CO3 +H2 → KHCO3 + KOH                                                   (h) 

KOH + CO → HCOOK                                                                (i) 

HCOOK +H2O → KHCO3 + H2                                                                                 (j) 

 NaOH has also been found to enhance the water-gas shift reaction and favor H2 formation and gasification efficiency [270, 288-294].  

Hydrogen gas was believed to form through the release of CO and carboxylic acids through the decarbonylation of hydroxylated 

carbonyl compounds, followed by the generation of hydrogen gas through the water–gas shift reaction. Another H2 production route 

was believed to occur through the reaction of sodium salts of simple carboxylic acids with water. In addition, the catalytic effect of 
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KOH  is due to the enhanced water-gas shift reaction through formic acid as an intermediate [43, 271]. Despite the potential of alkali 

catalysts for high hydrogen yield, they cause plugging, fouling, and corrosion [295]. An experiment with a SCW fluidized bed system 

for biomass gasification at 923 K and 30 MPa showed no reactor plugging up to 30 wt. % glucose and 18 wt. % corn cob [296]. In 

addition, the positive effects of natural mineral catalysts such as trona, dolomite, and borax have been realized with SCWG [297]. The 

rapid dissemination of knowledge of this technology provides future possibilities for scale-up operations. Onwudili et al. [293] 

predicted the possibility of scale-up for H2 in a semi-continuous mode through the elimination of CO2 as Na2CO3. Thus, Na2CO3 acted 

as both catalyst and C sequestration agent. A study by Lin et al. [291] involved the integration of a water-hydrocarbon reaction, a 

water-gas shift reaction, CO2 absorption, and various pollutants in a single process, HyPr-RING (Hydrogen Production by Reaction 

Integrated Novel Gasification). 

Table 6 

5.1.2 Heterogeneous catalysts 

Though homogeneous catalysts can accelerate water-gas shift reactions, they cause problems related to plugging, corrosion, and 

fouling [254]. Heterogeneous catalysts, however, have high hydrogen selectivity, recyclability, and CGE [287]. The literature reports 

three types of heterogeneous catalysts used for SCWG: activated carbon, transition metals, and oxides. The carbon derived from 

plants, shells, and wood has been used as a heterogeneous catalyst for supercritical water gasification due to its high stability in 

reducing environments along with a high degree of dispersion [41, 298-300]. These carbons include activated carbons like charcoal, 
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coconut shells, and coal-activated carbon. The catalytic effect of activated carbon is thought to be due to the adsorption of the reacting 

species onto the carbon surface [301]. Although carbon forms a good catalyst support with no solid acid-base properties, the lack of 

metallic support results in reduced metal dispersion on the carbon surface.  

Several studies have described the application of transition metal catalysts (supported/unsupported) in SCWG reactions, i.e., Raney 

nickel [44, 302-306], ruthenium [307, 308], and other noble metals. According to Huo et al. [309], the activity and selectivity of a 

porous Ni catalyst for cellulosic conversion to methane is  believed to occur through pyrolysis, hydrogenation, and methanation. 

Nickel supports, with the aim of improving CGE, have been reported in the literature [288, 310-316]. de Vlieger et al. [311] showed 

that a high dehydrogenation activity of Pt–Ni catalysts resulted in high H2 through the suppression of CH4 and acetic acid. Another 

study used a fixed bed Ni/Ru catalyst to develop a wastewater clean-up facility [317].  

Ni/Ni supports, though economical, are usually unstable and suffer from the effects of sintering in both batch and continuous mode 

[40]. The combined effect of catalyst structural changes and limited life performance of Ni deactivate it in hydrothermal media [318]. 

A study on the supercritical water gasification of wood at 300 – 410 °C and 12-34 MPa for 90 min resulted in complete gasification, 

though the Raney Ni surface was found to have carbon deposits [319]. Elliott et al. [320] performed experiments to improve an Ni 

catalyst by adding Ag, Ru, Sn, and Cu. Also, the effect of Ce loading to inhibit carbon deposition during the SCWG of glucose was 

studied in an autoclave reactor at 673 K and 24.5 MPa. With the Ce loading content of 8.46 wt.%, the maximum H2 yield 

and selectivity were recorded [321]. Ni has shown activities with other compounds such as lignin and cellulose [183, 322-324]. 
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Another known transition metal, Ruthenium (Ru), is known to be a highly active catalyst for low temperature catalytic gasification 

reactions [325-331]. Catalytic gasification involves the dehydrogenation of reacting species onto a catalyst surface and the scission of 

C-C or C-O bonds. Further breakdown of C-C produces synthesis gas, which proceeds through water-gas shift and methanation, 

whereas C-O breaks down into alcohols and organic acids [287]. Ruthenium is also known for high metal dispersion due to reduced 

metal loadings. Ni or Ru supported on zirconia, titania, γ-alumina, or activated carbon are highly stable at severe oxidizing and 

corrosive reaction environments [40, 325, 332-344]. Nonetheless, a few reports highlight the poisoning effect of Ru/C, presumed to be 

from the presence of S in the form of S2- and SO4
2- [345-347].  

Other works have studied Pt as a catalyst on aqueous phase reforming reactions [348] and ZrO2 for SCWG [272, 349]. Finally, oxides 

of Cu, Mn, Co, Al, Ca, Zr, Ce, and Ru have been shown to be effective for catalytic SCWG [350-354]. It is interesting to note that the 

reactor materials, made of alloys, affects the reaction. The designs of the “new” Hastelloy [42, 252] and Inconel [355, 356] reactors 

use heavy metals, which show catalytic activity towards water-gas shift reactions and methanol reforming. Yu et al. [357] studied the 

SCWG of glucose at 600 °C and 34.5 MPa in reactors made up of the new Hastelloy and Inconel. The gasification efficiency in the 

new Hastelloy reactor and the Inconel reactor dropped to ~ 85 % and ~ 68 %, respectively, with a 0.8 M increase in glucose 

concentration, and Inconel was found to catalyze the water-gas shift reaction.  

Heterogeneous catalysts tend to undergo sintering, which deactivates catalysts. A recent study discussed the use of a bimetallic 

catalyst in hydrothermal processes [358]. The use of a dual metal-support catalyst was reported for supercritical water gasification 
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with the aim of improving H2 yield [359]. Table 7 illustrates the use of heterogeneous catalysts for the hydrothermal gasification of 

various biomass compounds. 

Table 7 

6. Hydrothermal carbonization 

Hydrothermal carbonization (HTC) converts biomass into a value-added product (solid fuel) at a comparatively low temperature (180 

– 250 °C) and saturated pressure (2-10 MPa) [360-363]. The resulting product has carbon content similar to lignite with mass yields 

varying from 35 to 60% [364-368]. The obtained aqueous phase has most of the dissolved organics in the form of carbon with a 

minimal amount of gas [364, 369, 370]. The process is influenced by the nature of its feedstock as well as loading and process 

conditions [360, 366, 367, 369]. The carbonization improves the heating value and dewatering capability of the feedstock [371]. 

Process efficiency and dewatering capacity are improved by boosting the solid yield and recycling, respectively [371]. In addition, 

solid loading has a positive effect on product distribution [366, 367], and the process design is positively affected by internal heat 

recovery [372-374] as the HTC reaction heat is usually low [375]. Carbonaceous materials from hydrothermal carbonization are used 

in super capacitors and fuel cells for energy storage. The application of hydrothermal carbonization material in energy storage, 

conversion, and fuel cells is presented in Table 8 [376-390].  
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Hydrothermal carbonization (HTC) is widely used to convert lignocellulosics into solid hydrochars, which have better physico-

chemical characteristics than raw feedstock [391]. HTC technology uses batch and semi-continuous systems, both of which have 

rendered it less economically viable. 

Figure 6 provides insight into the reaction pathways with key products for hydrothermal carbonization [13]. The blend of phenols, 

organic acids, and ketones make up bio-crude through hydrothermal liquefaction. At critical conditions of water, reactions pertaining 

to free radicals become prevalent and gasification becomes favored, leading to the formation of CH4 and H2 [229]. To facilitate the 

formation of a solid product such as char, the process temperature must be controlled to avoid liquefaction and gasification. The 

glucose dehydration to form 2,5-hydroxy-methylfurfuraldehyde followed by aldol condensation outlines the formation of substances 

like carbon spheres [360, 364, 392]. The chemistry involving reactions such as oxidation, esterification and etherification on the 

hydroxymethyl group and reactions such as oxidation, reduction and aldol on the formyl group have been reported [393]. Also, solid-

solid interactions, as in the case of torrefaction, have been investigated [394]. The composition of HTC is also supported by reaction 

pathways through liquid and solid state to form coke and char, respectively [364, 395].  

Figure 6 

HTC is also used in char production as it has high energy content, good grindability, and high hydrophobicity [396]. Using 

spectroscopic methods, a hydrochar microspheres based chemical model microspheres reflecting the discernible core and the shell of 

hydrochar particles, which is shown in Figure 7 [397]. In the formation of hydrochar microspheres via hydrothermal carbonization of 
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saccharides, sucrose and starch hydrolyzes to form corresponding monosaccharides such as glucose and or fructose, as the case may 

be [135]. Starch also produces maltose and the fructose is obtained by glucose isomerization [135]. The monosaccharides such as 

glucose and fructose breaks down into lower molecular weight compounds like organic acids, thereby decreasing pH [398]. The 

hydronium ions produced acts as a catalyst for oligosaccharides degradation into the corresponding monosaccharides which further 

undergoes a series of reactions involving ring C-C bond breaking, and dehydration into furfural compounds [399]. These compounds 

thus generated undergoes further decomposition to form aldehydes, acids and phenols [399]. Following the series of reactions, the 

monomers and the decomposition molecules undergo condensation and polymerization into polymers [400]. Such polymerization 

reactions are enhanced by aldol condensation or intermolecular dehydration [397]. This reaction phenomenon also causes polymer 

aromatization. As their concentration approaches critical supersaturation point, nucleation occurs which further grows through 

diffusion at the surface of the chemical species which are linked to the microspheres via  hydroxyl, carboxylic and carbonyl groups 

[401]. Owing to this interaction and linkage, As a result of these reactions, carbonaceous microspheres having stable oxygen groups in 

the form of pyrone or ether are produced [397].  

