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A B S T R A C T   

A review of biofuel production from supercritical water gasification (SCWG) of sustainable biomass has been 
performed, mainly organic waste, following a critical thinking in this field of knowledge. Thus, sub- and super- 
critical water properties and hydrothermal processing are briefly commented on. Then, the feedstocks usable in 
SCWG are fully reviewed and a brief description of the studies on the kinetics and mechanisms of reactions is 
carried out. Next, thermodynamic and process simulation are discussed, aimed at producing liquid and gas 
biofuels. After that, a brief comment on the viability of SCWG processes to produce biofuels is provided based on 
techno-economic and lifecycle assessments. Finally, some remarks on where we are and where we should go are 
given in order to advance this technology towards its maturity. This review explains some misleading concepts 
applied to SCWG processes, provides a brief but comprehensive overview of the technology focused on producing 
biofuels in a sustainable way, allows a better understanding of the SCWG of biomass for biofuel production, and 
proposes a series of improvements to be made and examined in the future research.   

1. Introduction 

It has been more than four decades (1978) since Modell, Reid and 
Amin [1], all of them at the Massachusetts Institute of Technology 
(MIT), patented the conversion of solid or liquid organic materials into 
high energy gas with little or no undesirable char formation by reaction 
in supercritical water (SCW) through reactions conducted either in the 
presence or in the absence of a catalyst. Later, Modell [2] patented a 
method to oxidize in SCW, in such a way that toxic waste materials are 
converted into useful energy for power and heat and / or non-toxic 
materials. These hits can be considered to be the start-up of a research 
field focused on the use of supercritical water, which has been increasing 
since then. Thus, and focused on SCW Gasification (SCWG), a number of 
pilot and demonstration plants have been built to develop this research 
area, such as those at the University of Hawaii (USA), Pacific Northwest 
National Laboratory (USA), Forschungszentrum Karlsruhe (Germany), 
Hiroshima University (Japan), University of Twente (Netherlands), BTG 
Company (Netherlands), or State Key Laboratory of Multiphase Flow in 
Power Engineering (China). Currently, perhaps the most well-known 
facility is the VERENA plant in Germany. In addition, many other 
research groups have assembled facilities at lab- or bench- scale. 

So far, a great deal of information has been obtained on this 

emerging technology based on the gasification using supercritical water. 
However, this is still not enough to establish it as a mature technology in 
order to project a full-scale plant, with all the facets that it involves, and 
where different biofuels can be produced in a sustainable way. 

Climate change, global warming, and greenhouse gases (GHG) have 
become common terms in everyday life. Despite the increase in prices 
and the apparent depletion of natural resources and raw materials, the 
increase in fossil fuel consumption has led to an increase in GHG 
emissions and the resulting global warming. This can be mitigated by 
using biofuels as they are carbon–neutral (CO2 emissions by combustion 
are equal to CO2 fixed by plants during photosynthesis). Therefore, the 
global drivers of a biology-based economy, the best use of natural re-
sources, and the transition from linear to sustainable circular economies 
are essential. The conversion of waste into biofuels and energy is one of 
the keys to a circular economy, maintaining the value of resources in the 
market as long as possible, thus minimizing their net use, especially 
when the recovery of certain valuable compounds that may be present in 
waste is not feasible. 

But what should we understand as a biofuel? It looks like that the 
origin of such a fuel must be biology-based, as aforementioned, and that 
it should have a minimum low heating value to be involved in a com-
bustion process, such as those taking place in gas turbines, burners, or 
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internal combustion engines. Thus, many substances could be consid-
ered biofuels. As fuels coming from bio-based processes, liquid bio-oil 
produced in a liquefaction or pyrolysis, liquid biodiesel from trans-
esterification, syngas obtained in a gasification process, and any other 
compounds derived from those, such as biomethane or SNG (synthetic 
natural gas), methanol or hydrogen, are biofuels. 

Among all the potential biofuels, this review is focused on liquid 
biofuels with high volumetric energy density, such as green diesel, 
gasoline, or jet-fuel, but also on other fuel gases, such as hydrogen, 
methane or SNG, and even methanol. Likewise, biodiesel production 
under supercritical conditions is out of the scope of this review because 
these processes use supercritical alcohols (methanol or ethanol) and not 
supercritical water. 

Currently, some review articles can be found dealing with different 
aspects of SCWG, such as model compounds, lignocellulosic or micro-
algae biomass, types of reactor, energy and exergy, thermodynamics, 
catalysts, techno-economics, hydrogen production, modeling and 
simulation [3-15]. In this review paper, a brief but comprehensive 
overview of the technology focused on producing biofuels in a sustain-
able way is provided, some misleading concepts applied to SCWG pro-
cesses are explained, thus allowing a better understanding of the SCWG 
of biomass for biofuel production, and several improvements to be made 
and examined in the future research and development are also proposed. 

In a somewhat more detailed way, in this review, a number of key 
aspects are cited and briefly discussed with a critical spirit, striving to 
engage most researchers to join this exciting technology but at the same 
time keeping our feet on the ground. After reading this review, the 
reader should realize that further research is still needed in different 
aspects of this field, such as catalytic and non-catalytic kinetic studies of 
potential feedstock to better understand the internal phenomena and to 
properly design the needed reactor, thermodynamic methods related to 
the SCW conditions in order to better simulate processes for biofuels 
production with energy integration, lifecycle assessment and techno- 
economic analysis to evaluate the viability of the proposed processes, 
as well as materials to make reactors capable of operating under such 
severe conditions, and new designs of auxiliary unit process such as 
efficient heat exchangers to pass through the critical point of water and 

develop expanders capable to recover the huge energy available in the 
stream leaving the SCWG reactor. In this regard, some suggestions are 
given in the fifth section in order to advance our understanding of the 
phenomena and processes, thus boosting the use and real scale-up of this 
technology. 

Fig. 1 shows a graphical outline of the contents dealt with in this 
review and how the different pieces are linked with each other to build a 
whole, from the sustainable feedstock to a SCWG process based on 
properties of water when changing from subcritical to supercritical 
conditions, the aspects related to SCWG and further action for scaling up 
by tackling new approaches and devices to overcome the shortcomings 
providing potential troubleshooting focused on moving the technology 
forward to its industrial development. 

2. Subcritical and supercritical water 

Most of the papers regarding sub-, near-, and super- critical water 
include the unique properties of water when pressure and temperature 
are increased more and more from atmospheric conditions to the critical 
point and beyond. Specifically, all review papers mention these prop-
erties, and generally almost nothing new is given from one to another. 
Furthermore, only a few review papers can be cited in this regard, and 
among them, three papers can be highlighted due to the extension and 
sharpness of their content [16-18]. In these references, the reader can 
learn more about the properties of water when it is below, near, and 
above the critical point (22.1 MPa, 374 ◦C). Next, the most relevant 
properties of water under the operating conditions in SCWG are 
mentioned and briefly discussed. 

Near the critical temperature, the ionic product of water is two or-
ders of magnitude higher than that at room temperature (10-12 at 350 ◦C 
and 10-14 at 25 ◦C [19]), so it is a very effective medium for acid–base- 
catalyzed organic reactions, such as, for instance, biomass hydrolysis, 
under near critical conditions. However, it drastically decreases above 
the critical point; therefore, for electrolytes, this leads to a reduced 
solubility and allows the separation of inorganic salts present in water. 
Supercritical water (SCW) is above its critical point (374 ◦C and 
22.1 MPa) and has lower densities than liquid water due to the distance 

Fig. 1. Outline of the review paper.  
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between the molecules is larger and there are less hydrogen bonds (the 
degree of hydrogen bonding between molecules is weaker), and trans-
port properties similar to those of a gas, especially the viscosity that 
increases the diffusion coefficient and, hence, mass transfer is enhanced, 
and reaction rates are boosted when heterogeneous catalysts are used. 
Likewise, it has a high solvent capacity for organic compounds because 
of the very low value of the dielectric constant. These properties make 
SCW an excellent reaction medium and an ideal solvent for the con-
version of organic matter present in waste into syngas (H2, CO, CH4 and 
CO2). 

In addition, some other features can be given [16-18]:  

1. It allows the reactions taking place in a homogeneous way, i.e., in a 
single phase, where most organic compounds are miscible, as 
aforementioned. Under given operating conditions, when reactions 
are homogeneous, the reactants and products are in the same phase, 
and hence there is no mass transfer limitation as happens in het-
erogeneous reactions in which the reactants and / or products are in 
different phases.  

2. It is very reactive and has catalytic activity that avoids or minimizes 
the use of catalysts, which is an economic and operational 
advantage.  

3. It is a relatively dense medium at pressures higher than 22.1 MPa, 
thus allowing a reduction in reactor volume and more compact 
equipment, which reduces heat losses.  

4. The increase in pressure is performed on a liquid by means of a 
pump, instead of on a gas by means of a compressor. Thus, the me-
chanical power is significantly lowered.  

5. CO2 can be removed and stored, and the produced H2 is available 
under high pressure. Syngas leaving the SCWG reactor can be 
expanded to produce electricity, but after expansion, syngas can still 
be at enough pressure (15–30 bar) to be separated into different 
components, so pure CO2 can be sent for sequestration / storage, and 
H2 can also be obtained at 99.999% purity in a PSA system [20,21].  

6. The high solvation of organic substances reduces the condensation 
likelihood of high molecular weight products, such as tars.  

7. As the SCW solubility product is very low, the metals present in the 
aqueous waste stream can be separated under supercritical condi-
tions, with a proper separator design. 

In summary, SCW acts as a reaction medium, a solvent, a reactant, 
and even as a catalyst. This led to the study of SCW oxidation (SCWO) of 
waste because of the unique properties of SCW that aid in the destruc-
tion of hazardous waste. However, rather than converting toxic waste 
into inert material, the option of gasifying (SCWG) a waste allows pro-
ducing a syngas with multiple applications focused on the waste valo-
rization, which matches better with the sustainability concept, as further 
described in the next sections. 

