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Abstract
Biomass is often referred to as a carbon–neutral energy source, and it has a role in reducing fossil fuel depletion. In addi-
tion, biomass can be converted efficiently into various forms of biofuels. The biomass conversion processes involve several 
thermochemical, biochemical, and hydrothermal methods for biomass treatment integration. The most common conversion 
routes to produce biofuels include pyrolysis and gasification processes. On the other hand, supercritical water gasification 
(SCWG) and hydrothermal liquefaction (HTL) are best suitable for converting biomass and waste with high moisture content. 
Despite promising efficiencies, SCWG and HTL processes introduce operational issues as obstacles to the industrialization of 
these technologies. The issues include process safety aspects due to operation conditions, plugging due to solid deposition, 
corrosion, pumpability of feedstock, catalyst sintering and deactivation, and high production costs. The methods to address 
these issues include various reactor configurations to avoid plugging and optimizing process conditions to minimize other 
issues. However, there are only a few studies investigating the operational issues as the main scope, and reviews are seldomly 
available in this regard. Therefore, further research is required to address operational problems. This study reviews the main 
operational problems in SCWG and HTL. The objective of this study is to enhance the industrialization of these processes 
by investigating the operational issues and the potential solutions, i.e., contributing to the elimination of the obstacles. A 
comprehensive study on the operational issues provides a holistic overview of the biomass conversion technologies and 
biorefinery concepts to promote the industrialization of SCWG and HTL.
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Abbreviations
BTU  British Thermal Unit
EU  European Union
HTL  Hydrothermal liquefaction
PTG  Power to gas
CaL  Calcium looping cycle
SCWG   Supercritical water gasification
CSTR  Continuous stirred-tank reactor
SCWO  Supercritical water oxidation
LCA  Life cycle assessment
AP  Aqueous phase
SCW  Supercritical water
WBL  Weak black liquor
WGS  Water gas shift

Adt  Air-dried ton
SCWR   Supercritical water reforming
ASCWR   Autothermal supercritical water reforming
GC  Gas chromatographs
WG  Wet gas meter
TWR   Transpiring-wall reactor
HHV  High heating value
SCPW  Supercritical pressurized water
EWBB  Extracted white birch bark
SCFs  Supercritical fluids
HTL-WW  High strength hydrothermal liquefaction 

wastewater
PWO   Partial wet oxidation

1 Introduction

Increasing energy demand due to the world population 
growth and rising prosperity represents a real challenge in 
current times. According to the energy perspective report 
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[1], the global energy demand will be 675 quadrillion 
BTUs in 2040, increasing about 20% compared to 2017 
levels. However, as the main source of energy, fossil fuel 
usage causes environmental problems associated with car-
bon emissions and other pollutants as well as fossil sources 
being depleted. Consequently, there is an urgent demand to 
eliminate the usage of fossil sources. Replacing fossil fuels 
with renewable resources reduces environmental effects 
due to greenhouse gas emissions [2]. Renewable energy 
consumption has increased more than 10% annually in the 
European Union (EU) countries, approximately one-fourth 
of the global renewable energy consumption. Most of the EU 
countries are setting goals to enhance renewable energy pro-
duction [3]. By 2050, the EU intends to be climate-neutral 
and emit net-zero greenhouse gases. For instance, Finland 
is among the leading countries increasing solid biomass 
and bio-waste use for energy production an average of 3.6% 
yearly since 2010 [4, 5]. According to Sikkema et al. [4], 
Baltic countries surpassed their solid biomass energy share 
goals.

Biomass is an abundant and renewable source, thus intro-
ducing the promising potential for replacing fossil sources. 
Therefore, its use would contribute to the carbon neutral-
ity of the energy sector, arising as an increasingly plausible 
alternative to fossil fuels [6–9]. However, there is a debate 
regarding sustainability and carbon-neutrality characteris-
tics when converting 1st-generation biomass, i.e., edible 
biomass compromising with the food and animal feed. Pro-
cessing 1st-generation biomass might cause carbon emis-
sions equal to or even more than fossil-based production 
when the plant growth steps are also considered [10], despite 
relatively simple processes and close-to-uniform feedstock 
[11, 12]. Therefore, it is the 2nd-generation biomass having 
the potential for the complete replacement of fossil fuels, 
i.e., non-edible biomass and waste/by-products of existing 
biomass sectors. Some examples of 2nd-generation biomass 
include wood residues from sawmills, agricultural residues, 
dedicated non-edible crops, municipal sewage sludge, black 
liquor in the pulp mills, food waste, manure, and algae. 
However, traditional waste management methods such as 
incineration, dumping, landfilling, and composting result in 
environmental pollution [13–15]. In other words, managing 
large amounts of bio-waste and waste-to-energy conversion 
technologies are challenging issues in the following years. 
Bio-waste is generated significantly and has a high potential 
for biofuel production. On the other hand, valorization of 
2nd-generation biomass requires advanced processes due to 
feedstock variety.