Figure 7 

HTC produces char which has high energy content. The HTC process leaves the char less dusty, which improves pelletization 

characteristics [402, 403]. The commercial realization of HTC has suffered because of its high temperature and pressure requirements, 

which increase costs. Pellet quality is measured in terms of mechanical durability, that is, its ability to remain intact during handling or 
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storage [404]. Reza et al. [405] reported that pellet durability improved when HTC temperature increased. Hoekman et al. [403] 

reported that pellets obtained from hydrochar show good durability at temperatures as low as 200 ˚C.  Durability can further be 

enhanced at higher temperatures, but high temperatures produce pellets that are more brittle. Similarly, a temperature below 200 ˚C 

produces less durable pellets, as the pellets swell when immersed in water. Nonetheless, hydrochar from HTC produces highly stable, 

water-resistant pellets [403].  

The high cost of commercial HTC technology comes from the need for hydrochar to bind torrefied or raw biomass. Hydrochar is as an 

effective binder because of the furan and phenolic resins obtained from the degradation of hemicellulosics and cellulosics [403]. 

Hence, hydrochar improves the durability and pelletization characteristics of other biomass feedstocks. Liu et al. [406] studied the 

durability and combustion characteristics of hydrochar/lignite pellets. They concluded that hydrochar, along with lignite, improved the 

tensile strength of blended pellets, especially with a hydrochar fraction of > 50%.  

There are logistics associated with the large-scale commercial use of HTC pellets. Commercial HTC technology should have 

applications that include technical and economic benefits beyond commercial biomass. HTC biochar can be used as a solid biofuel. 

The industrial application of HTC biochar uses pelletization technology and thus the transportation, handling, and storage of pellets 

affecting its mechanical durability are important from an economical point of view in industry [407]. Pellet crumbling leads to 

problems that reduce combustion efficiency and increase emissions [407]. Another logistic problem originates from HTC’s 

hydrophobicity, which influences the mechanical durability of pellets. Also, with the aim of making HTC technology more 
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environmental friendly in order to develop it commercially, the treatment of spent liquor through anaerobic digestion [408-413] and 

the influence of the recirculation of spent liquor have been investigated in literature [414-417]. Recirculation helps increase the mass 

and energy yields of the hydrochar product, which further affects the economy of the process.  

Recently, a pilot-scale study was proposed for the HTC of lignocellulosics into solid fuels, which shows the relevance of solid fuel 

production from wet biomass [418]. More than 80% of energy yields are obtainable through the HTC of woody biomass at the pilot-

scale, which indicates how much energy content from the feed is converted into solid fuel [419]. Hence, the future of HTC is 

promising in terms the conversion of wet biomass to solid fuels [420, 421]. Hydrochar has several applications such as fuel source, 

catalysts, soil amendment, adsorbent, and energy storage [422]. However, recent research interests are oriented towards the production 

of hydrochars that have application in industry [49, 423]. The application of HTC for biochar production, as provided in Table 8, is 

obtained from the references [420, 422, 424-433].  

Table 8 

7. Issues with hydrothermal technologies 

7.1 Economic considerations 

Economic considerations are important, both with respect to a novel technology itself and with implementation. The economic viability of a 

plant helps determine the profitability of a technology and the costs associated with optimizing it.  
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Based on an economic assessment, the competitiveness and feasibility of a process can be compared to known conventional technologies. 

Though several techno-economic assessments have been done for thermochemical-based conversion processes such as fast pyrolysis 

and conventional gasification [434-451], cost analyses are available for biomass-based hydrothermal-based HTL [30, 452-455] or 

HTG [456-458] processes. The Pacific Northwest National Laboratory (PNNL), under the sponsorship of the National Advanced 

Biofuels Consortium (NABC), performed bench-scale HTL and upgrading experiments for woody biomass. The techno-economic 

study included the development of a large-scale commercial HTL and upgrading platform for bio-oil production for two cases, a state-

of-technology (SOT) case with experimental results from the HTL process and a goal case that assumed plausible future 

improvements for mature HTL technology [454]. The results showed that production costs were lower for the goal case, which 

assumed decreasing organics loss to the aqueous phase that led to higher product yields and reduced wastewater treatment costs. The 

cost results from the SOT case highlighted that the bio-oil production cost, based on the current HTL process, is not competitive 

compared to petroleum-based gasoline. Although the results from the goal case look promising for bio-oil production from woody 

biomass through HTL, the lack of process knowledge and concepts has financial risks. The main factors influencing the bio-oil 

production cost are feedstock cost, product yield, and upgrading equipment cost. The identification of key parameters will be 

necessary in a future research study.  

Techno-economic studies on bench-scale experiments for lipid-extracted microalgae (LEA) liquid fuels through hydrothermal liquefaction 

(HTL) and upgrading processes have also been undertaken [459]. The results highlighted that the HTL process is promising for the 

production of liquid fuel compared with conventional gasoline and diesel. However, the uncertainties in the feedstock cost had a major 
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influence on production cost. Other key factors influencing production cost were product yield and equipment cost for upgrading. 

Faeth et al. [460] reported that costs for a continuous HTL process can be reduced through lower residence times. In another study, 

catalytic hydrothermal gasification was performed for the conversion of wet LEA to methane together with wastewater treatment 

through HTL [461]. The coupled HTL and CHG improved bio-crude yield and overall economics. Jones et al. [462] evaluated the 

economics of hydrothermal liquefaction (HTL) and catalytic upgrading of whole algal biomass to obtain renewable diesel fuel. In their 

study, the feedstock cost had the most significant impact on diesel fuel cost. The economic study highlights the need to look for 

improved cultivation, harvesting, and dewatering methods to reduce feedstock costs.  

The feasibility of SCWG has setbacks due to current hydrogen costs. It costs around three times as much to obtain H2 through direct biomass 

gasification than through the steam methane reforming (SMR) of natural gas [463]. The cost of obtaining H2 from natural gas via 

SMR is 1.5–3.7 US $/kg (assuming a 7 US$/GJ natural gas price) and 10–14 US$/GJ from biomass [464]. The high operating and 

capital costs for high-pressure supercritical water systems poses economic challenges. The lack of understanding of SCWG 

technology, together with net positive energy and economic considerations, limits the ability to obtain hydrogen from commercial 

SMR. However, there have been a few techno-economic studies on supercritical water gasification technology for biomass and algae. 

In 1997, General Atomics came up with first cost estimate for an SCWG using sewage sludge with dry matter contents of 20% and 

40%; however, their estimate was based on a supercritical water oxidation (SCWO) plant because there is relatively little known about 

the novel SCWG technology [465]. In 1999, Amos calculated cost estimates for starch waste with a 15% dry matter content and 

product gas cleaned by expensive membrane technology [466]. The membrane alone made up more than 35% of the purchased 
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equipment costs. In 2002, Matsumura et al. [456] estimated the costs for supercritical gasification using water hyacinths with a 5% dry 

matter content . Their estimate included only the investment costs for bulk plant components and left out the costs of piping, 

engineering, services, etc.  Including these costs raises the total investment costs fourfold. Gasafi et al. [457] studied the economics of 

SCWG using sewage sludge as feedstock with the aim of producing hydrogen.  According to their findings, the hydrogen cost 

production was about 35.2 € GJ-1 if no revenues from sewage sludge disposal, which were significantly higher than the cost of 

hydrogen obtained through electrolysis (26.82 € GJ-1), are considered. In 2013, Brandenberger et al. [467] estimated costs for 

microalgae cultivated in ponds and photo-bioreactors for synthetic natural gas (SNG) production using SCWG and reported that the 

economic challenges are due to the cost of algal biomass production, which are 94% of the required capital investment. In 2014, the 

results from a techno-economic analysis of glucose and sewage sludge for hydrogen production via SCWG were studied [458]. The 

authors of that study identified that there were no profits associated with a glucose feed concentration of 15% until the price of 

hydrogen goes beyond $ 5 kg-1. The SCWG technology still needs to be optimized through a proper understanding of process concepts 

and plant components to improve economic efficiency. More research is needed on hydrothermal processing technology to make it 

economically feasible.  

7.2 Gaps in Knowledge 

The reactor configuration and design have a crucial role in the process run and affect process reaction kinetics. The main challenges in reactor 

design are related to enhancing heat integration, handling plausible poor heat transfer due to contact between the incoming reactor 

effluent with the reactor feed owing to its high viscosity, and decreasing costs of the reactor system itself when operating at high 
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pressures [468]. These challenges require an experimental analysis of required heat transfer coefficients at various locations in the 

process to determine proper heat integration. Moreover, the type of material for the HTL reactor design needs to be evaluated by 

taking into account harsh reaction conditions and possible corrosive effects. Considerable research is needed to improve the suitable 

liquid hourly space velocity (LHSV) in the HTL reactor system. The pump needs to be able to handle high solids content. The 

feasibility of separating bio-oil and water at the reactor temperature and pressure is yet to be determined. This is important because 

efficient bio-oil separation from an aqueous phase will increase the yield of bio-oil.   