3. Hydrothermal processing 

A process operating with water at high temperatures, but lower than 
374 ◦C, and high pressures, but lower than 22.1 MPa, is named hydro-
thermal liquefaction (HTL). Typical temperatures range from 310 to 
370 ◦C, and pressures range from 15 to 21 MPa. When the process is 
operating beyond the critical point, both in pressure and temperature, it 
is named SCW gasification (SCWG), also called hydrothermal gasifica-
tion (HTG). 

The advantage of HTL and HTG technologies over other thermo-
chemical processes, such as pyrolysis, gasification, or torrefaction, is 
their ability to process (very) wet biomass, so that biomass feedstock 
drying is no longer needed as a previous stage, which is very important. 
In fact, HTL and HTG are specifically recommended for wet or very wet 
feedstock. 

However, there is a misleading aspect when dealing with this kind of 
feedstock. It may be thought that this feature of HTL and SCWG implies 
that, because a large amount of thermal energy is needed for the drying 
process prior to the main thermochemical process (pyrolysis, etc.) due to 
the high latent heat of vaporization of water, these processes consumed 
less energy compared with many other biomass conversion processes, 
because latent heat is strongly reduced or avoided. Is this true? 

To understand this, it should be remembered that enthalpy is a state 
function, and the change in enthalpy between two states is uniquely 
given, so any process from a determined liquid state to a given super-
critical state requires the same amount of energy, regardless of the path 
taken. Thus, although the heat of vaporization decreases when pressure 
increases and disappears at the critical point, and therefore the energy 
for phase change (‘latent heat’) becomes null, this does not prevent the 
equivalent energy required in an SCW process from being equal to that 
of another process going from the same liquid state to the vapor / gas 

Fig. 2. Vaporization heat (λ) and energy savings for water (supercritical pressure of 240 atm.) [7]  
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state and achieves the given supercritical state. In the former, liquid 
water is first compressed to a pressure higher than its critical pressure 
and then heated to the final temperature without latent heat, but the 
total change in enthalpy is the same as if the process took place at a 
pressure below 22.1 MPa, then vaporized and finally heated to the same 
final temperature. Trying to deepen this a little more, if the pressure of 
both processes (below and above the critical point) is different, the 
pressure correction due to compression must be considered in the cal-
culus of absolute enthalpy, normally based on using the elements at 
1 bar and 298.15 K as the standard reference state. The pressure 
dependence of enthalpy is zero for ideal gases, and normally neglected, 
but it may be important for real gases, which can be obtained from an 
equation of state (EoS). In this regard, Banuti et al. [22] concluded that 
the supercritical fluid can be characterized as an ideal gas for temper-
atures greater than twice the critical temperature and pressures less than 
three times the critical pressure. Therefore, under these conditions, the 
states yield ideal gas properties, and the enthalpy is pressure- 
independent, so the change in enthalpy between two states is uniquely 
given even though the pressure of the states is different. 

However, what happens around the critical point of the water? In 
this case, an EoS should be used, such as PRSK, as it was previously 
studied based on AspenPlus simulations and is shown in Fig. 2 [23]. 

Below the critical temperature, the enthalpy along the line of the dew 
point at high pressure (in magenta) differs significantly from the vapor 
enthalpy at low pressure (in blue), and this difference is greater when 
approaching the critical point, where the maximum deviation in 
enthalpy is found between the behavior at 1 atm and 240 atm. In addi-
tion, at 240 atm, the vaporization heat looks lower than that at 1 atm, so 
the change in the liquid enthalpy with pressure should not be neglected 
because it can play no lesser role in process simulation. Beyond the 
critical point, the gaseous state line, which better represents the super-
critical state beyond the critical point in Aspen Plus (since gas is the 
stable phase of a compound at temperatures above its critical temper-
ature), is very close to the line representing the process at atmospheric 
pressure and at very high temperatures (ideal gas conditions), so the 
trend seems to lead to the same curve when the temperature is twice 
higher than the critical temperature, as aforementioned, and a pressure 
above the critical pressure; then, the behavior is the same and no energy 
can be saved, i.e., latent heat is not avoided at all. However, this changes 
near the critical point and slightly above it, and, e.g., the specific 
enthalpy at 400 ◦C becomes 10.7 kJ/mol lower at 240 atm than at 1 atm, 
according to the PSRK EoS prediction. Therefore, the pressure effect is or 
may be quite significant around the critical point and latent heat can be 
decreased but not completely avoided; this is the case for the HTL pro-
cess and the SCW process operating at not too high temperatures 
(<750 ◦C). 

In any case, why is it so important to highlight that HTL and HTG are 
the most suitable processes for wet biomass? There are two reasons. 
First, and as aforementioned, when water moves toward near- and 
super- critical conditions, its properties make it a powerful reaction 
medium, solvent, reactant, or even catalyst; and second, the energy 
balance of these processes can and must be improved by applying energy 
integration through a heat exchanger network that allows recovering as 
much as possible not only the latent heat but also the sensitive heat or 
thermal energy in the stream leaving the reactor at high temperature 
and pressure. Thus, high thermal energy can be recovered and used, and 
even electrical power may be obtained by taking advantage of the 
pressure drop downstream from the SCWG reactor. 

4. Supercritical water gasification 

In this section, mainly focused on biofuel production from SCWG of 
sustainable biomass, the feedstocks are treated first, then the kinetics 
and mechanism of reaction are discussed, followed by a description of 
thermodynamics and process simulation, and finally, the techno- 
economic assessment and lifecycle evaluation are debated. 

4.1. Feedstocks 

There are many types of feedstocks dealt with in SCWG papers, but 
biogenic waste materials are the most interesting from a sustainability 
point of view because in this way waste is valorized, thus giving a 
valuable product such as syngas that can be converted into biofuels or 
chemicals. This route involves a conversion process from a wet organic 
waste, although the recovery and re-utilization of valuable compounds 
should be considered as a prior option to the use of a waste-to-energy 
process, including biofuel production. Once verified that the recovery 
of some of these compounds is not viable, the wet waste can enter an 
SCWG process. 

A significant number of papers have been published on SCWG of real 
organic waste or model compounds of waste to gain insight into a spe-
cific SCWG process where feedstock concentration, pressure, tempera-
ture, residence time (especially in batch reactors), and type and specific 
amount of catalyst are usually the studied operating conditions. Most of 
these papers show the trend of some performance variables, such as 
feedstock conversion, gas yield, gas composition, liquid composition, 
and obtained char. Although there are already some review papers that 
have specifically dealt with this (e.g., [4,24]), some relevant studies are 
briefly commented on below. 

Regarding real organic waste, different types of manure have been 
studied in SCW [25,26]. The first one by Bircan et al. [25] was per-
formed in a batch reactor operating at 400 ◦C for 40 min, and it was 
concluded that the dioxins produced by hydrothermal gasification of 
chicken manure and cattle manure in both liquid and gas products were 
much lower than the concentration required by strict regulation levels in 
Japan, so no additional post-treatments are required. In the study by Cao 
et al. [26], chicken manure was almost completely gasified in a fluidized 
bed reactor at 25 MPa and 620 ◦C in the absence of catalyst and a carbon 
gasification efficiency (CGE) of up to 99.2% was achieved. Likewise, 
sewage sludge has been studied by different researchers; thus, Amrullah 
and Matsumura [27] used a continuous SS316 steel reactor (tube with 
ID: 2.17 mm, OD: 3.18 mm and length 12 m) at 25 MPa, reporting a CGE 
of 73% at 600 ◦C after 50 s. Furthermore, organic phosphorus was 
converted into inorganic phosphorus after 10 s, i.e., at the beginning of 
the process. Similarly, Chen et al. [28] tested the SCWG of sewage sludge 
in a 10 mL Hastelloy C276 batch reactor using a heating rate of 70 ◦C/ 
min, at 750 ◦C and for 30 min, obtaining a gasification efficiency of 
73.49% and a CGE of 61.16%. In addition, the use of a heterogeneous 
catalyst (RNi-Mo2) enhanced the hydrogen yield, which is a typical 
performance variable in most SCWG papers. On the other hand, food 
waste has been also studied by Chen et al. [29] in a quartz tube reactor 
using temperatures between 550 and 850 ◦C and a residence time be-
tween 1 and 15 min, concluding that CGE increased with the reaction 
temperature at the same residence time; it was 70% at 850 ◦C, 3 min and 
a concentration of 15 wt%. Fruit waste and agro-food residues were also 
tested by the Dalai and Kozinski research group [30] using an SS 316 
tubular batch reactor (L: 10 in., OD: 0.5 in., ID: 0.37 in.) that has been 
used in many other studies performed by the same group. In this case, 
the operating conditions were 400–600 ◦C, a pressure roughly of 
24 MPa, a reaction time of 15 to 45 min, and a biomass-to-water ratio 
equal to 1:5 and 1:10, using NaOH and K2CO3 as catalysts. The CGE 
values were<46% for agro-food residues, and the highest H2 yields were 
achieved at the longest reaction time of 45 min. Municipal waste 
leachate is another relevant waste studied by Molino et al. [31], with the 
aim of converting it into Synthetic Natural Gas (SNG) using a catalytic 
upgrade (with a Nickel-based catalyst) of the resulting gas phase as a 
second stage downstream from the SCWG reactor. H2 and CH4 concen-
trations varied in the range of 25 to 47 vol% and 11 to 18 vol% in the 
final syngas, respectively. Recently, as a last example of the variety of 
potential waste suitable for gasification in SCW, waste from the wine 
industry was tested in a batch reactor made of SS316 with a volume of 
100 mL using different catalysts (Li2CO3, Na2CO3, K2CO3 and Cs2CO3) at 
500 ◦C and 600 ◦C for a constant reaction time (60 min). Once again, as 
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expected, the experimental results indicated that a high temperature and 
the use of a catalyst increased both the CGE and the product gas yield, 
obtaining the highest H2 and CH4 yields with Cs2CO3 at 600 ◦C. 