The 2nd-generation biomass conversion is classified as 
thermal, biological, and hydrothermal processes [16, 17]. 
The biological conversion involves enzymes or organisms 
converting biomass into biofuels, such as saccharification 
(hydrolysis of food constituents, cellulose, and hemicellulose 

into sugars) followed by fermentation to produce alcohols 
[18]. The biological conversion processes can selectively 
produce the desired product rather than generating numer-
ous intermediate compounds as in thermochemical conver-
sions. However, the biological conversion is suitable only for 
food waste, manure, sewage sludge, and food-related (e.g., 
food waste and side streams of food production plants) or 
digestion-related wastes (e.g., sewage sludge and manure). 
In contrast, processing lignocellulosic biomass is usually 
inefficient due to inhibiting impacts of lignin, thus requiring 
prior fractionation. On the other hand, perfect fractionation 
of 2nd-generation biomass might be unfeasible [19]. As for 
drawbacks from the flexibility and adaptability viewpoints, 
these processes require very long residence time (hours 
to days) and introduce issues of cell culture recovery and 
difficult process control. The thermal conversion methods 
include combustion [20], gasification [21–24], and pyrolysis 
[25–28]. However, burning biomass can also create pollution 
whereas new conversion technologies including biochemi-
cal and thermochemical methods reduce the environmental 
impacts [29]. For instance, comparing gasification and com-
bustion for electricity production from forest biomass, gasi-
fication was stated to provide higher energy efficiency and 
cleaner gas outlet regarding  NOx and  SOx content [30]. In 
addition, the  CO2 produced by biomass thermochemical con-
version could be integrated within power-to-gas (P2G) tech-
nologies and processed with chemical looping to produce 
methane [31, 32]. The gasification and pyrolysis products are 
further processed to produce various biofuels and chemicals 
[26, 33]. On other hand, the thermal processes require dry-
ing as an energy-consuming pre-treatment when processing 
biomass due to high moisture content. For instance, as stated 
by an exergy analysis of biofuels, the evaporation step is 
the main source of exergy loss in thermal processes, and 
hydrothermal processes provide higher exergy efficiency 
[34]. Instead, the hydrothermal processes use water as the 
reaction medium and avoid the evaporation or drying steps, 
thus providing higher energy efficiency when processing 
biomass [35].

The main hydrothermal processes include supercritical 
water gasification (SCWG) and hydrothermal liquefaction 
(HTL), producing syngas and bio-oil respectively. These 
processes are more energy-efficient than the thermal pro-
cesses producing the same products, i.e., pyrolysis and ther-
mal gasification, for biomass. The pyrolysis and gasification 
reactors are suitable for biomass feedstock with 10% water 
content, otherwise requiring drying as the pre-treatment [15, 
36]. SCWG becomes more efficient than the gasification pro-
cess (including the drying step) for feedstock having 30% or 
more moisture [37]. For instance, as an alternative treatment 
for black liquor to the recovery boiler treatment, gasification 
has the same issue of drying need despite the improvements 
in efficiency relative to the recovery boiler while SCWG is 
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more efficient than gasification as well [38–40]. In addi-
tion, HTL oil has less oxygen content than pyrolysis oil, thus 
requiring less hydrogen when upgrading [41].

The industrial implementation of SCWG and HTL would 
enable enhanced supply chains of biomass processing 
through the effective valorization of waste and side streams 
[42]. However, the industrialization of SCWG and HTL 
technologies is still a challenge due to operational issues. 
Some operational problems include plugging, corrosion, cat-
alyst deactivation, and high production costs as the obstacles 
to the industrialization of these processes. In addition, other 
operational constraints include process safety regarding high 
pressure and temperature and pumpability of the feedstock. 
On the other hand, despite many studies investigating the 
product yields and/or economic performances with respect 
to process conditions, the obstacles are discussed briefly as 
additional aspects. There are only a few studies investigating 
the operational issues as the main scope. Therefore, further 
research is required to address the operational obstacles for 
the industrialization of SCWG and HTL processes.