A study of prevailing reaction rates and products from biomass processing through hydrothermal technologies will help us understand how to 

optimize reactor design. HTL bio-oil yield is influenced by factors such as temperature, feed solid content, the nature of the biomass, 

and residence time. A detailed characterization of all the products obtained from hydrothermal processing (i.e., bio-oil, aqueous, 

gaseous, and solid products) is required. Considerable effort is needed to comprehend bio-oil stability and quality and thereby better 

understand ongoing process reactions and upgrading needs. This effort would also be important when options for transporting bio-oil 

offsite (when an upgrading plant is not co-located with HTL plant) are identified. The characterization methods, which use equipment 

such as GC/MS, NMR, and HPLC for product analysis, are critical to understanding the nature of the reactive species influencing 

product quality and yield. However, analytical techniques such as chromatography cannot accurately predict high molecular weight 

compounds due to the technique’s low resolution and limited selectivity.  

A study on the continuous flow system is needed to understand process development for commercial applications. The catalyst has an 

important role in determining process yield and performance. There are research gaps with respect to catalyst maintenance, stability, 
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plausible regeneration, and subsequent lifetimes. Improving the long-term use of catalysts is essential both to improve their 

performance and to minimize deactivation during reactions. 

Supercritical water gasification, another hydrothermal processing technology, is a promising approach for handling wet biomass. 

However, an analysis of SCWG design suggests that the feasibility of the process depends on feed type and concentration. Clogging, 

plugging, and char formation are major problems in the SCWG of biomass. In addition, the limited dissolution of inorganic salts in 

biomass under supercritical water conditions causes precipitation during SCWG and these salts combine with char and plug the 

reactor. Though continuous stirred reactors and fluidized beds can handle plugging problems, there are underlying issues with the 

complex design and the high energy demands in the process. Thus, an efficient SCWG reactor system design is still in progress. 

Another technical challenge is in selecting material to avoid corrosion in the reactor. The extreme environments in the SCWG process 

require materials capable of preventing corrosion. In addition, pumping biomass at high concentrations is an issue. In order to 

optimize the process, efficient and better energy recovery equipment is needed. The wide use of metal catalysts such as Ni and Ru in 

the SCWG of biomass are aimed at improving H2 production; however, they are known to cause a methanation reaction and produce 

CH4. The selectivity towards H2 production and, in turn, the stability of the catalyst at supercritical conditions, presents a challenge. 

Catalyst poisoning, loss, and deactivation during SCWG pose technical challenges and suggest the need for catalyst supports to 

prevent unwanted side reactions and enhance H2 yields.  

Process optimization and research in the areas of hydrothermal processing will likely improve product yield and thus profitability. 
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8. Conclusion 

Hydrothermal processing technologies have significant potential for biomass with high moisture content. We performed an extensive 

literature review to understand the status quo of various hydrothermal processing technologies. Studies differ with respect to their 

analysis of experimental results and provide in-depth understanding for future process development. In general, hydrothermal 

processing precludes an energy-intensive pretreatment step for bioconversion to useful products. This review focused on different 

hydrothermal processing technologies, namely the liquefaction, gasification, and carbonization of individual biomass fractions/whole 

biomass, and their effects on process conditions. The nature and yield of products from hydrothermal technologies depends on factors 

such as catalyst, feedstock type, the nature of the solvent, and process conditions. The nature of biomass in terms of protein, 

carbohydrates, and lipid fractions determines the compositional yield of the product type. The effect of a catalyst on product yield 

cannot be dismissed, as it change the compositional characteristics of the product obtained. Thus, choice and selection of catalyst for a 

particular application is important in view of its major influence on the yield and desired properties of the final product.  

Hydroprocessing technologies have not yet been commercialized due to a number of technological gaps and economic constraints. 

● Technological gaps with respect to various plant components including reactor design for process development and 

optimization in order to achieve a thermal efficiency high enough to attain an economic process. A synergistic effect of the 

individual components in the process design is crucial for efficient operation.   
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● Considerable challenges remain in the area of catalyst recycling and regeneration in order to improve the lifetime and 

efficiency of the hydrothermal process. 

● Along with technological constraints, there are economic bottlenecks. As the technology uses high pressure equipment, the 

process has high capital investments.  

If economically feasible, a process can be practically achievable. However, cost studies are not enough to support the development of 

large-scale processes. Commercialization requires testing with different feedstocks to understand the process. In addition, integrating a 

techno-economic analysis with energy tools helps understand energy flow and consumption, which have a direct impact on cost. 

Internal recovery of heat and power in an integrated system would reduce external energy demands and costs, thereby improving 

technology costs. A sensitivity analysis combined with Monte Carlo simulations for risk analysis would help evaluate the technology 

properly. 

Although hydrothermal technologies have several challenges, such as environmental concerns, depletion of fossil-fuel reserves, etc., 

research towards specific fuels targeted for the transportation sector and as raw materials for the chemical industry continues. In view 

of this, hydrothermal technologies hold significant promise, and research and development continues to overcome the barriers 

associated with the technology for plausible market integration in future.  
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Figures 

 
Figure 1: Schematic of a hydrothermal processing technology 
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Figure 2: Phase diagram of water (pressure-temperature) and static dielectric constant at 200 bar (Adapted from: Tran et al. [36]) 
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Figure 3: Plausible pathways of formation of bio-oils via hydrothermal liquefaction of biomass (Adapted from: Yang et al. [134]) 
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Figure 4: Schematic of Maillard reaction network (Adapted from Peterson et al. [138]) 
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Figure 5:  Hydrothermal gasification of biomass to gaseous products via aqueous intermediates (Adapted from: Madenoğlu et al. 

[246]) 
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Figure 6: Reaction pathways involved in hydrothermal carbonization (Adapted from: Kruse et al. [13]) 
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Figure 7: Diagram showing hydrophilic/hydrophobic core–shell structure of the hydrochar microspheres via hydrothermal 

carbonization (Adapted from Sevilla et al. [397]). 
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Table 1: Properties of water under different temperature regimes 

Parameters Normal water Sub-critical water Super-critical 

water 

Temperature (°C) 25 250 400 

Pressure (MPa) 0.1 5 25 

Density (g/cm3) 0.997 0.80 0.17 

Viscosity (m Pa s) 0.89 0.11 0.03 

Dielectric constant 78.5 27.1 5.9 

Heat capacity (KJ kg-1 K-1) 4.22 4.86 13 

pKsu 14.0 11.2 19.4 

Thermal conductivity (mW m-1 K-1) 608 620 160 
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Table 2: Summary of factors influencing the hydrothermal liquefaction of biomass 

Factors Biomass type Reaction 

conditions 

Remarks Ref. 

Temperature Jack pine 

powder 

200 - 350 

°C 

 

25% increase in oil yield 

with 150 °C increase in 

temperature 

[139] 

Microalgae 180-300 ˚C Temperatures lower than 

275 ˚C promote lipid 

extraction. Temperatures 

above 275 ˚C facilitate the 

degradation of protein and 

carbohydrates in biomass, 

which increases the oil yield.   

[143] 

Palm biomass 330-390 ˚C A temperature of 390 ˚C 

yields maximum bio-oil due 

to the increase in the rate of 

decomposition via the 

radical mechanism. 

[145] 

Algal cultures 260-320 ˚C The highest bio-crude yield [146] 
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was obtained at 300 ˚C. An 

increase in temperature 

caused the bio-crude to 

decompose into char/gas.  

Microalgae 250-400 ˚C The maximum bio-oil yield 

of 51.22 wt% was obtained 

at 400 ˚C, the temperature 

considered to be optimum 

for bio-oil production. 

[147] 

Algae 330-370 ˚C The maximum bio-oil yield 

was obtained at 360 ˚C. 

Increasing the temperature 

had positive influence on 

higher heating value. 

[151] 

Cornstalks 240-350 ˚C Temperatures from 260 ˚C - 

320 ˚C had no significant 

effect on bio-oil yield; 

however, the solid yield fell 

with an increase in 

temperature. 

[152] 

Rice straw 280-320 ˚C Up to 300 ˚C, there was not 

significant change in the 

bio-oil product distribution. 

However, beyond 320 ˚C, 

bio-oil yield fell.  

[153] 

Sawdust 180- 280 °C Oil yield increased with 

temperature. 

[140] 

Swine manure 260-340 °C  Increasing temperature from 

260 to 340 °C increased the 

amount of bio-oil by 9.3 %. 

[141] 

 Wood stalks 250 -290 ˚C The bio-oil yield increased 

from 44.5% to 50.4% with 

an increase in temperature in 

[144] 
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ethanol solvent.  

Microalgae 250-350 ˚C Conversion efficiency 

increased with temperature 

in this order: lipids > 

proteins > carbohydrates.   

[148] 

Oilmill 

wastewater 

240-300 ˚C Bio-oil yield improved from 

28.25 wt% to 58.09 wt% 

with an increase in 

temperature while the solid 

yield fell from 43.87 wt% to 

17.18 wt%. The optimal 

temperature was 280 ˚C.   

[21] 

Algae 180-330 ˚C Nannochloropsis sp. attained 

the highest bio-oil yield of 

47.5%. Increasing the 

temperature improved bio-

crude yield.  

[149] 

Crude glycerol 

and aspen wood 

380-420 ˚C Biocrude and char yields, as 

well as biocrude 

composition, were not 

affected by temperature 

changes.   

[150] 

 Algae  180-300 ˚C Increasing the temperature 

improved the bio-crude oil 

yield. Biocrude yield 

increased from 11% at 250 

˚C to 16.98% at 300 ˚C, 

suggesting that the increase 

in bio-crude yield occurred 

not only from lipids, but also 

from other non-lipid 

components such as proteins 

[142] 
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and carbohydrates. The 

improvement in biocrude oil 

is attributed to hydrolysis 

and repolymerization. 

Particle size Grass perennials 350 °C Particle size has no effect on 

liquid oil yield. 

[158] 

Pressure Coal 370 - 490 

°C; 

up to 12.2 

MPa 

An increase in pressure 

resulted in high liquid yield 

due to improved solvent 

power and diffusivity. 