Feedstock composition has a direct effect on SCWG performance and 
gas yields. As indicated by [7], based on previous research [32-36], and 
although some studies report other results, most of them establish that a 
high content of cellulose and hemicellulose leads to higher gas yields, 
especially cellulose if the hydrogen yield must be maximized; similarly, 

lignin can be well gasified above 600 ◦C in the presence of a catalyst 
although its gasification consumes hydrogen, thus reducing the gas yield 
and increasing the liquid yield and char, as well as inhibiting the 
decarbonylation reactions and favoring the pathway through dehydra-
tion reactions; in this regard, the presence of hemicellulose is positive, as 
it can hinder this negative effect of SCWG of lignin. The effect of 
composition is explained in more detail in Section 4.2. 

Although there are more studies using real waste as feedstock and the 
aforementioned references provided enough background on it, Table 1 
shows additional references along with some details related to SCWG of 
sustainable biomass as feedstock. 

In all of these studies, the biochemical composition of the adopted 
feedstock strongly affects the yield and characterization of the products. 

Table 1 
SCWG studies of different real feedstocks.  

Feedstock Operating Conditions Main Results Ref. 

Wastewater from 
polyethylene glycol 

390 ◦C; 24 MPa; 6 L/h; 
2 g/L residence time: 
60–300 s; Ni/ZrO2 

catalyst (90, 180 g) 

CGE: 87.1% (300 s; 
180 g); H2 yield of 
74.3 mol/kg 
polyethylene glycol 

[37] 

Aqueous by-product 700 ◦C, 24 MPa, 0.12 L/ 
h, < 10 g/L, RuNi/ 
χ-Al2O3 catalyst (1 g); 
WHSV 2.5 h− 1. 

CGE: 96.6%; H2 yield 
of 41.0 mol/kg carbon 

[38] 

Sewage sludge 540 ◦C; 25 MPa; 9 g/h; 
2 wt% sewage sludge; 
KOH catalyst (0.5 wt%) 

CGE: 50%; H2 yield of 
15.49 mol/kg 
feedstock 

[39] 

Empty fruit bunches 
from oil palm 

380 ◦C; 24 MPa; 13 mL 
batch reactor; 37.5 g/L; 
32 min 

15 mmol C / mL gas 
phase; CO2/CH4 ratio: 
11; 60 mmol H2/ mL 
gas phase; 

[40] 

Wheat straw (WS), 
walnut shell (WW), 
and almond shell 
(AS) 

440 ◦C; 25 MPa; 26 mL 
batch reactor; 1 wt%; 
10–20 min 

CGE: 44.92, 40.36, 
38.68% for WS, AS 
and WW; H2 yield: 
7.25, 4.1 and 
4.63 mol/kg WS, AS 
and WW for 10, 15 
and 20 min, 
respectively 

[41] 

Acutodesmus obliquus 
microalgae 

690 ◦C; 28 MPa; 150 g/ 
h; 2 – 20 wt%; 
140–150 s 

CGE: 96 to 82% (2 to 
20 wt%); H2 yield of 
13.6 mol/kg on 
average (17.6@2 wt 
%; 8.4@20 wt%) 

[42] 

Kraft black liquor 500 ◦C; 25 MPa; 0.4 L/ 
h; 4.8 wt%; 11.2 min; 

Gas yield of 18.31 mol 
gas/ kg feed; H2 yield: 
7.87 mol/kg 
feedstock 

[43] 

Rice straw 440 ◦C; 26 MPa; 26 mL 
batch reactor; 2 wt%; 
20 min 

CGE: < 16%; H2 yield: 
5.56 mol/kg 
feedstock 

[44] 

Pinewood (PW) and 
wheat straw (WS) 

500 ◦C; 23–25 MPa; 
30 mL batch reactor; 
9 wt%; biomass 
impregnated with Ni 
catalyst; 45 min 

CGE: 34% for WS and 
32 % for PW; H2 yield 
of 5.3 mol/kg WS and 
7.5 mol/kg PW 

[45] 

Beech sawdust (BS), 
municipal solid 
waste (MSW), 
hydrothermal char 
(HC), and malt 
spent grains (MG) 

400 ◦C; 30 MPa; 
23.6 mL batch reactor; 
15 wt%; 16 h 

CGE: 24.2, 27.6, 15.7, 
23.1% for BS, MSW, 
HC, MG; H2 yield of 
1.1, 1.1, 1.3, 1.2 mol/ 
kg for BS, MSW, HC, 
MG 

[46] 

Scenedesmus 
dimorphus 
microalgae 

550 ◦C; 25 MPa; 6 L/h; 
0.07–6.2 wt%; 

CGE: 78 and 20 % at 
0.07 and 6.2 wt%; Gas 
yield of 29 and 
11 mol/kg at 0.07 and 
6.2 wt% 

[47] 

Chlorella sp. 
Microalgae 

380 ◦C; 22.5 MPa; 
165 mL batch reactor; 
4.9 wt%; 30 min 

CGE: 5.7%; Gas yield 
of 1.5 mol/kg 

[48] 

Olive oil mill waste 700 ◦C; 23 MPa; 0.5 wt 
%; 180 g/h; 40.8 s; 

H2 yield of 112.5 mol/ 
kg 

[49] 

Copper wastewater 
and biomass waste 

650 ◦C; 22.5 MPa; 
10 mL batch reactor; 
0.1 g/mL + 2.5 mmol 
Cu2+; 30 min 

CGE: 99.2% (65.4% 
without Cu ions); H2 

yield of almost zero; 
Gas yield ≈ CO2 yield 
of 35 mol/kg 

[50] 

Note for operating conditions: Temperature, pressure, flow rate or volume of 
batch reactor, concentration, residence time 

Table 2 
SCWG studies of different model compounds.  

Model Compounds Operating Conditions Main Results Ref. 

Glycerol 850 ◦C; 24 MPa; 1 L/h; 
5–30 wt% and 
34–160 s; 

H2 yield of 3.54 to 
1.92 mol/mol (5 to 
30 wt%); Glycerol 
conversion: 99.8% and 
91.7% (5 to 30 wt%) 

[72] 

Glucose 500 ◦C; 5 wt%; 
10–1800 s; 5 wt% Ru/ 
Al2O3 catalyst 

CGE: 5–35% at 20 and 
1800 s; H2 yield of 2.5 – 
30 mmol/kg at 20 and 
1800 s; 

[58] 

Fructose 700 ◦C; 25 MPa; 4 wt 
%; 60 s; 0.8 wt% KOH 

CGE: 88% (98% with 
catalyst); H2 yield of 
3.37 mol/mol 
(10.67 mol/mol with 
catalyst) 

[60] 

Lactose 700 ◦C; 25 MPa; 4 wt 
%; 60 s; 0.8 wt% 
Na2CO3 

CGE: 85% (96% with 
catalyst); H2 yield of 
16 mol/mol (22.4 mol/ 
mol with catalyst) 

[73] 

Phenol 450 ◦C; 25 MPa; 
3.95 mL batch reactor; 
0.32 mol/L; 30 min; 
Ru content: 60% 

CGE: 55%; H2 yield of 
1.82 mol/mol 

[74] 

Xylose 600 ◦C; 40 MPa; 
100 mL batch reactor; 
8 g/L water; 0.8 g 
KOH/L water 

CGE: 85%; H2 yield of 
1.75 mol/mol 

[55] 

Guaiacol 600 ◦C, 25 MPa; 
120 g/h; 0.05–1.0 wt 
%; 94 s 

CGE: 23–18% 
(0.05–1.0 wt%); H2 in 
gas phase: 66–28 vol% 
(0.05–1.0 wt%) 

[67] 

Alanine 650 ◦C; 25 MPa; 
120 g/h; 1 wt%; 86 s 

CGE: 85%; H2 in gas 
phase: 25 vol% 

[71] 

Oleic acid 500 ◦C; 28 MPa; 
600 mL batch reactor; 
28 g/L; 0.5 wt% Ru/ 
Al2O3 pelletized 
catalyst; 30 min 

CGE: 85%; H2 yield of 
1 mol/mol 

[68] 

Glucose / Glycine 663 ◦C; 24 MPa; 1 / 
3 wt%; 128 s; Na2CO3 

catalyst (0.4 wt%) 

CGE: 43.7%; H 
conversion to H2: 
80.4% 

[75] 

Glucose / Phenol 400 ◦C; 25 MPa; 3.5 / 
1.5 wt%; 240 s 

Gas yield: 60 L gas/kg 
mixture; H2 yield of 
0.30 mol/kg 

[35] 

Phenol / Naphthalene 
/ Acetic acid 

550 ◦C; 25 MPa; 2 L/h; 
1 / 1 / 1 wt%; 20 s; 

H2 yield of 35 mol/kg [76] 

Acetic acid / 1- 
Butanol / 
Hydroxyacetone / 
Glucose 

800 ◦C; 24 MPa; 1 L/h; 
15 / 2.5 / 2.5 / 2.5 wt 
%; 20 s 

CGE: >90%; H2 yield of 
0.5 mol/mol mixture 

[77] 

Cellulose 650 ◦C; 26 MPa; 20 wt 
%; 50 min; K2CO3 

catalyst 

Gas yield: 18 mol/kg; 
H2 yield of 2.12 mol/kg 

[51] 

Lignin 650 ◦C; 26 MPa; 20 wt 
%; 50 min; K2CO3 

catalyst 

Gas yield: 23.3 mol/kg; 
H2 yield of 2.86 mol/kg 

[51] 

Note for operating conditions: Temperature, pressure, flow rate or volume of 
batch reactor, concentration, residence time 
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Fig. 3. Scheme of the potential reaction pathways of organics in SCW [77].  
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Because of that and also with the aim of getting insight into the behavior 
of specific compounds present in real waste, many other studies have 
been performed using model compounds. As most bio-based feedstocks 
are biomass and organic waste that are composed of cellulose, hemi-
cellulose and lignin, these model compounds have been studied sepa-
rately by several researchers [32,51-55]. All of them exhibit diverse 
behaviors in SCWG and have always been tested in batch reactors for a 
long residence time. Cellulose is a linear polysaccharide consisting of 
hundreds to thousands of glucose units linked by glycosidic bonds. 
Hemicelluloses are heteropolysaccharides consisting of sugar mono-
mers, such as xylose, mannose, glucose, and galactose, and also some 
acids such as glucuronic acid and galacturonic acid. Lignin is an aro-
matic heteropolymer made by cross-linking phenolic precursors [56]. As 
expected, the conversion of such complex model compounds is not easy, 
and researchers have preferred to focus mainly on simpler representa-
tive compounds of cellulose, such as glucose [57-59] and fructose [60], 
hemicellulose, mainly xylose [61-63], since mannose and galactose have 
not yet been studied under SCW, and lignin, such as phenol [35,64,65] 
and guaiacol [66,67]. 