 

[154] 

Glucose 300 - 400 

°C, 

25-40 MPa 

Rate constant for glucose 

degradation was lowered by 

a rise in pressure, which 

could likely be due to the 

reduction in the 

epimerization rate to 

fructose.  

[155] 

Cellobiose 

 

 

 

300 - 400 

°C, 25 - 40 

MPa 

Hydrolysis selectivity rose 

by 10 % with an increase in 

pressure from 30 to 40 MPa.  

[156] 

 Fruit bunch, 

palm, 

kernel shell 

330-390 ˚C,  

25-35 MPa 

The increase in pressure 

caused an increase in solvent 

density and solubility. 

However, the increase in 

pressure also caused a 

caging effect. At 390 ˚C, the 

increase of pressure from 25 

to 35 MPa reduced bio-oil 

yields. 

[157] 

Residence time Sawdust 180 - 280 

°C 

In temperatures from 250 to 

280 °C, longer reaction 

[159] 
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times reduced oil yield due 

to secondary reactions; 

however, oil yield increased 

at a low temperature (180 

°C).  

 Poplar wood 350 °C Poplar suppressed the bio-oil 

yield except for very high 

biomass-to-water ratios 

[160] 

 Sawdust  150–450 °C The conversion and yield of 

gaseous products are the 

same but the yield of bio-oil 

increases with an increase in 

reaction time. 

[161] 

 Kenaf 300 ˚C The liquefaction time of 60 

min resulted in an oil yield 

of 77.2%.  

[162] 

Willow  400 ˚C, 

32 MPa, 

0-20 min 

A longer reaction time 

negatively influenced the 

bio-crude yield while solid 

residues and gas yield 

increased, signifying that re-

polymerization and 

gasification are favored at 

longer residence times.  

[163] 

Oilmill 

wastewater 

240-300 ˚C, 

15-45 min 

Increasing residence time 

promoted bio-oil yield, in 

this case, an increase from 

55.76 wt% at 15 min to 

58.09 wt% after 30 min. 

With a further increase in 

time, gas and solid residue 

yield increased. This could 

be attributed to competing 

[21] 
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depolymerization and 

hydrolysis reactions.  

Fermented corn 

stalks 

250-400 ˚C 

15-105 min 

Bio-oil yield increased until 

30 min, after which it fell, 

indicating that a longer 

residence time caused 

depolymerization and 

cracking of bio-oil.    

[164] 

Microalgae 100-400 ˚C, 

10 s – 60 

min 

Solid product yields fell 

with longer reaction times. 

However, longer residence 

times (t > 40 min) at higher 

temperatures (300 ˚C) 

reduced bio-crude yield.  

[165] 

Spent coffee 

grounds 

5-30 min The highest bio-crude yield 

(31.63%) was reached after 

10 min, after which yield 

fell. The bio-oil decomposed 

with time. 

[166] 

Algae 350 ˚C, 

10-60 min 

A longer reaction time 

reduced the yield of water-

soluble biocrude and 

increased the yield of water-

insoluble biocrude. 

However, total bio-crude 

yield was not affected by 

residence time.  

[167] 

Microalgae 350 ˚C; 

1.4-5.8 min 

Higher bio-crude yields 

were obtained at lower 

residence times, and greater 

energy recovery was 

possible at a residence time 

of 5.8 min. 

[168] 
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Algae 220-400 ˚C, 

10-60 min 

Initially, biocrude yield 

increased (39.54% at 50 

min), but after 50 min. it 

decreased.  

[169] 

Swine carcasses 150-250 ˚C; 

20-120 min 

The yield of bio-oil 

improved from 45.5 wt% 

(20 min) to 58.2 wt% (60 

min). The longer reaction 

time (60-120 min) lowered 

the yield due to prevailing 

reactions involving 

secondary cracking.  

[170] 

Microalgae and 

lignocellulosics 

300 ˚C, 

20-90 min 

Bio-crude yield increased 

with an increase in reaction 

time up to 60 min, after 

which it decreased. The 

decrease is attributed to the 

repolymerization and 

recondensation of bio-crude.  

[171] 
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Table 3: Homogeneous catalysts used for the hydrothermal liquefaction of model compounds and biomass 

Model 

compounds/ 

Real biomass 

Operating 

parameters 

Reactor/ 

device/ 

tubing 

Catalysts 

(with/ 

without 

support) 

Key findings/remarks/observations Ref. 

Algae  300 ˚C Bench-

scale 

micro-

reactor 

KOH Bio-crude yield increased from 

16.98% (without catalyst) to 

22.67% with KOH after 30 min at 

10% solid loading. The 

incorporation of the catalyst 

improved the extraction of 

carbohydrates. 

[142] 

Kraft lignin 280-350 ˚C Batch K2CO3 The catalyst increased the yield of 

liquid products and reduced char 

formation. The catalyst improved 

the yield of monomeric aromatics.  

[192] 

Wood 280 ˚C Batch K2CO3, 

KOH, 

Na2CO3, 

NaOH 

With K2CO3, the highest bio-oil 

yield of 34.9 wt% with the lowest 

solid residue yield of 6.8 wt% was 

obtained.  The order of reactivity 

[193] 
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based on liquid yield was: K2CO3 

> KOH > Na2CO3 > NaOH 

Sorghum 300 ˚C Tubular KOH, 

K2CO3 

With K2CO3, biocrude had a HHV 

of 33.1 MJ kg-1, and the highest 

biocrude yield was 61.8%. 

[194] 

Pinewood 

sawdust 

300 ˚C Autoclave K2CO3 The use of K2CO3 doubled the bio-

oil yield. The maximum bio-oil 

yield (30.8 wt%) and the minimum 

solid yield (28.9 wt%) were 

obtained with ethanol solvent. The 

use of water as solvent reduced the 

bio-oil yield as a fraction of bio-oil 

was found in the aqueous phase. 

[195] 

Microalga  Batch Na2CO3  Na2CO3 increased bio-crude yield 

to 51.6% from around 29.2% 

without a catalyst. The catalyst also 

led to the lowest energy 

consumption ratio during the 

hydrothermal run. 

[196] 

Birchwood 

sawdust 

300 ˚C Bench top KOH, 

K2CO3 

Bio-crude oil yield with KOH 

more than doubled (~ 40 wt%) that 

under non-catalytic reaction. Also, 

solid residue decreased from ~ 33 

to 12 wt%.  

[197] 

Blackcurrant 

pomace 

290-335 ˚C Batch NaOH The catalyst increased bio-oil yield 

and reduced char formation.  

[198] 

Bamboo 

chopsticks 

290-380 ˚C Autoclave K2CO3 At 290 ˚C, yield reached 21.2 wt% 

compared to 3.8 wt% in a non-

catalytic run. In addition, the 

heating value increased to 

31.6 MJ kg−1, showing the 

effectiveness of the catalyst.  

[199] 

Rice straw 220-300 ˚C Autoclave Na2CO3 The catalyst improved hydrolysis [200] 
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of cellulose and hemicellulose in 

the presence of glycerol. Na2CO3 

promoted alcohol formation.  Bio-

oil yield was 50.31 wt% under 

optimum conditions of 260 ˚C. 

Dried distiller 

grain with 

solubles 

350 ˚C Bomb 

type 

K2CO3 The catalyst, together with the 

recycled HTL aqueous phase, 

increased the yield compared to 

non-catalytic HTL; however, the 

water content in the bio-crude also 

increased.  

[201] 

Sewage sludge 400-500 ˚C Batch K2CO3,  

Na2CO3 

Catalysts decreased the yield of 

bio-crude at 50 wt% of dried 

sludge. 

[202] 

Algae 250-350 ˚C  Na2CO3 The catalyst improved the bio-

crude yield for high-carbohydrate 

biomass at higher temperatures 

(300-350 ˚C), while high-protein 

biomass yielded more bio-oil at a 

lower temperature (250 ˚C).  

[203] 

Wood  280 °C autoclave K2CO3 The absence of water yielded 

liquid products equivalent to a 

biomass/water ratio of 6. 1 M. 

K2CO3 showed the maximum 

biomass conversion along with 

considerable drop in solid residue 

(by 4%). 

[140] 

Corn stalk 410 °C, 

25 MPa 

fixed-bed Na2CO3 The catalyst had a positive effect at 

relatively higher temperatures. 

Yield conversions increased to 95 

wt % (dry basis); 77% liquid 

product yield was reported at 25 

MPa. 

[185] 
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Pinewood 

sawdust 

 

300 °C,  

~ 7.93 MPa 

autoclave K2CO3 K2CO3 doubled bio-oil yield. 

Maximum bio-oil was attained 

(30.8 wt%) and the minimum solid 

residue yield (28.9 wt%) when 

ethanol was used as a solvent. 

[186] 

Oil palm shell 210 - 330 

°C 

autoclave K2CO3, 

Na2CO3, 

NaOH 

Similar results were obtained with 

10% K2CO3 and 10% 

Na2CO3 while 10% NaOH had 

maximum solid conversion (84 %) 

and liquid product (53.4%).  10 % 

NaOH also reduced the gaseous 

product yield.  

[182] 

Barley straw 300 °C autoclave K2CO3 K2CO3 produced more phenolic 

compounds and less carboxylic 

acid. Further analysis of solid 

residue confirmed improved 

decarboxylation of barley straw 

liquefaction with K2CO3. Carbon 

and energy recovery doubled with 

the catalyst. High bio-crude yield 

(34.85 wt%) was achieved with 

K2CO3. 

[191] 

Barley straw 280 - 400 

°C 

Batch K2CO3 A lower temperature favored the 

formation of biocrude. High 

biomass conversion (> 87 wt %) 

was observed. The bio-crude yields 

were in the range of 20.35-35.24 

wt%. Optimal HTL conditions 

were 300 °C. HHVs of bio-crude 

increased with temperature, 

ranging from 26.75 to 35.48 

MJ/kg. Bio-crude consisted of 

carboxylic acid, phenolics, ketones, 

[190] 
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and aldehydes. 

Cellulose 200 – 350 

°C,  

3 MPa 

Autoclave Na2CO3 Alkali catalyst inhibited the 

formation of char from oil and 

caused stabilization of oil. 

[183] 

Polysaccharide

s 

200 °C Bomb-

type batch 

CO2 The yield of glucose increased by 

49.3 %. The production of 5-HMF, 

a secondary decomposition product 

of hexoses, dropped more in CO2-

enriched water than in aqueous 

HCl. 

[206] 

 

 

Table 4: Heterogeneous catalysts used for the hydrothermal liquefaction of model compounds or biomass 
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Model 

compounds/ 

Real 

biomass 

Operating 

conditions 

Reactor/device/ 

tubing 

Catalysts 

(with/without 

support) 

Key findings/remarks/ 

observations 

Ref. 

Dunaliella 

tertiolecta 

320 ˚C Autoclave Co/CNTs 95.78% conversion was 

achieved along with a 

bio-oil yield of 40.25 wt 

% . The catalyst 

produced bio-oil with 

low O/C ratios.  

[220] 

Sorghum 300-350 ˚C Tubular Ni2P, 

Ni/Si-Al, 

zeolite 

Ni/Si-Al performed better 

than all catalysts tested. 

The resulting bio-crude 

yield was 45% at 300 ˚C.  

[194] 

Fruit bunch 390 ˚C Inconel batch CaO,  

MgO, MnO, 

ZnO, NiO, 

SnO, 

CeO2, Al2O3 

 

 

Catalysts, namely CaO, 

La2O3, MnO, and CeO2, 

yielded highest bio-oil 

yield (about 1.40 times 

without catalyst).  

[212] 

Rice husk 300 ˚C Micro-reactor La2O3, 

Dy2O3 

La2O3 produced the 

highest bio-crude yield of 

32.5 wt% at a water/rice 

husk mass ratio of 5. The 

highest HHV (31.78 MJ 

kg-1) of bio-crude was 

also obtained.  The 

catalyst reduced the 

amount of phenols and 

acids and promoted 

hydrocarbon formation. 

 

[213] 
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Bagasse 200-330 ˚C Autoclave MgMnO2 At optimized conditions 

(250 ˚C for 15 min), the 

catalyst liquefied 93.7% 

biomass. The catalyst 

showed good 

recyclability.  The 

increased OH 

concentration due to 

thermal hydrolysis of the 

catalyst improved 

biomass liquefaction.   

[214] 

Coconut 

shell 

240-330 ˚C Batch ZnCl2, CuCl2, 

and NiCl2 

The highest yield of 13.9 

wt% of bio-oil was 

reported. The catalytic 

effect of the transition 

metal on cellulose 

decomposition was 

observed. 

[226] 

Microalgae 210-250 ˚C; 

20 MPa 

Batch Ni/SiO2 The catalyst improved 

the yield of bio-oil. The 

highest bio-oil yield of 

30 wt% was reached at 

250 ˚C.  

[215] 

Grassland 

perennials 
 

300 - 450 °C  Parr high-

pressure vessel 
SO4

2−
/ZrO2–

Al2O3, solid 

alkali CaO–

ZrO2 

At a heating rate of 

140 °C/min, a liquid yield 

of 82.1% was reported for 

1 min at 374 °C. Particle 

size and catalysts had little 

influence on liquid yield. 

The liquefaction process 

[158] 
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with a fast heating rate 

shored more potential. 

Stearic acid 400 °C,   

25 MPa 

bomb type ZrO2, CeO2, 

Y2O3 

Catalysts enhanced 

decarboxylation of C17-acid 

into CO2 and C16 alkene.  

[211] 

Distillers 

grains 

 

350 °C,  

25 MPa 

Stop-flow  ZrO2 No major effect of either 

catalyst or reactor wall was 

observed on bio-oil yield or 

quality. ZrO2 acted as a 

poor catalyst for HTL. 

[209] 

Waste 

 

330 °C, 

25 MPa 

Continuous 

(loop) 

ZrO2,  K2CO3 A high calorific value bio-

oil was obtained. A BET 

surface area (32.7 m2/g) of 

ZrO2 was used 

[210] 

Table 5: Experiments in the hydrothermal gasification of model compounds or biomass without catalysts 
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Model 

compounds/ 

Real biomass 

Operatin

g 

condition

s 

Reactor/device/ 

tubing 

Key findings/remarks/ observations Ref. 

Glucose, 

fructose 

300 - 

400 °C, 

25 - 40 

MPa 

 

Continuous The decomposition of glucose 

produced fructose (isomerization), 

1,6-anhydroglucose (dehydration), 

and erythrose and glyceraldehyde 

(C-C bond splitting).  Fructose 

didn’t form 

1,6-anhydroglucose and showed no 

isomerization into glucose. The 

proposed mechanism for products 

involved C-C bond cleavage by 

reverse aldol condensation and 

Lobry de Bruyn Alberda van 

Ekenstein transformation. 

[258] 

Glucose 600 - 

767 °C, 

25 MPa 

 

Continuous 

tubular 

At 1.8 wt % glucose, a H2 yield of 

11.5 mol/mol glucose was reported. 

High CE (91 %) and low TOC (23 

ppm) indicated complete conversion 

of glucose into gaseous products, 

which was attributed to the 

enhanced water-gas shift reaction 

and flow stability. 

[259] 

Glucose 175 - 

400 °C, 

25 MPa 

 

Continuous  Decomposition kinetics studies 

showed that the reaction order fell 

from 1.0 at 448 K to around 0.7 at 

673 K. This was attributed to a shift 

of reaction from an ionic 

mechanism to a radicalic one. 

[260] 
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Wheat straw, 

walnut shell 

and almond 

shell 

420-440  

˚C, 

25 MPa 

Batch Wheat straw showed the highest 

hydrogen gasification (23%) and 

carbon gasification (44.92%) 

efficiencies. With an increase in 

reaction time, the gasification 

efficiencies increased. Total gas 

yield increased up to 30 min and 

remained constant thereafter.  

[261] 

 

 

 

 

 

 

 

 

 

 

 

Fruit wastes, 

Agro wastes 

400-600  

˚C, 

15-45 

min 

Tubular batch Temperature was the dominant 

factor in the gasification of biomass. 

A longer reaction time improved 

thermal cracking reactions. At 45 

min, H2 yield was 0.91 mmol g-1 

compared to 0.69 mmol g-1 at 15 

min.  

[262] 

Wood 

residues 

500-600  

˚C, 

20-42.5 

MPa 

Autoclave Biomass with lower lignin and 

higher extractives produced more 

gaseous products. With increased 

pressure, carbon gasification 

efficiency reduced.  

[263] 

Ulva 

macroalgae 

400-550  

˚C; 25 

MPa 

Batch A short residence time (7 min) was 

sufficient for a suitable conversion 

rate. At 550 ˚C, H2, and CH4 

exceeded 15 mol%.  

[264] 

N-

hexadecane 

525-605  

˚C; 

15-22 

MPa 

Tubular  With an increase in temperature, 

yields of H2 and CO2 improved, 

suggesting an improved water gas 

shift reaction. A reduction in 

pressure improved the yields of 

gaseous products.  

[265] 
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Beet-based 

distillery 

wastewater 

300-375  

˚C 

Batch After 45 min of reaction time, the 

H2 mole fraction reached 48.8% at 

375 ˚C. At a longer reaction time, 

the water-gas shift reaction reaches 

equilibrium, indicating a gradual 

increase in H2 along with a 

moderate reduction in CO and CO2 

fractions. 

[266] 

Phenol and 

alanine 

400  ˚C; 

22-26 

MPa 

Batch With 60 wt% alanine, the highest H2 

yield was reported. The reaction 

mechanism involved the 

decomposition of alanine to 

aldehyde, acids, and gases. The 

aldehyde and phenol condensed to 

form phenolic resin tar.  

[267] 

Marine 

biomass 

300-600  

˚C 

Batch With biomass loading of 0.08 g  

ml-1, corresponding H2 and CH4 

yields were 10.37 mol kg-1 and 6.34 

mol kg-1 at 600 ˚C. An increase in 

temperature and decrease in 

biomass loading improved 

gasification yield.  

[268] 

 

Table 6: Homogeneous catalyst use for the hydrothermal gasification of model compounds or biomass 

Model 

compounds

/ 

biomass 

Operati

ng 

conditio

ns 

Reactor/de

vice 

/tubing 

Catalysts  

(with/wit

hout 

support) 

Key findings/remarks/observations Ref. 

Humic acid 375- 600 

˚C, 

~24 MPa 

Fixed-bed 

batch 

K2CO3 The catalyst increased the gas yield to 

1.64 mol kg-1. However, the H2 yield 

decreased more than it did without 

[284] 
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catalytic SCWG. 

Timothy 

grass 

450-650 

˚C; 

23-25 

MPa 

Tubular KOH, 

K2CO3, 

NaOH 

KOH acted as the best catalyst in 

increasing H2 and CO yield via the 

water-gas shift reaction. The yield of 

8.91 mol kg-1 was obtained. 

[273] 

Wood and 

char 

products 

from 

pyrolysis 

450 ˚C, 

27 MPa 

Batch K2CO3 K2CO3 increased the yield of H2 

through the water-gas shift reaction.  

[285] 

Cellulose, 

Lignin 

alkali 

300-600 

˚C 

Batch K2CO3 At 600 ˚C, maximum yields of H2 and 

CH4 were obtained in the presence of 

a catalyst. The catalyst promoted 

gasification and prevented char 

formation. 