Similarly, oils, fats, and proteins are other renewable resources that 
can be gasified in supercritical water, in addition to carbohydrates. 
Under supercritical conditions, the first two have generally been pro-
cessed using supercritical alcohols to produce biodiesel, and only very 
few studies can be found involving SCW, such as oleic acid in SCW [68] 
and ethyl oleate just below the critical point [69]. However, there are 
more studies on the gasification of some amino acids as model com-
pounds of proteins, present in food waste or sewage sludge, and since 
amino acids are the main components of microalgae. In this sense, 
several amino acids have been tested, such as alanine, leucine, phenyl-
alanine, serine, aspartic acid, glycine, valine, proline [70,71]. 

Table 2 shows the literature related to SCWG of model compounds 
with some details. 

4.2. Effect of the main operating parameters 

Temperature, pressure, feedstock concentration and flowrate, and 
residence time are the most relevant operating variables that affect 
SCWG performance, which can be performed in a continuous reactor or 
in a batch reactor. In addition, if a catalyst is used, the type of catalyst, 
and the space time or the amount entered the reactor are also important. 

Typical pressure and temperature ranges are between 23 and 30 MPa 
and between 450 and 800 ◦C, respectively. In most experimental studies 
conducted under SCW conditions, while pressure has a very slight effect 
[78,79], the higher the temperature, the higher the CGE and gas yields 
[30,33,72,80-82]. This matches well with the equilibrium computation 
[23,83], and can be understood since SCW gasification is globally 
endothermic, so equilibrium is favored by high temperatures, and these 
also favor reaction rates. Likewise, biomass concentration has been 
tested at very low values of 1–5 wt% and at very high values of up to 
30–40 wt%. The former cases may be realistic and useful when starting a 
research, although these low values are not techno-economically 
feasible for an industrial process, especially if self-sufficiency energy is 
required, so at least 15 wt% should be used [20,84]. However, very high 
concentrations are far from being considered as biomass with high water 
content and could probably be better processed under other conditions, 
such as steam reforming. In any case, gas yields increase as the biomass 
concentration fed to the reactor decreases [85-87]. 

Residence time is a few seconds in a tubular reactor, which is quite 
significant [72,88,89], while the duration in a batch reactor is between 
minutes and hours. Consequently, the conversion will be higher in the 
latter type of reactor, but they are difficult to apply to an industrial 
plant, as effective heat integration is unlikely for batch reactors. Using a 
continuous tubular fixed-bed reactor with a certain amount of catalyst, a 
certain value of space time is obtained for application to other studies, 
even a larger scale. Kinetic studies with catalysts will be briefly reviewed 
in the next section. 

4.3. Kinetic studies and potential mechanisms of reactions 

Most experimental papers have focused on examining the perfor-
mance of batch reactors and, less frequently, continuous reactors using 
different feedstocks under SCW conditions. However, the number of 
kinetic studies is quite lower. Among all of them, we can highlight those 
that have contributed to predict the SCWG results [90-93]. Usually, 
reaction schemes assume first-order kinetics for most compounds and 
rarely second-order kinetics for some specific compounds when no 
catalyst is used. However, there may be parallel reactions involving 
different reaction orders for each considered compound and even non- 
linear interactions among different components of feedstock that 
would lead to non-first-order reactions, thus limiting the applicability of 
previous kinetics results. 

In addition, some papers have greatly contributed to elucidate and 
propose reaction mechanisms [16,90,92-96] to understand and improve 
the conversion of feedstock into the final desired products, mainly CH4 
and H2. 

So far, a potential route including the effect of feeding more than one 
model compound through different intermediates can be shown based 
on previous studies on the SCWG of the bio-oil aqueous phase by 
Gutiérrez Ortiz et al. [77,83] in addition to the aforementioned refer-
ences, when no catalyst is added to the process (Fig. 3). 

At first, a set of organic compounds experiences thermal decompo-
sition through reaction intermediates where ionic and free radical re-
actions compete with each other, although above the critical point, free 
radical reactions are favored over ionic reactions; in fact, SCW stabilizes 
the free radicals. The reactions with free-radicals lead to bond cleavage 
(O–H, C–H, and C-O), so small formed compounds, such as acids, alco-
hols and aldehydes are progressively converted into gases. 

Fig. 3 shows a scheme of potential reaction pathways involving 43 
reactions that consider a feedstock of four model compounds (glucose, 
hydroxyacetone, acetic acid and 1-butanol, all highlighted in yellow); 
relevant intermediates are highlighted in green. Glucose can follow an 
isomerization reaction to produce fructose (both are the main compo-
nents of cellulose), although it may be converted into 5-hydroxymethyl-
furfural (5-HMF) by acid catalyzed dehydration. This intermediate may 
be degraded to furfural and formaldehyde, which is not stable in SCW 
and decomposes to CO and H2. Furfural may form phenol via an elec-
trocyclic reaction pathway, which can cause a decrease in the number of 
free radicals and, as a consequence, in the conversion of intermediates 
into gas. In addition, phenol and furfural can promote aromatic com-
pounds or even polymerize, which leads to tars and carbon residues. 

Glucose or fructose can also undergo retro-aldol condensation to 
produce glyceraldehyde, dihydroxyacetone, glycolaldehyde or eryth-
rose. The first produces less H2 and more CH4, and the third promotes 
the pathway to CO and H2; the second and fourth lead to pyruvaldehyde 
that gives CO2 and CH4. These two gases are also obtained mainly if 
glyceraldehyde and pyruvaldehyde are transformed into acetaldehyde, 
which then reacts to produce acetic acid by incorporating H2O through 
self-disproportionation (Cannizzaro reaction). This can originate 
acetone or ethanol. 

Among the latest intermediate products, formaldehyde produces H2 
by decarbonylation or can be converted to formic acid and methanol 
through a Cannizzaro reaction. In addition, dienes can be produced from 
glucose through dehydration and subsequent radical chain propagation, 
and then cyclic structures capable of aromatization may be generated by 
Diels-Alder cycloaddition of dienes along with ethylene, which comes 
from acetone produced by ketonization of acetic acid. 

The CH4 yield is initially higher than the H2 yield, but CH4 reforms 
with SCW producing H2, whose yield is further increased if the water-
–gas shift (WGS) reaction occurs. Note that methanation reactions 
(reverse reaction of CH4 reforming) are very unlikely due to high tem-
peratures and water amounts. 

Additionally, xylose is converted into furfural by dehydration or 
glycolaldehyde, formaldehyde, and glyceraldehyde by retro-aldol 
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condensation [93]. Similarly, guaiacol and phenol can follow a pathway 
to syngas after progressively converting into cyclohexanol, which is then 
transformed into acetic acid and 1-propanol. However, phenol can also 
originate monocyclic aromatic hydrocarbons and polycyclic aromatic 
hydrocarbons; the latter result in char [96]. Tau Len-Kelly and Matsu-
mura [97] determined that guaiacol hydrolysis leads to catechol and, 
finally, phenol and final gases (syngas), although benzene and char 
could also be formed. 

Lactose is a disaccharide composed of glucose and galactose, so it is a 
larger model compound present in human milk and, hence, in dairy 
wastewater. It has also been gasified in SCW by Nanda et al. [73], who 
proposed a mechanism in which lactose was hydrolyzed below 550 ◦C to 
produce different organic acids and phenols, which above 600 ◦C were 
converted into small alcohols, some aldehydes, and even aromatics, all 
of them included in Fig. 3. 

Sato et al. [70] tested five amino acids (alanine, leucine, phenylal-
anine, serine and aspartic acid) just below the critical point. These au-
thors determined that there were two main paths: deamination to 
produce ammonia and organic acids, and decarboxylation to produce 
carbonic acid and amines. Likewise, Samanmulya et al. [71] also tested 
five amino acids (glycine, alanine, valine, leucine, and proline) in a 
tubular reactor under SCW conditions (500–600 ◦C, 25 MPa) without 
using a catalyst, and found that amino acids were converted to 
hydrogen, methyl, and isopropyl radicals from the corresponding amino 
acids. These authors conducted other studies with more amino acids, 
such as histidine and 4-methylimidazole [98] or aminobutyric acid and 
serine [99]. In all of these studies, the amino acid concentration was 
very low (1 wt%), so higher concentrations should be tested to make the 
process techno-economically feasible. 

Furthermore, when there are carbohydrates and proteins, their in-
termediates (glucose, fructose, and amino acids) can react with each 
other through the Maillard reaction, thus leading to free radical scav-
engers that decrease the reaction rate of free radical chain reactions and, 
hence, the gas yield [4]. Therefore, the interaction between proteins and 
carbohydrates seems to be negative for gasification purposes in SCW. 