[246] 

Xylose 600 ˚C, 

42.5 

MPa 

Batch  K2CO3 The catalyst improved the carbon 

gasification efficiency (86%) at 600 

˚C and 20 MPa. Maximum H2 and 

CO2 yields were obtained using a 

catalyst.  

[274] 

Lignin, 

Cellulose, 

Waste 

biomass 

650 ˚C, 

26 MPa 

Batch K2CO3 A high temperature (~650 ˚C) and 

catalyst loading (~100%) resulted in a 

high H2 yield.  

[275] 

Horse 

manure 

400-600 

˚C, 23-

25 MPa 

Tubular 

batch 

Na2CO3, 

K2CO3, 

NaOH 

A high H2 yield was observed at 600 

˚C after 45 min. A H2 yield with a 2 

wt% catalyst followed the order: 

Na2CO3>K2CO3>NaOH. 

[276] 

Paper waste 

sludge 

450 ˚C Batch K2CO3 The catalyst resulted in a H2 yield of 

7.5 mol kg-1 through the water-gas 

shift reaction. It also enhanced H2 and 

CO2 production, while not affecting 

CH4 much. 

[277] 
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Mannose 700 ˚C,  

20 MPa 

Batch K2CO3 The catalyst improved the H2 yield to 

10.34 mol mol-1 from mannose. 

Acetic acid was the main component 

in the aqueous phase during 

gasification.  

[278] 

Lactose 550-700 

˚C; 

22.5 

MPa 

Continuous NaOH, 

KOH, 

Na2CO3 

Catalysts inhibited char formation and 

promoted H2 at low temperatures. The 

main gases produced were H2 and 

CO2. 

[279] 

Phenol 400-600 

˚C, 

20-42.5 

MPa 

Batch K2CO3 The catalyst, at high temperature s, 

enhanced gasification. The reaction 

produced a CH4-rich gas along with 

CO2, H2, and CO.  

[280] 

Pyrocatecho

l 

500 °C,  

25 MPa 

Tumbling 

and tubular 

KOH At 600 °C (2 min) or 700 °C (1 min), 

99 % of the feedstock was gasified. 

[43] 

cotton stalk; 

corncob; 

tannery 

waste 

500 °C, 

3 °C/min  

autoclave K2CO3, 

Trona, red 

mud 

The catalyst improved in the H2 yield 

through an accelerated water-gas shift 

reaction and the methane reformation. 

Fe-based catalysts show potential for 

gasification. 

[269] 

Para-

formaldehy

de 

400 °C bomb  NaOH The primary reactions were the 

Cannizzaro reaction and the self-

decomposition of HCHO. The 

Cannizzaro reaction dominated with 

increased OH− in the homogeneous 

phase. 

[270] 

Wastewater 

(organics) 

450 - 

550 °C,  

25 MPa 

Continuous KOH Maximum H2 generation was 

achieved by accelerating the water-

gas shift reaction rate. The H2 amount 

in the gas phase increased with 

oxidants in a limited range due to the 

competing oxidation and gasification 

reactions.  

[271] 
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n-

hexadecane 

(n-C16) and 

organosolv-

lignin 

273 °C,  

30 - 

40 MPa 

bomb  NaOH The catalyst showed no effect on the 

conversion of n-C16 and promoted the 

formation of 1-alkenes and H2. The 

H2 yield with NaOH was almost four 

times higher than that without a 

catalyst (with and without O2). 

[272] 

Rosa 

Damascena  

residues 

500 - 

600 °C,  

35 - 

45 MPa 

batch K2CO3, 

Trona 

The gaseous products consisted 

mostly of H2, CO2, and CH4. Total 

yields of combustible gases were 

more than the CO2 yield. Aqueous 

gasification products had carboxylic 

acids as the main component. High 

temperatures increased total gaseous 

yields but decreased aqueous 

products. Conversions amounting to 

90% gaseous and 8% aqueous at 

600 °C were reported. 

[281] 

Cauliflower 

residue, 

acorn, 

tomatoes 

residue, 

extracted 

acorn and 

hazelnut 

shell 

600 °C,   

35 MPa 

Continuous  K2CO3,  

Trona 

The catalyst resulted in a mixture of 

gases like H2, CO2, CH4, CO, and a 

small amount of C2 compounds.  The 

H2 yield (mol gas/kg C in feed) of 

acorn was 7 times more in the 

presence of Trona (53.5 mol H2/kg C 

in feed) than that without catalyst. 

The use of Trona was realized as a 

more economical catalyst than 

commercial ones. 

[282] 

glucose 500 °C batch  NaOH An increase in H2 yields of 135% 

with NaOH vs. non-catalytic process 

at a water-biomass ratio of 3. 

[288] 

Dewatered 

sewage 

sludge 

400 °C, 

~ 

22.1 MP

batch NaOH NaOH not only promoted the water-

gas shift reaction but also captured 

CO2, driving the reaction with Ni 

[289] 
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a catalyst towards more H2. 

Acetic acid; 

phenol 

600 °C, 

40 MPa  

tubular 

flow  

NaOH H2 and CO2 yields were highest at a 

0.2 wt. % of NaOH; this can be 

attributed to the hydrogenation of 

phenol to benzene to cyclohexane.  

[290] 

Organics 600 -700 

°C,  

12 - 105 

MPa 

Micro-

autoclave 

NaOH The process involved a novel H2 

generation method (HyPr-RING). A 

higher temperature and pressure 

increased H2 yield, although the effect 

of temperature was greater. 

[291] 

Glucose; 

Molasses;  

rice bran 

330 - 

390 °C 

--- NaOH NaOH improved H2 yield during the 

water-gas shift reaction by inhibiting 

tar/oil and char and promoting CO- 

intermediate compounds. H2 yield 

increased with reaction temperature 

and time. 

[292] 

Glucose 200 °C, 

2 MPa to 

450 °C, 

34 MPa 

Batch  NaOH Half the optimum H2 gas yield was 

achieved at 350 °C and 21.5 MPa, and 

> 80 % (v) H2 gas at 450 °C and 

34 MPa. Apart from H2, methane 

constituted (≥10 % (v)). The 

H2 generation rate followed the order: 

glucose > cellulose, starch, rice 

straw > potato > rice husk. 

[293] 

Organosolv 

lignin 

400 °C, 

30 MPa 

Batch type 

bomb  

NaOH The H2 yield was four times higher 

than without catalysts due to partial 

oxidation and decomposition of lignin 

to H2.  

[294] 

hard-shell 

nut residues 

300 - 

600 °C,  

8.8 - 

40.5 MP

a 

batch Trona, 

dolomite, 

borax 

Gaseous product (wt. %), H2, and CH4 

yields followed the order: almond 

shell > walnut shell > hazelnut shell.  

Activities were in order: trona > borax 

> dolomite. The aqueous phase 

[297] 
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contained acetic acid for all biomass 

types and exhibited the highest yield 

with walnut shells. 
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Table 7: Heterogeneous catalysts used for the hydrothermal gasification of model compounds or biomass 

Model 

compounds

/biomass 

Operatin

g 

conditio

ns 

Reactor/

device 

/tubing 

Catalysts 

(with/with

out 

support) 

Key 

findings/remarks/observations 

Ref. 

Glucose 750 ˚C, 

30 MPa 

Batch Ni/Zr 

(Ce,Y) O2-

δ 

The highest H2 yield of 22 mol 

kg-1 was obtained. The catalyst 

provided hydrothermal stability 

and had anti-carbon deposition 

properties. The addition of CeO2 

improved gasification efficiency. 

[316] 

Glucose 450-700 

˚C, 

 

Parr type 

stirred 

vessel 

Ni/MgO, 

Ni/ZnO, 

Ni/Al2O3, 

Ni/TiO2 

Ni/MgO had a superior effect on 

the gasification efficiency, 

attributed to the enhancement of 

the water-gas shift reaction. 

[305] 

Biocrude 500-700 

˚C 

Continuo

us tubular 

Dual metal 

(Ni, Ru)-

dual 

support 

(Al2O3, 

ZrO2) 

The highest carbon gasification 

efficiency (92%) was obtained. 

High temperatures favored H2 

yield while high concentrations 

resulted in higher CH4.  

[359] 
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Plastics 450 ˚C, 

10-38 

MPa 

Batch RuO2 20 wt% RuO2 resulted in a 

carbon gasification efficiency of 

99 wt% and a hydrogen 

gasification efficiency of over 

100% . In the presence of the 

catalyst, the water-gas shift 

reaction and steam reforming 

occurred simultaneously. 

[331] 

Pine wood,  

wheat straw 

300-500 

˚C, 

23-25 

MPa 

Tubular 

batch 

Ni The catalyst accelerated 

methanation and water-gas shift 

reactions. The lower biomass 

concentration was easily 

hydrolyzable.  

[306] 

Glucose 500 ˚C, 

~ 27.5 

MPa 

Continuo

us flow 

tubular 

Ni Ru/γ-

Al2O3 

At 500 ˚C, the catalyst produced 

the maximum H2 (0.68 mol mol-

1 carbon-fed) and highest 

gasification efficiency (> 0.98 

mol mol-1). The catalyst showed 

good activity and stability. 

[341] 

Microalgae 385 ˚C, 

26 MPa 

Batch Raney Ni, 

Nickel/α-

alumina  

The catalyst improved the yield 

asymptotically (80-90%) over 

time. The main gas products 

obtained followed the order: 

CH4 > CO2 > H2 > CO  

[342] 

Valine 500-710 

˚C; 

28 MPa 

Fixed-

bed 

AC, Ni–

Y/AC, Ni–

Pt/AC, and 

Ni–Pd/AC 

Ni-Y/AC achieved a carbon 

gasification efficiency of 98.1% 

at 600 ˚C, and the total gas yield 

increased with temperature. The 

catalyst disintegrated amines in 

the effluent.  

[343] 

Sugarcane 

bagasse 

360 ˚C; 

18 MPa 

Micro-

reactor 

Cu with γ-

Al2O3-

MgO 

The unpromoted catalyst 

resulted in the highest yields of 

H2 (10 mmol g-1 of biomass) and 

[354] 
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gas (41 mmol g-1). 

Glucose 400 °C  Ni/activate

d carbon 

(AC), 

Ni/MgO, 

Ni/CeO2/Al

2O3, 

Ni/Al2O3 

An 81 % H2 yield was reported 

with Ni/activated carbon (AC), 

62% with Ni/MgO, 60% with 

Ni/CeO2/Al2O3 and 52% with 

Ni/Al2O3. H2 yield increased by 

6.9% with AC and 36.9% with 

Ni/AC. 

[288] 

Glucose 500 °C, 

30 MPa 

autoclave Raney 

nickel and 

K2CO3 

Gaseous products were H2, CO2, 

CH4, and C2H6. H2 yield doubled 

with K2CO3. Ni improved CH4 

yield. 

  

[295] 

Corn, 

potato 

starch gels 

and wood 

sawdust 

710 °C Hastelloy 

C-276 

tubing  

 

Coconut 

shell AC 

Gases like H2, CO2, CH4, CO, 

and a little C2H6 were obtained 

Gas yield (>2 L/g) with 57 mol 

% H2 was reported at the highest 

temperature. 

[298] 

Corn starch 650 °C,  

28 MPa 

Hastelloy 

C-276 

tubing  

 

Coconut 

shell AC 

Gases such as H2, CO2, and CH4 

with little CO resulted from the 

reaction. The catalyst remained 

active over a 6 h period. 

[299] 

Chicken 

manure 

700 ˚C 

30 MPa 

Fluidized 

bed 

Activated 

carbon 

The catalyst improved the H2 

yield of 25.2 mol kg-1 at 600 ˚C. 

The catalyst increased the 

carbon gasification efficiency at 

low temperatures.  

[300] 

Glycerol, 

glucose and 

cellobiose 

600 °C, 

34.5 MPa 

Inconel 

625 

tubing 

 

Spruce 

wood 

charcoal, 

macadamia 

shell 

charcoal, 

Complete conversion of glucose 

(22% by wt. in water) to H2 

achieved at a weight hourly 

space velocity (WHSV) of 22.2 

h-1. The carbon catalyst was 

deactivated after < 4 h without 

[41] 
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coal 

activated 

carbon, and 

coconut 

shell 

AC 

swirl in the entrance region of 

the reactor. 

Microcrysta

lline 

cellulose 

and 

organosolv 

lignin 

400 - 600 

°C 

Quartz Ni, Fe, Cu, 

Zn, 

Zirconium 

wires, 

ruthenium 

powder, 

and Raney 

nickel 

slurry 

Exhibited highest H2 yields 

(16.0 mmol/g) from Ni (surface 

area/biomass weight ratio of 240 

mm2/mg); H atom content in the 

product gas stream was 70%, 

with > 60% of C atoms gasified. 

[304] 

Cellulose 

and glucose 

325 °C batch Ni The maximum CH4 yield of 

73.8% was achieved in the 

presence of 0.1 mol of Zn and 

1.0 g of porous Ni catalyst with 

at 325 °C for 2 h. A porous Ni 

catalyst was effective for the 

conversion of glucose into CH4. 

Acetoin, hydroxyl-2-propanone, 

and 1,2-ethanediol acted as 

liquid intermediates for the 

formation of CH4 during the 

reaction. 

[309] 

Glucose 350 - 410 

°C 

Batch α-Al2O3, 

carbon 

nanotube 

(CNT), and 

MgO 

supports, 

Highest carbon conversion was 

achieved from from α-Al2O3, 

carbon nanotube (CNT), and 

MgO supports; modest activities 

from SiO2, Y2O3, hydrotalcite, 

YSZ, and TiO2; and no activities 

[310] 



133 
 

SiO2, 

Y2O3, 

hydrotalcite

, yttria-

stabilized 

zirconia 

(YSZ), and 

TiO2 

from zeolites were observed. 

The maximum hydrogen 

selectivity with 20% Ni/α-Al2O3 

at 380 °C was found. 

Ethylene 

glycol 

450 °C,  

25 MPa 

Continuo

us 

Al2O3 

supported 

Pt and Pt–

Ni  

Methanol, ethanol, and acetic 

acid were the main liquid by-

products. The deactivation of Pt 

and Pt–Ni catalysts occurred due 

to the hydroxylation of the 

Al2O3 surface by acetic acid. 

[311] 

Glycerol 450 - 575 

°C, 

25 MPa 

Inconel-

625  

Ni 

supported 

La2O3, α-

Al2O3, γ-

Al2O3, 

ZrO2, and 

YSZ 

Ni/YSZ was found to be 

effective for gasification but 

caused higher methanation. The 

maximum H2 yield from 

Ni/La2O3 was reported. 

Reactions with moderate space 

velocities (WHSV = 6.45 h−1) 

and 5 % glycerol showed higher 

hydrogen selectivity and yield.  

[312] 

Sugarcane 

bagasse  

400 °C batch Ni/CNTs 

and Ni–

Cu/CNTs 

The high internal surface of 

CNTs had a noticeable effect. 

Ni/CNT nanocatalysts improved 

the hydrogen yield by a factor of 

5.84. The promoted Ni/CNT 

with 7.5 wt. % copper had 25.9 

% reduction in CH4. 

 

[313] 

Polyethylen 390 °C,  Inconel Ni/ZrO2 Gas yield and CGE increased [314] 
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e glycol 

contaminate

d 

wastewater 

24 MPa 625 with Ni loadings but decreased 

with PEG concentration. 

Glucose, 

organic 

waste and 

sludge 

hydrotherm

al 

liquefaction 

process 

600 - 750 

°C, 

24 MPa  

bench-

scale 

continuou

s down-

flow 

tubular  

RuNi/γ-

Al2O3 or 

RuNi/activ

ated carbon 

(AC)  

An γ- Al2O3-supported Ni 

catalyst was found to be 

effective in catalyzing the 

SCWG of a simulated aqueous 

waste feedstock. However, the 

catalyst showed deactivation 

during the SCWG of real waste. 

An AC-based catalyst exhibited 

higher stability and activity in 

the SCWG of real waste. 

[315] 

Composite 

refuse 

derived fuel 

(RDF) 

650 ˚C, 

45 MPa 

Hastelloy RuO2/γ-

Al2O3 

The presence of a catalyst 

improved carbon gasification 

efficiency up to 99 wt%. In 

addition, H2 and CH4 yields 

increased.  

[330] 

Macroalgae 440 ˚C, 

25 MPa 

Batch 

microreac

tor 

Fe-Ni-

Ru/γ-Al2O3 

The highest H2 yield of 12.28 

mmol g-1 was obtained with a 2 

wt% catalyst. Hydrogen 

selectivity was 0.74.  

[339] 

Glucose 500 ˚C Quartz 

capillarie

s (batch) 

Ru/Al2O3 With a catalyst, the gas yield 

improved with longer reaction 

time. Phenols and arenes were 

found to be stable in 

supercritical water and thus 

showed little decomposition.  

The catalyst inhibited char 

formation. 

[340] 

Sugarcane 

bagasse 

400 ˚C, 

24 MPa 

Batch 

micro-

γ-

Al2O3 with 

With increased Cu loading, CO, 

CO2 and H2 increased. However, 

[352] 



135 
 

reactor Cu the addition of potassium 

reduced gas yield. A catalyst 

with 20% Cu and 2.5% 

potassium on alumina was 

reported to be highly selective.  

Alkali 

lignin 

400-600 

˚C 

 

Batch Ru/C Higher temperature, longer 

reaction time, higher water 

density, and lower reactant 

concentration favored biomass 

gasification. A gasification 

efficiency and carbon 

conversion efficiency of 73.74 

% and 56.34% were achieved. 

[308] 

Wood 300 - 410 

°C, 

12 - 34 

MPa 

Batch Raney 

Nickel 

The highest CH4 yield of 0.33 

g/g wood was observed. 

Complete gasification was 

achieved after 90 min. 

[319] 

Organosolv

-lignin  

400 °C,  

37.1 MPa 

tube 

bomb 

Ru/TiO2, 

Ru/C, 

Ru/γ-Al2O3 

Ru/TiO2 showed stable 

activities; Ru/C exhibited high 

lignin gasification; Ru/ γ -Al2O3 

lost its activity despite having 

higher activity initially. 

[325] 

Organosolv

-lignin 

250 - 400 

°C 

Tube 

bomb 

Ru/TiO2 Ru resulted in high CH4 yield 

with no solid product; there was 

a rapid degradation of 

formaldehyde into gases such as 

CH4, CO2, and H2. 

[328] 

Cellulose 

and 

sawdust 

500 °C,  

27 MPa  

autoclave Ru/C, 

Pd/C, CeO2 

particles, 

nano-CeO2 

and nano- 

(CeZr)xO2 

The treatment of 10 wt.% 

cellulose or sawdust with CMC 

in the presence of Ru/C yielded 

2-4 g H2 and 11-15 g H2/100 g 

feedstock. 

[333] 
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Glucose 600 °C, 

24 MPa 

Continuo

us-flow 

tubular 

(Ni, Ru, Cu 

and Co) 

and 

promoters 

(e.g., Na, 

K, Mg, or 

Ru) 

supported 

on(γ-Al2O3, 

ZrO2, and 

AC) 

A H2 yield of 38.4 mol/kg 

glucose was obtained with 

Ni20/γ-Al2O3 (γ-Al2O3 with 

20 wt% Ni); Mg and Ru were 

the effective promoters of the 

Ni/γ-Al2O3 catalyst and reduced 

deposits of coke and tar during 

reaction. 