In the case of gasification of larger molecules, such as cellulose, 
hemicellulose or lignin, some additional mechanisms have been sug-
gested. Thus, Sasaki et al. [90] proposed a model in which microcrys-
talline cellulose was transformed into carbohydrates and a water- 
insoluble precipitate under subcritical conditions, obtaining additional 
intermediates from glucose monomers, such as fructose, erythrose, 5- 
HMF, glycolaldehyde, and glycerolaldehyde at longer reaction times. 
At supercritical temperatures, cellulose was rapidly converted, and the 
products of glucose degradation increased only slowly. Later, Tolonen 
et al. [100] found that crystalline cellulose is dissolved and depoly-
merized in supercritical water, leading to dissolved polymers and 
monosaccharides. The main intermediates of its SCWG of lignin seem to 
be guaiacol and catechol (this comes from hydrolysis of guaiacol) before 
obtaining phenol and final gases [101]. Similarly, proteins break down 
into amino acids, which decompose further by deamination and decar-
boxylation, even suffering recombination reactions that result in pyri-
dines (C5H5N, aromatic with nitrogen), propionic acid (organic acids) 
and dimethylamine (amine) [102]. 

Regarding catalytic studies, Zhu et al. [58] found that the H2 yield 
increases by a factor of 25 when Ru/Al2O3 is used as a catalyst in the 
SCWG of glucose with respect to the non-catalytic performance, which 
gives an idea of the importance of using a suitable catalyst. 

This is an example of how a suitable catalyst can significantly 
enhance CGE and the desired specific yields of H2 and CH4. However, in 
this regard, sometimes an ambiguous justification for the use of catalysts 
in SCWG is read when a study on a given catalyst is aimed at reducing 
the reaction temperature, and hence the severity of the conditions. This 
may lead to confusion because an appropriate catalyst allows achieving 
higher gas yield in a specific SCWG reactor under certain operating 
conditions, but it is always limited by thermodynamics, which is favored 
at high temperatures in an SCWG process, because the overall set of 

reactions is endothermic. Thus, at equilibrium, gas yields at 800 ◦C will 
be higher than at 600 ◦C, and the use of a catalyst cannot change this. 
Catalysts cannot affect the chemical equilibrium, but can reduce the 
activation energy, and hence, they allow the equilibrium to be achieved 
more quickly. Their mission is to boost the reaction rate and get a close 
approach to equilibrium, thus shortening the time as much as possible, i. 
e., using a reactor length as small as possible. In addition, as the reaction 
rate increases with temperature, the development of a catalyst at low 
temperatures is even more necessary because the reaction rate decreases 
as the temperature is reduced. Note that if a different temperature is set, 
another equilibrium condition is achieved. Therefore, there is a rela-
tionship between the use of catalysts and the operation at low temper-
ature; in fact, at low temperatures, the use of catalysts becomes 
necessary to make the process effective, and at high temperatures, a 
catalyst might not be strictly necessary. In any case, at lower tempera-
tures, lower gas yields and, especially, lower H2 yields will be achieved. 

In addition, since there may be a series of parallel and consecutive 
reactions in the SCWG of a given feedstock, new routes or reaction 
mechanisms may be followed, and different reaction rates may be 
established for each reaction when different catalysts are used, thus 
leading to different selectivities for each one, i.e., different amounts of 
desired product obtained per amount of all products present in all phases 
or even in one single phase (e.g., gas phase). If conversion is also 
considered, the product of conversion and selectivity leads to the yield of 
a certain product, so this can be defined as the amount of desired 
product obtained per amount of consumed reactant. This is the reason 
why the overall selectivity to gas biofuel may be increased when cata-
lysts are used at low temperatures. In this way, some catalysts can 
promote hydrogen formation and other methane formation, i.e., higher 
H2 or CH4 yields, depending also on actual operating conditions. 

Different heterogeneous and homogeneous catalysts have been 
tested in the HTL and SCWG processes. Among the former, studies using 
Nickel-based and Ruthenium-based catalysts with various supports 
[31,103-106] have been reported mainly. Regarding the latter, alkali 
catalysts -without support - such as NaOH, KOH or Na2CO3 
[30,60,107,108] have also been studied. However, these can be 
considered as homogeneous catalysts when they are added to water 
below the critical point, but not near or above it because salts are no 
longer soluble in SCW, and they become constitute a solid phase 
immersed in a gas or gas-like phase (at supercritical state). Nevertheless, 
there are not many studies reporting kinetic modelling of reactions, and 
most of them derive from Langmuir–Hinshelwood kinetics to explain the 
kinetics of the heterogeneous catalytic process, as it combines adsorp-
tion and desorption with a surface reaction. This kinetics becomes too 
simple for SCWG processes, as there may be reactions involving several 
steps or more than one catalytic site, and then the most common pro-
cedure consists of identifying a rate-limiting step; in this more general 
case, the Hougen-Watson formula can be used. Thus, it is typical that, 
when adsorption and desorption are distinct steps, heterogeneous 
catalysis occurs through multiple steps that can be approached in a 
simplified way by the Langmuir-Hinshelwood-Hougen-Watson (LHHW) 
kinetics, so adsorption is considered a reversible single-step where the 
species react with vacant catalytic sites. Byrd et al. [109,110] developed 
similar kinetic models for SCWG of glucose and glycerol assuming that 
first glucose (or glycerol) is reversibly adsorbed on the catalyst, and once 
adsorbed, it reacts with water to produce a more complex molecule that 
decomposes to form intermediate products (the rate-limiting step) 
before these convert into CO2 and H2. The model was validated using the 
experimental results, obtained in a continuous tubular fixed-bed reactor 
with Ru/Al2O3 catalyst at 700–800 ◦C and 241 bar, which were very 
close to equilibrium. Tushar et al. [111] also developed a kinetic model 
based on the LHHW approach along with a mechanistic model applying 
the Eley-Rideal (ER) mechanism for glucose conversion in supercritical 
water. Likewise, the conversion data of SCWG of glycerol to hydrogen 
were experimentally studied in a tubular fixed-bed reactor using two 
commercial catalysts (Ni/Al2O3–SiO2 and Ru/Al2O3) and the turnover 
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Fig. 4. Heat-integrated flowsheet of the process for Fischer-Tropsch biofuel production [123].  
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rates were stated, once normalized by the number of ostensible catalytic 
sites, and then the apparent activation energy and the values of the pre- 
exponential factor were obtained using the Arrhenius equation, thus 
providing a quantitative measure of catalytic activity for the tested 
catalysts [112]. More recently, Yang et al. [113] presented a kinetic 
model for phenol SCWG using a Ni-Ru bimetallic catalyst, where the 
external mass transfer and internal diffusion resistances could not be 
evaluated, thus limiting the real intrinsic kinetics. In fact, reaction rate 
equations followed a non-catalytic kinetic mechanism, which was 
expressed by the authors as macro-kinetics. In addition, they assumed 
first-order reactions in the concentration of each reactant, which 
nowadays seems to be a very simplified description. 

In spite of all the effort carried out in studies of reaction kinetics and 
the incremental improvements achieved in the existing reaction mech-
anism schemes, the current state is not accurate enough to apply the 
corresponding dynamics of the reactant to reactor design with a mini-
mum guarantee of reaching a reliable behavior, and hence a commercial 
viability. Therefore, more extensive studies on novel kinetic approaches, 
including catalysts, should be performed to boost the decomposition of 
some recalcitrant compounds, such as phenol or acetic acid, and to 
prevent the formation of char and even tar in SCWG, thus minimizing 
the deactivation of heterogeneous catalysts. 

Currently, a relatively novel approach is the use of quantum chem-
istry composite methods for computational chemistry to predict the 
numerous reaction mechanisms at the molecular level. One of these 
methods of quantum chemistry calculations, based on the Complete 
Basis Set - specifically, ab initio CBS-QB3 (based only on theoretical 
principles, without using experimental data, which performs calcula-
tions using functional group additivity) - is the Reaction Mechanism 
Generator (RMG) software package developed by the Green’s research 
group [114]. This tool can build a detailed kinetic model for a model 
compound (or a mixture of several compounds) plus a supercritical 
water system. It is a rate-based algorithm for model generation, where 
added species are predicted to be produced with higher rates, and spe-
cies formed at rates below a user-defined tolerance are omitted. Kinetic 
models are constructed on the basis of a series of elementary chemical 
reaction steps using a general understanding of how molecules react. 
The mechanism generation and simulation conditions must match with 
the experimental conditions (for validation), and the simulation does 
not consider any chemistry taking place during the short heat-up and 
cooling-down times (i.e., transient stages). In this approach, the esti-
mation of kinetic parameters is approximated, and the accuracy of RGM 
is very sensitive to the amount of data present in hierarchical trees used 
in the organization of functional group data to identify group contri-
butions more quickly [115]; currently, uncertainty analysis, expansion 
of the database, new algorithms have been added to the software, and 
molecular representation is being addressed to improve the accuracy of 
localized molecular representations, which increases the accuracy of 
RGM [116]. However, RGM has some limitations, and it does not cover 
molecular weight growth reactions, but only decomposition reactions, 
where the weight of molecules decreases. This is what takes place 
mainly in SCWG but not exclusively. Thus, RGM is not recommended for 
applications where cyclic transition compounds may be formed, and the 
use of other computational chemistry methods, such as Density Func-
tional Theory (DFT), whose calculations can be performed using 
Gaussian 09, as proposed by Kang et al. [117], who have put RGM into 
question to be applied in SCW applications. In contrast to ab initio 
methods, DTF computes the energy on the basis of the electron density 
instead of a wave function. DFT limitations were shown by Burke ten 
years ago [118], mentioning, among others, the many approximations 
taken and the failures for strongly correlated systems. Recently, once 
stated that accuracies for many molecules are limited to 8.4–12.6 kJ/ 
mol with functionals currently available, Burke et al. [119] have 
improved the quantum chemical accuracy (errors below 4.1 kJ/mol) in 
the test data by applying machine learning to calculate coupled cluster 
energies from DFT densities. The procedure for DFT calculations using 

Gaussian 09 starts with setting an initial reaction model using the final 
reaction model in thermal decomposition. Water molecules are an input 
in each reaction pathway considered in the reaction model, and 
Gaussian 09 is applied to calculate the changes in the energy barrier. 
Then, they are compared with the reaction barriers in the absence of 
water molecules to clarify the reaction mechanism; in addition, and 
using experimental results, other reaction pathways are examined, in 
which water can participate [117]. All calculations are performed under 
(supercritical) operating conditions. There are several methods in DFT, 
and the B3LYP method provides fast speed and high accuracy. In any 
method of quantum chemistry calculations, consistency among different 
experimental data sets is crucial for identifying and quantifying product 
species using accurate methods of physicochemical analysis. 

4.4. Thermodynamics and process simulation for biofuel production 

Thermodynamics limits the feasibility of a process, so the maximum 
values for some performance variables, such as product yields, energy 
and exergy efficiencies, and thermal energy and power, are stated by 
equilibrium under the operating conditions. Likewise, transport prop-
erties and chemical kinetic parameters influence the design of process 
units, not only in reactors but also in heat exchangers and separation 
units. Process design and assessment must use all these properties. 

There are a number of thermodynamic studies related to SCWG and 
some review papers dealing with thermodynamics [12,119,120]. First, a 
suitable thermodynamic method is required, and, from two possible 
types, only the equations of state (EoS) can handle sub- and supercritical 
components of a mixture at the same time. Among all potential cubic 
EoS, predictive Soave-Redlich-Kwong (PSRK) has been reported to be a 
reliable thermodynamic method to be used in SCWG processes [23] after 
screening with other EoS such as Soave-Redlich-Kwong (SRK), Peng- 
Robinson (PR) and Peng-Robinson with the Boston- Mathias α-func-
tion (PR-BM). This is a predictive EoS capable of foreseeing any inter-
action at any pressure by applying the UNIFAC method at low pressure 
(based on activity coefficients), and it is based on the SRK EoS but using 
the generalized Mathias-Copeman α-function and the Holderbaum- 
Gemehling mixing rules [121]. A little later, another interesting ther-
modynamic paper was presented for a series of model compounds by 
Withag et al. [122], who also discussed the choice of SRK EoS with a 
modified Huron–Vidal mixing rule as a proper method. Likewise, 
Gutiérrez Ortiz et al. [83] performed a further discussion applied to 
some other model compounds, and the authors concluded that, even 
though all the studied methods presented a good fit to supercritical 
curves, the best EoS were PSRK and SR-Polar based on the modification 
of the SRK EoS proposed by Schwarzentruber–Renon, as they exhibited 
minimal deviations in properties and thermodynamic functions between 
the liquid and vapor states. 

On the other hand, two approaches to modelling the equilibrium may 
be followed: (1) the non-stoichiometric approach, where the Gibbs en-
ergy is minimized to calculate the equilibrium composition without 
providing the involved reactions but only the initial composition; and 
(2) the stoichiometric approach that needs to specify precise reaction 
mechanisms, but without considering instable chemical species and re-
action intermediates [12]. Currently, commercial software is available 
to perform process simulation, such as Aspen Plus, Chemcad, or gPROM, 
among others, so the non-stoichiometric approach is mostly used 
because it is easy to use. Thus, for instance, Aspen Plus has a module 
named the ‘RGibbs reactor’ to compute the products composition at 
equilibrium as well as the heat needed / released to perform the overall 
reaction. 

Apart from performing fundamental research on SCWG, such as ki-
netic studies and even on transport and thermodynamic properties, 
conceptual designs of processes based on SCWG are needed to move 
forward the technology providing other applications rather than the 
most extensively inspected one focused on hydrogen production, prob-
ably derived from the aim of most experimental studies. The so-designed 
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new processes can be implemented in software like Aspen Plus, where 
the performance of the overall process may be supported only by ther-
modynamics along with some specific transport properties or even by 
reliable kinetic models applied to the reaction units. While this aspect is 
not yet well developed, most of the simulated processes predict the re-
sults by assuming equilibrium, a certain approach to equilibrium, a 
given yield, or by performing a stoichiometric calculus depending on an 
established conversion for a determined set of reactions. Thus, it is 
possible to make the simulations more realistic in the absence of known 
kinetics, which would be the ideal option. 

Once the main subsystem related to the SCWG process is developed, 
other subsystems are required to achieve a complete process focused on 
a target product, such as biofuels. In the development of a potential 
industrial process, suitable thermodynamic models must be specified for 
the different parts of the plant, and the process configuration along with 
the energy integration are of the utmost importance in order to make the 
process feasible. This must be assessed by performing TEA and LCA, as 
exposed in the next section. 

Therefore, biofuels production from SCWG of different feedstocks is 
mainly reviewed in this section, as most experimental studies, if not all, 
are focused on obtaining a syngas with the highest H2 and/or CH4 yields. 
Thus, several options are possible from a syngas. Next, some processes 
based on SCWG are commented on because they have been very 
developed to produce liquid biofuels and gas biofuels, such as SNG and 
even methanol and hydrogen, whose production has been mostly 
studied. 

The considered feedstock is usually that matching with sustainability 
in waste-to-energy (biofuels) processes, but other interesting feedstocks 
will also be briefly commented on, such as the use of microalgae, which 
is still under study. 

4.4.1. Production of liquid biofuel 
There are only a few fully developed processes that produce liquid 

biofuels by Fischer-Tropsch synthesis from the syngas obtained by 
SCWG technology of different feedstocks. 

Campanario and Gutiérrez Ortiz [123] designed a process including 
three additional subsystems to the SCWG section, consisting of a syngas 
upgrading, the Fischer-Tropsch synthesis loop and a final upgrading and 
refining of the Fischer-Tropsch products to make them similar to diesel, 
gasoline, and jet-fuel. Fig. 4 shows the complex flowsheet of the process 
implemented in Aspen Plus, involving several reaction units, separation 
units and other auxiliary equipment, especially a heat exchanger 
network. This plant was designed to obtain not only biofuels but also 
electrical power, as well as to avoid the use of external fuel (i.e., overall 
energy self-sufficiency). The feedstock was 60 t/h bio-oil aqueous phase, 
and with a total organic concentration of 35 wt% in the feed, 4.6 t/h 
biofuel was produced and 5.3 MWe was generated. In addition, 0.50 kg 
CO2 / kg organic material was removed for sequestration. 

Another fully developed new process for biofuel production (lique-
fied fuel gas, gasoline and diesel) based on SCWG was recently published 
[124], and Fig. 5 shows its conceptual design that was implemented in 
Aspen Plus. In this case, the municipal solid waste (MSW) reject fraction 
is fed into a fast pyrolysis reactor to produce bio-oil, which is separated 
into two phases by adding water. The oil-phase is upgraded by hydro-
deoxygenation (HDO), and the aqueous-phase is fed into an SCWG 
reactor to produce hydrogen, which is further used in the HDO section. 
Once again, the overall process involves a large number of units and it 
was designed to be energy-self-sufficient and also to generate electrical 
power. Thus, for a feeding of 50 t/h MSW reject fraction, 10.6 MWe was 
generated and 5.2 t/h biofuel was produced. 

The use of microalgae as feedstock implies an open discussion 
because its sustainability is debatable and a microalgae-based SCWG 
process might be too expensive, although probably in plants that were 
not fully developed and without a suitable process-energy configuration 
in relation to the significant thermal energy input. In this regard, 
Onigbajumo et al. [125] examined the integration of some options, such 

as the use of solar energy, natural gas, or electricity. The feedstock was 
17.53 t/h microalgae (75% water), and the syngas obtained was mixed 
with external H2 to reach the ratios required in the Fischer-Tropsch 
synthesis, but it was not developed further. Fig. 6 shows a flowsheet 
of this process. 

Similarly, Rahbari et al. [126] further developed the SCWG of 
microalgae (75% water) by assisting it with solar-thermal energy for 
process heating, and by adding the required H2 by a photovoltaic 
powered electrolyzer. They also incorporated a syngas reformer and a 
Fischer–Tropsch synthesis unit for liquid fuel; the design of the latter is 
very similar to that previously reported by others [123]. For a plant of 
16800 t/y microalgae, the authors obtained a production of 4200 t/h 
gasoline and 3800 t/y diesel, and electricity was produced but not 
enough to supply that required by the overall process. 

4.4.2. Production of gas biofuel 
This section covers a number of more or less developed processes, 

mostly focused on hydrogen production, so they are simpler than the 
previous ones. 

It has been a decade since the first papers including process simu-
lation were published beyond the simple use to compute chemical 
equilibria compositions. A thermodynamic study published in 2011 
involved a simple scheme of a lab plant for the SCW reforming of 
glycerol operating at equilibrium to examine the effect of different 
variables on gas yields, especially hydrogen yield [23], and where 
different EoS were fully discussed to obtain the most suitable. Likewise, 
using the same feedstock, Azadi [127] implemented another simple 
flowsheet where the SCW reactor was coupled with parabolic trough 
solar thermal collectors to heat co-currently fed molten salts mixture 
that provided the required energy for the SCW process. In another study 
carried out by Wongsakulphasatch et al. [128], a very simplified dia-
gram for bioethanol SCW reforming was proposed to produce hydrogen 
to feed an SOFC, with a few process units. In a later article, Louw et al. 
[129] reported a simple scheme but incorporating a way to deal with 
solid biomass in Aspen, which is a weak point of this software. Thus, the 
SCWG reactor consisted of two reactors in the Aspen flowsheet: a RYield 
and a RGibbs (Fig. 7). The first one is required to allow the decompo-
sition of solid feedstock (considered in Aspen as a non-conventional 
component) through a calculator block that results in a mixing of ele-
ments or molecules (C, H2, O2, N2, and S) based on the ultimate analysis, 
proximate analysis, and sulfur analysis. Then, the syngas composition at 
chemical equilibrium under the operating conditions is obtained in the 
RGibbs. 

Simple process simulation schemes have continued to be used in 
more recent thermodynamics studies [130,131]. 