[335] 

Glucose 650 °C, 

28 MPa 

Tubular 

flow 

Ni/AC,  

Ni–Y/AC,  

Ni–Fe/AC 

and Ni–

Co/AC  

A Ni–Y/AC catalyst showed 

high gasification performance 

among the catalysts studied. Fe 

and Co loading into the Ni/AC 

did not improve H2 yield; Y 

loading into the Ni/AC was 

presumed to prevent coke 

formation. 

[337] 

Glucose and 

cellulose 

400 - 440 

°C, 30 - 

35 MPa 

Batch ZrO2 Hydrogen yield almost doubled 

with the addition of ZrO2. 

[349] 

Glucose, 

cellulose, 

heterocyclic 

compounds, 

paper 

sludge and 

sewage 

sludge 

400 °C, 

∼30 MPa 

and 

500°C, 

∼50 MPa 

Inconel 

625  

RuO2  Gases such as H2, CH4, and CO2; 

were obtained. RuO2 was not 

affected by nitrogen compounds; 

carbazole was gasified 

completely. 

[350] 

Cellulose, 

xylan and 

lignin  

400 °C,  

25 MPa 

Batch Ni A decrease in gas production 

was observed from lignin 

mixtures; H2 yield dropped from 

[44] 
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the reaction of cellulose 

intermediates with lignin 

Glycerol 700 - 800 

°C 

Tubular 

fixed-bed  

Ru/Al2O3 A near-theoretical yield of 7 mol 

of H2 was observed. 

[307] 

Microalgae 400 ˚C,  

28 MPa 

Continuo

us 

Ru/C A good catalytic activity 

persisted over 55 hours, after 

which sulphur poisoning 

deactivated the catalyst.  

[347] 

Industrial 

waste 

streams 

300-375 

˚C 

Batch MnO2, 

CuO and 

Co3O4 

The catalytic activity followed 

the order: Co3O4 > CuO > 

MnO2. High temperature (375 

˚C) and longer reaction time (45 

min) favored H2 production.   

[351] 

Fruit pulp 400-600 

˚C 

 

Batch Ru/C With a biomass ratio of 2.5%, 

the highest H2 yield was 54.8 

mol kg-1 biomass. The 

gasification efficiency was 150.8 

%.  

[338] 

Phenol 

water 

350 ˚C, 

20 MPa 

 Ni 

(Ni/C/Al2O

3) 

There was no deactivation of 

catalysts at 2 g L-1 of phenol 

concentration.  Catalyst activity 

improved with time and the 

conversion of phenol reached 

100%. 

[344] 

Black liquor 350-450 

˚C, 

25 MPa 

Batch CeO2 The catalyst decreased the 

production of carbonaceous 

solids; however, the H2 yield 

was largely unaffected, as the 

catalyst was mainly involved in 

hydrogenation reactions. 

[353] 

Furfural 200-400 

˚C, 

23-25 

Batch Cu+Zn, 

Co+Ni, 

Cu+Ni 

Two elements with different 

combinations showed improved 

gasification efficiency compared 

[358] 
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MPa Zn+Ni to single metal catalysts.  
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Table 8: Application of material from HTC in energy storage, conversion, and fuel cells 

 

Model compounds/ 

Biomass 

Applications Ref. 

Loblolly pine wood chips Used continuous HTC process through the fast HTC reactor with a retention time of 20-30 s. 

Hydrochar showed high energy densification and pelletization characteristics. At 290 ˚C, 

hydrochar yield was 85% based on dry feedstock. 

[424] 

Bagasse from land plant 

(Grindelia) 

HTC performed on plant after biocrude was extracted and hydrochars were pelletized. The HHV 

increased by up to 26 MJ kg-1 at 260 ˚C.   

[425] 

Woody biomass and agro-

residues 

Hydrochar pellets showed high mechanical strength and their moisture content decreased to < 2%. 

Pellets had increased mechanical durability and combustion characteristics, suggesting their 

suitability as solid fuels.  

[426] 

Cassava rhizome Biomass hydrochar at 200 ˚C showed thermal characteristics similar to a low-rank coal with an 

HHV of 23.7 MJ kg-1, suggesting its potential as a renewable fuel. 

[422] 

Bamboo The combustion characteristics of biomass increased along with its HHV. At 260 ˚C, the HHV 

increased from 17.1 MJ kg-1 (raw biomass) to 20.3 MJ kg-1.   

[427] 

Rapeseed husk Microwave-assisted HTC resulted in a hydrochar HHV of 21.57 MJ kg-1, suggesting its potential 

application as a solid fuel. 

[428] 

Bio-oil  The HHV from hydrochar produced from the HTC of bio-oil was 4.35-5.29 times higher than the 

initial feed, signifying a new approach to remove unstable components of bio-oil through 

the production of high energy-rich hydrochars.  

[429] 

Sludge The addition of acetic acid as a catalyst improved the HTC reaction rates, thereby increasing the 

HHV of hydrochar to 20.2 MJ kg-1 on average. Other catalysts studied with this biomass 

[430] 
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were borax and zeolite.  

Eucalyptus bark A higher temperature improved the HTC of biomass, resulting in hydrochar with high fixed carbon 

and HHV as well as improved thermal stability. The HHV values for hydrochar lay in the 

range of 27-28.2 MJ kg-1, showing potential for solid fuel application. 

[420] 

Corn stalk Corn stalk was transformed into hydrochar at a reaction severity of 5.05-8.29. As it increased to 

7.11, the hydrochar had properties similar to those of coal. The hydrochar yield ranged from 

71% to 36%. 

[431] 

Cellulose, xylan, lignin The optimum temperature for greatest energy efficiency was 220 ˚C. Cellulose and hemicellulose 

had a significant impact on the properties of solid fuel. An increase in carbon contents and 

fixed carbon was reported following hydrothermal carbonization. The calculated calorific 

values of hydrochar were 23-26 MJ kg-1 at 220 ˚C. 

[433] 

Sludge Acetic acid was an effective catalyst for this biomass. Hydrothermal carbonization of mixtures of 

sewage, acetic acid, and cassava pulp had energy contents of 28.5 MJ kg-1, which are 

comparable to natural coals, showing potential to use these mixtures as a fuel for 

combustion. 

[430] 

Sludge residue The carbon content of hydrochar obtained had energy densification ratios of 1-1.5 and energy 

yields of 60-100%. At higher temperatures, solid yield dropped to ~40 %.  

[432] 

Cellulose, potato starch, and 

eucalyptus wood 

sawdust 

Showed good capacitance retention ability (175 F/g). [376] 

D-glucose HTC nanospheres were employed as anodes in Li+ and Na+ batteries [377, 378] 

Cellulose Ni/C material was prepared by hydrothermal carbonization and the resulting PtRu/C anode 

electrocatalysts showed high performance for DMFC as opposed to Vulcan XC72 carbon. 

[379] 
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Glucose Glucose in situ hydrothermal carbonization from carbon riveted PtRu/C catalyst showed 

application in methanol fuel cells. 

[380] 

Digested sludge Exhibited potential for solid fuel due to increased C and FC (fixed carbon) content. 

Reduced C-O and aliphatic C-H with an increase in aromatic C-H from CHx functional 

group were observed. 

[381] 

Sewage sludge Resulting solid fuel showed higher FC and lower volatile matter, hydrochars with a fuel ratio up to 

0.18, and HHVs of 0.98–1.03. The removal of 60% of the nitrogen and sulfur resulted in a 

cleaner fuel. 

[382] 

Black liquor Improved yield, HHV, C recovery, and total energy recovery efficiency of solid fuel at 265 °C.   [383] 

Chitosan A facile carboxylated chitosan hydrothermal process resulted in N-doped carbon-coated 

CoSnO3 composites with improved lithium storage properties and a reversible capacity of 

650 mAh g−1 even after 50 cycles. 

[384] 

Microalgae (S. Platensis) and 

glucose mixtures 

Synthesized microporous N-doped carbon materials (areas up to ∼2200 m2 g−1) based on HTC and 

chemical activation processes. While working with neutral LiCl electrolyte, the porous 

carbons produced at 700–750 °C showed retention of 80% of the capacitance at a current 

density of 20 A g−1. 

[385] 

Commercial sugar  Carbon microspheres (5–10 μm diameter) and uniform nanopores were synthesized by HTC-

assisted microwave together with KOH activation. This process resulted in a superior 

specific capacitance (about 179.2 F/g) at a current density of 1 A/g and cycling performance 

over 1000 charging/discharging cycles with a KOH/C of 1:1 and a microwave irradiation 

level of 70%. 

[386] 

Polytetrafluoroethene waste A CaCO3-assisted template carbonization method was developed as a means of disposing PTFE 

waste and the resulting nanoporous carbon materials showed the potential for super 

capacitor application.  

[387] 
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D (+) glucose Electrical double layer capacitors were formed from the 1-ethyl-3-methylimidazolium 

tetrafluoroborate and carbon electrodes; they showed ideal polarizability (ΔV ≤ 3.2 V), a 

short charging/discharging time constant (2.7 s), and a high 

specific series capacitance (158 F g−1). 

[388] 

Glucose 

 

A graphene/AC nanosheet composite was obtained by HTC together with KOH treatment.  

Nanosheet had specific capacitance of 210 F g−1 in aqueous electrolytes and 103 F g−1 in 

organic electrolytes. 

[389] 

Hazelnut shells  Nanoporous carbons behaved as anode materials for lithium ion batteries; the best cycling 

performance in Li cells was reported by HC-MA formed by MgO templating of hydrochar. 

[390] 

 

 