One of the first overall processes that proposed the production of a 
determined product (distinct from hydrogen) from SCWG of biomass 
waste (glycerol coming from biodiesel production) was carried out by 
Serrera et al. [132] and focused on SNG production. Once the syngas is 
obtained in the SCWG reactor, it is conditioned through a PSA system in 
order to reach a stoichiometric number of 3, required for the subsequent 
methanation process. This was fully designed and consisted mainly of 
three adiabatic, fixed-bed reactors connected in series with intermediate 
gas cooling. The specific production ratio (per kg glycerol) was 0.17 kg 
CH4 and 0.43 kWe, achieving an overall energy efficiency of up to 76.1% 
by accounting for the obtained cogeneration water. Previously, the same 
authors published another work aimed at producing methanol from 
SCW reforming of glycerol [21], where the conditioning of expanded 
and water-removed syngas by a pressure swing adsorber (PSA) system 
and the methanol loop was fully developed. The specific production 
ratio (per kg glycerol) was 0.270 kg MeOH and 0.27 kWe, achieving an 
overall energy efficiency of 38% and sequestrating 0.38 kg CO2 per kg 
glycerol. 

Similarly, and looking for the use of solar energy for process heating 
at 250 ◦C, Salemme et al. [133] considered three gasification processes 
to be installed downstream from the glucose SCWG reactor: first, adding 
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Fig. 7. Flow diagram of SCWG for H2 production and power generation [129].  

Fig. 5. Conceptual design of the process to valorize the MSW reject fraction [124].  

Fig. 6. Flow diagram of SCWG algae with solar-based preheating [125]  
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two water gas shift reactors and a PSA; second, an integrated membrane 
water gas shift reactor; and third, two flash separators and a PSA. These 
authors concluded that the optimal solar share of the second process was 
higher than that of the first one, and that solar integration in the third 
process was not feasible due to the high pressure and water content in 
the feedstock. 

Likewise, two processes of SCWG of glycerol were proposed and 
simulated to achieve maximum electric power and hydrogen production 
while avoiding the use of external energy or fuel. One of the two options 
was an autothermal operation. Electric power was generated in the 
expansion of syngas leaving the SCWG reactor, and the hydrogen-rich 
stream was sent to a PEM fuel cell in order to increase the power, 
whose values were 1.59 MWe and 1.60 MWe per ton/h of glycerol for 
the non-autothermal and autothermal processes, respectively [20,134]. 

Also, some papers have been published on the H2 production from 
SCWG of black liquor (BL) as waste from the pulp mill industry. Thus, 
Darmawan et al. [135] studied a process in which BL with a moisture 
content of 85 wt% is fed to an SCWG reactor and the produced syngas 
enters a chemical looping where H2 is obtained, along with electric 
power and CO2; additionally, the second unit provides thermal energy to 
the first unit. The BL fed to the SCWG was 50 t/h and the obtained H2 
was 4.1 t/h. The authors obtained a total energy efficiency of 80%. Net 
electric power (in MWe) was not provided. In another study by Özdenkçi 
et al. [136], a stream of BL with 100 t/h was fed to the SCWG reactor and 
the plant configuration considered combined heat and power (CHP) 
production or H2 production in SCWG reactors made of different ma-
terials. The maximum pure H2 was 536 kg/h in the hydrogen production 
scenarios while up to 77.1 MW in the energy production scenarios. The 
authors mentioned that heat integration is needed to reduce the external 
energy need, but no attempt in this regard is observed in the published 
paper. 

In addition, SCWG of soybean straw has been simulated by Okolie 
et al. [137], using a feeding of 1870 t/day (91.9% water) and pretreating 
it before entering a catalytic SCWG reactor (500 ◦C, 25 MPa). The 
product leaving the reactor consists of syngas, liquids, and char, so they 
need to be separated. Then, the gas is further purified, first by removing 
the H2-rich gas, and afterward to obtain a CO2-rich gas stream; the off- 
gas is sent to a combustor that provides thermal energy to the process. 
The H2 production was 110 t/day and, although the process is well 
described, the flowsheet implemented in Aspen Plus is not fully devel-
oped with heat integration, so it could be optimized. 

Equally, Hantoko et al. [138] also dealt with sewage sludge in SCW 
by process simulation, integrating SCWG with a combined cycle for 
power generation, so H2 and electric power are obtained in this plant. 
Simulations were performed with a feeding of 100 kg/h. The authors 
obtained a maximum H2 production of 9.7 kg/h and a maximum electric 
power of 15 kW. These results are positive, despite the fact that the 
Aspen flowsheet could be further developed because, although the au-
thors included several heat exchangers to reduce the energy loss, more 
effort might be made in this regard. 

Pig manure has been also studied in a process aimed at producing H2 
and recovering waste heat by Ren et al. [139]. The capacity is 650 t/day 
dry pig manure with a variable ratio of water to dry pig manure between 
2 and 16. At a value of 7, the H2 production was close to 500 kg/h and 
37.5 % energy efficiency to H2, operating the SCWG reactor at 630 ◦C. 
Waste heat recovery was performed in a steam generator to produce 
heating steam and preheat slurry and oxygen (for the minimum heat 
required to attain auto-thermal operation), which increased the energy 
efficiency to almost 80%. 

Ruya et al. [140] recently examined the SCWG of palm oil-derived 
waste under autothermal operation to produce hydrogen. These re-
searchers also included waste heat recovery by generating low pressure 
steam to increase energy efficiency by 5–18%. Two steps were consid-
ered to increase the H2 yield: first, H2 was removed from the syngas 
leaving the SCWG reactor, and then this latter entered a steam reformer 
reactor where CH4 was converted into H2. The resulting off-gas was sent 

to a furnace to provide thermal heat to the process. In the Aspen flow-
sheet some heat exchangers are observed to better use the heat involved 
in the process. For 100 kg/h gasifier feed, a maximum H2 yield of 1.5 kg/ 
h was obtained. 

4.5. Techno-economic evaluation (TEA) and life cycle assessment (LCA) 

Before a new process can become a reality, it must pass a techno- 
economic and environmental evaluation regarding the process 
feasibility. 

Techno-economic assessment (TEA) is a very useful tool to stop or 
boost a technology to a potential commercial development once the 
economic viability is checked and technical improvements are identified 
for the process. Generally, in process engineering, some economic esti-
mators, such as the minimum selling price, the net present value (NPV), 
the internal rate of return (IRR), or the payback period, as well as the 
cumulative discounted cash flow method of analysis, are frequently 
used. 

Likewise, an environmental assessment is also important in an early 
stage of project development, and, like TEA, is also subject to limita-
tions, mainly due to the lack of a full know-how of the process, 
frequently and directly related to technical specifications. Thus, TEA 
and LCA should be considered together, and the latter can affect the 
former in such a way that the target product or the way of production 
could even be changed. So far, TEA has normally been performed before 
LCA. 

To carry out TEA and LCA, mass and energy balances are inputs 
required for computation, so those assessments are normally based on 
process simulation performed by commercial software, where the 
economy of scale can also be applied to the economy of a production 
process, among other sensitivity analyses. 

In the previous section, it was stated that energy integration is crucial 
to make an SCWG process feasible because of the high required thermal 
energy. As this more efficient use of energy through the recovery of heat 
and even power allows reducing the needed external energy, the overall 
sustainability of the process increases, as van Doren et al. [141] pointed 
out. 

Unfortunately, there are not many works on TEA and LCA of fully 
developed SCWG processes to be taken into account for scaling-up, so 
this requires further research. 

An early work on the economic analysis of an SCWG process using 
sewage sludge as feedstock (5 t/h, with 80% water) is due to Gasafi et al. 
[142]. However, mass and energy balances were not provided by the 
authors, the flowsheet was too simple, with poor energy integration, and 
it was focused on the concept related to the unit built at the Research 
Center (‘Forschungszentrum’ in German) of Karlsruhe, in Germany, 
aimed at reducing the H2 production costs. 

Likewise, Langè and Pellegrini [143] performed an economic anal-
ysis of a combined production of hydrogen-energy using 35 t/h of empty 
fruit bunches (91.9% water) from the palm oil industry. Several sections 
are found in addition to the SCWG unit, such as a Selexol unit followed 
by a purification of H2, and the coupling turbogas power plant inte-
grated (or not) in a combined cycle power plant, where H2 can be 
burned, and the heat surplus of the clean flue gas is sent (or not) to a 
steam cycle to produce low-pressure steam. Among all scenarios studied 
by the authors, the best was when only H2 is produced (≈ 2 t/h), without 
excess of heat, thus presenting maximum values of IRR and NPV. 
Nevertheless, the flowsheet did not add energy integration, so other 
scenarios dealing with a surplus of power and/or heat might have been 
underestimated. 

Galera and Gutiérrez Ortiz [144] carried out a TEA of the two pro-
cesses previously developed relative to a supercritical water reforming 
(SCWR) and an auto- thermal supercritical water reforming (ASCWR), 
both fed with 1 t / h of glycerol [20,134], where the minimum hydrogen 
selling prices, at 10% IRR and 100% equity financing, were €4.61 per kg 
for SCWR and €4.95 per kg for ASCWR applying a discounted cash flow 
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analysis; these were considered as competitive prices by the authors. 
They also made a sensitivity analysis because the expected accuracy of 
the cost estimation method was about ± 30% total investment cost, thus 
concluding that the minimum H2 selling price varies ± €1.15 per kg H2 
in SCWR and ± €1.25 per kg H2 in ASCWR. These authors also 
completed an LCA of H2 and power production in the non-autothermal 
SCW reforming of glycerol [145], where biogenic and fossil CO2 emis-
sions were distinguished to quantify a more realistic GHG inventory of 
3.77 kg CO2-eq per kg produced H2. 

In the aforementioned reference by Özdenkçi et al. [136], the au-
thors also performed a TEA and obtained a hydrogen production cost 
ranging from €1.46 to €3.19 per kg, depending on the material used in 
the SCWG reactor. 

In a very recent paper by Barros et al. [146], a TEA was reported from 
the SCWG of black liquor (BL) based on a very simple Aspen flowsheet, 
where the authors concluded that the overall cost of the process was 
roughly €0.05 per kg BL. However, the process is not fully developed 
and, as the researchers realized upon simulations, the main energy re-
quirements for scaling up this process depend on the needed heat ex-
changers and the required pressurizing of the black liquor solution (that 
should have been optimized). 

Do et al. [147] performed a TEA in a bio-heavy-oil production pro-
cess based on SCWG of sewage sludge, using a feed basis of 100 t/d (80% 
water) in a very complete flowsheet that includes several separation and 
purification units. The minimum fuel selling price was €0.78 per L, but 
this process can only produce 8 t/d bio heavy-oil along with 7 t/h 
inorganic matter and tar, as well as 4.2 t/d water-soluble organics to be 
discharged into the wastewater, which can imply a high environmental 
load, thus putting its sustainability into question. 

In the study on the SCWG of soybean straw by Okolie et al. [137], a 
discounted cash flow analysis allowed computing the minimum H2 
selling price of €1.64 per kg soybean straw, with a 10% IRR. 

As a continuation of the work on a novel process to produce liquid 
biofuels from SCWG of the bio-oil aqueous phase by Fischer-Tropsch 
(FT) synthesis [123], the same authors performed a TEA [84] and a 
further LCA [148]. In the first, feeding 60 t/h in a stream with 25 wt% 
organics, 2.74 t/h biofuels were produced and a power of 5.72 MWe was 
generated. Using a 10% IRR and 100% equity financing, the minimum 

selling prices for refined FT-gasoline, FT-diesel and FT-jet fuel were 
€1.20, €0.93 and €0.26 per kg feedstock, respectively. In the second, 
three case studies on H2 needed for hydrotreatment of the oil-phase of 
bio-oil were evaluated: (1) the proposed process involves the production 
of H2 by steam reforming of natural gas, (2) the required H2 comes from 
the SCWG process, thus significantly reducing the FT biofuels, and (3) 
the aqueous phase is fully reformed to H2 with surplus. The minimum 
global warming potential (GWP) at 25 wt% organics was 11 g CO2-eq 
per MJ-biofuel for the case (2) with CO2 storage. Fig. 8 shows the system 
boundary of the sections involved in the LCA performed following the 
guidelines of ISO 14040/44:2006 [149] and using SimaPro software. 

Likewise, in the aforementioned study on the production of biofuels 
and power from the MSW reject fraction, a very low gate fee of €16.7 per 
ton was obtained considering the industrial selling prices of fossil fuels 
and electricity in a full plant [124]. The gate fee is revenue obtained 
from the authorities for taking on of the waste and its treatment, so it 
was calculated instead of the minimum selling prices of biofuels. 

In the aforementioned reference on the SCWG of microalgae by 
Onigbajumo et al. [125], the authors performed a comparative study 
from an economic point of view among the three considered alternatives 
focused on energy requirements, concluding that the best options were 
the use of natural gas alone or along with solar parabolic troughs. The 
minimum fuel selling prices ranged from €32 to €45 per GJ. 

In the same way, the authors who studied the SCWG of microalgae 
for FT biofuel production [126] also performed an economic analysis 
considering three configurations in the plant: steam methane reforming 
along with solar energy where CH4 is converted into syngas; partial 
oxidation / dry reforming with hydrogen supplied from an electrolyzer; 
and autothermal reforming where both H2 and heat are combined [150]. 
They concluded that the best configuration was the first, thus obtaining 
a levelized fuel cost of €2.3 per L gasoline equivalent. 

Regarding the greenhouse gas footprint of SCWG of algae, an esti-
mate value of GHG emissions of 11.1 kg per kg H2 was given by 
Gemechu and Kumar [151], mentioning that 70% of the GHG emissions 
in SCWG are due to the algae feedstock production as a consequence of 
electricity consumption. 

Finally, in the paper by Ren et al. [139] on autothermal SCWG of pig 
manure, the authors performed an LCA using 1 kg H2 as functional unit, 

Fig. 8. System boundary with the four sections involved in the LCA study [148].  
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taking the system boundary shown in Fig. 9. The minimum GWP was 
1.73 kg CO2-eq per kg H2 under optimal conditions with carbon capture 
and storage, which was stated as a low value, below others found in the 
literature. 

5. Challenges and future prospects: Quo eamus? 

Now, we have a global idea of where we are, but where should we 
go? 

In this section, some own suggestions and recommendations are 
given in order to advance SCWG technology for a sustainable biofuel 
production, and some of the aspects discussed above may be serve as a 
reference. 

First, process intensification could reduce the time required for the 
first commercial applications of SCWG. This was already noted by 
Cocero [152], although this study focused only on a few units. In fact, 
process intensification allows not only a reduction in the size of the plant 
or process units, but also a decrease in the required specific energy and 
in waste formation. As a consequence, the processing capability is 
notably increased. The first feature is the clearest, and for processes at 
high pressure (>22.1 MPa) this is not hard to get. In addition, compact 
heat exchangers allow better heat transfer, so they need to be developed 
for the operating conditions of SCWG processes. Accordingly, the pro-
cess can become less expensive. In doing so, the time to market will 
probably be shorter, the process will be safer, and the environmental 
impacts will be lower, thus improving the process sustainability. Among 
the guiding principles of process intensification, molecules and clusters 
of molecules are the bricks to build novel approaches. In this way, 
molecular dynamics simulation may contribute to a better understand-
ing of the static and transport properties of supercritical fluids, as pre-
viously noted [12]. In addition, suitable catalysts may permit the 
molecules of reactants to selectively overcome the activation energy 
barrier, thus decreasing the energy required by the reactions that will 
occur in a faster way. Likewise, the driving forces may be optimized at 
all scales (micro- and macroscale) and the corresponding specific surface 
areas may be maximized (thinking about heat exchangers as both iso-
lated units and joined the reactors). Here, techniques such as micro-
fluidic devices or even the theory of chaos can help enhance the mass 
and heat transfer in reactors, separation units and heat exchangers, so 
they should be further examined in order to develop the process inten-
sification applied to SCWG processes. 

As can be observed, within process intensification, some other as-
pects have been expressly cited, such as the development of heat ex-
changers and catalysts. In fact, the author considers these to be two of 
the main bottlenecks in the current state of SCWG technology along with 

new and integrated ways for process heating. In addition, novel ap-
proaches to clarifying the kinetics may be boosted using modern tools, 
such as quantum chemistry calculations, and reaction mechanisms must 
be refined and unified. 

Another challenge is the material used to make the process units 
operating not only at high pressure and temperature, but also with 
potentially corrosive compounds. Process intensification can cushion 
this need, since a smaller size for tubular reactors makes it possible to 
reduce the wall thickness, but corrosiveness must be considered on any 
scale. In this way, the development of expanders to recover the huge 
(thermal and pressure) energy is of the utmost importance. 

With respect to thermodynamics and process simulation, some im-
provements are still required. On the one hand, more data regarding 
interaction parameters in the EoS are required and more data should be 
available in databases such as NIST or DECHEMA, to make the use of EoS 
more consistent and robust. On the other hand, regarding the process 
simulation two aspects are relevant: (1) the solid processing should be 
further developed so that wet solid biomass can be directly dealt with in 
a reaction system, based not only on the proximate and ultimate analysis 
(and sulfur analysis) but also on its composition, including handling of 
polymers, and (2) modeling and simulation are normally performed at 
steady state, but once the process is further developed and even studied 
following TEA and LCA methods, a dynamic simulation would provide 
the transient behavior of the plant and also give an idea of how the 
system may be controlled. In fact, instrumentation and process control 
should be thought and specified during the design stage of the project, as 
they may involve some local configurations for specific equipment (e.g., 
heat exchange control) and affect the controllability of the overall pro-
cess. Rahbari et al. [150] included a partial dynamic simulation focused 
on the solar resource, as it is intermittent. 

Further studies on TEA and LCA are required with novel processes 
that necessarily must incorporate mass and energy integration among 
process streams and utilities and by a suitable heat exchanger network. 
Regarding the TEA of SCWG processes, this is performed based on the 
class estimate 3 (project definition level between 1% and 15%) and class 
estimate 4 (project definition level between 10% and 40%), generally an 
intermediate, of the five accepted classifications of capital cost estimates 
found in the process industries, as Turton et al. [153] described. Thus, 
the estimates are between a concept study purpose and another one 
involving budget, authorization, or control, so the methodology is mixed 
but primarily stochastic. In any case, the class estimate depends on the 
process development, so not only new TEA studies are required, but also 
existing TEA should be revisited in order to scale up the class estimate 
and make the industrial plant more realistic with a more accurate 
techno-economic assessment, and hence a more correct LCA. 

Fig. 9. System boundary for LCA of the autothermal SCWG of pig manure [139].  
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Moreover, when designing a new process where SCWG is present, 
different technologies should be simultaneously implied and applied to a 
novel industrial process, even technologies that, a priori, could compete 
with each other. Thus, for example, the combined hydrothermal lique-
faction and catalytic hydrothermal gasification system patented by 
Elliot et al. [154]. In this regard, HTL could convert wet solid biomass 
into a liquid bio-crude that is further processed in an SCWG section to 
syngas. 

Fig. 10 shows a conceptual design to develop an overall SCWG 
process aimed at producing biofuels from sustainable feedstock, 
including a number of potential equipment to use. 

Lastly, two final remarks can be added: (1) all the required devel-
opment should be performed keeping in mind the needed sustainability 
for all of us and future generations, not only from an environmental 
point of view but also considering ethics and safety for people, and (2) 
the many research groups working on SCWG, and frequently striving to 
achieve similar targets, could work together, at least as many as 
possible, with a good organization, so the time to make this technology 
feasible for society would be shorter. 

6. Conclusions 

In this paper, the main and fundamental aspects of the SCW tech-
nology applied to sustainable biomass have been commented on and 
critically discussed. After that, biofuel production based on SCW gasi-
fication within a wider system is reviewed by considering process 
simulation, as well as techno-economic evaluation and life cycle 
assessment. In the last section, several suggestions are given relative to 
how to contribute to move forward this technology. 
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