The objective of this study is to investigate the operational 
issues and the potential solutions comprehensively, i.e., con-
tributing to the definition and elimination of the obstacles 
for the industrialization of SCWG and HTL processes. After 
summarizing the current state-of-art in these processes, this 
study reviews the operational issues together with associated 
root causes and potential solutions for each issue. A compre-
hensive study on the operational issues provides a holistic 
overview of the biomass conversion technologies and biore-
finery concepts to promote the industrialization of SCWG 
and HTL. In addition, this study also discusses the future 
aspects of further investigations on the operational issues, 
process integration, and biorefinery concepts. Research on 
constraints due to operational issues provides a framework 
for integrating these processes into biorefineries and for 
evaluating the economic and environmental performances.

2  Current state‑of‑art in SCWG and HTL 
processes

The physical properties of water play a crucial role in 
hydrothermal processes as water is the reaction medium 
[43, 44]. The state of water is pointed as sub-critical and 
supercritical regions from the hydrothermal conversion 
viewpoint: a critical point of 374 °C and 22.1 MPa. There 
are essential changes in the properties of water with tem-
perature and pressure in both regions [44, 45]. The vis-
cosity decreases with temperature. The density decreases 
gradually with the temperature at the sub-critical region 
and very sharply around the critical point while decreasing 
very slightly at the supercritical region. The dielectric con-
stant also decreases with the temperature at the sub-critical 

region while decreasing sharply around critical temperature 
and remaining almost constant with the temperature at the 
supercritical region [44]. In addition, the stability and num-
ber of hydrogen bonds decrease with temperature as well 
[44]. Consequently, the solvent behavior of water becomes 
like a non-polar organic solvent at the supercritical region, 
despite individual water molecules still being polar [44]. In 
other words, water becomes an effective solvent for organics 
and gases at the supercritical region while the solubility of 
inorganic salts drops to parts per million scales. In contrast, 
the dissociation constant (or ionic product) increases with 
temperature at the sub-critical region from  10−14 at 25 °C to 
around  10−11 at close to critical temperature under a pres-
sure of 250 bars [46]. However, the dissociation constant 
decreases very sharply with temperature around the critical 
point and slightly at the supercritical region, e.g., down to 
lower than  10−24 at 600 °C [46].

Water properties and operating conditions influence 
the product distribution and reaction mechanism. At HTL 
conditions (300–350 °C, 40–250 bars, and residence time 
of 15–60 min), biomass decomposition results in 30–40% 
bio-oil yield (dry basis by weight) as the main product 
while generating oxygenated organics in aqueous phase and 
char as the by-products. Meanwhile, in SCWG conditions 
(500–700 °C, 250 bars, and 1–5 min), biomass is decom-
posed further into gases, thus syngas being the main prod-
uct. Char is a major by-product of SCWG, and the aqueous 
phase includes oxygenated organics in minor amounts. The 
biomass decomposition occurs through an ionic mechanism 
under HTL conditions because of the high ionic product of 
water. This provides an ideal condition for acid- or base-
catalyzed reactions. In contrast, the SCWG conditions lead 
to radical mechanisms and faster decomposition due to the 
very low ionic product of water and higher temperature. 
Water acts as a reagent, solvent, and source of free radicals 
and hydrogen during this process [43, 47].

The hydrothermal decomposition of biomass occurs in 
five main steps: hydrolysis/depolymerization of polymeric 
substances, decomposition of monomers into intermediate 
compounds, gasification of those intermediates, equilib-
rium reactions among gases, and the reactions of char and 
salts. For instance, the depolymerization of lignocellulosic 
biomass results in phenolic compounds as lignin fragments 
and sugars as monomers of cellulose and hemicellulose. 
Hydrolysis of starch also results in glucose. In addition, 
glucose forms fructose through isomerization reaction [48, 
49]. After the depolymerization step, the monomers gen-
erate lighter compounds such as carboxylic acids, furans, 
aldehydes, phenols, and alcohols through decomposition or 
dealkylation reactions. Then, the gases are formed through 
reforming reactions including steam reforming and decar-
boxylation. The main equilibrium reactions are methanation 
and water–gas-shift (WGS) reactions among the gases. The 
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reactions of solid substances include char gasification and 
repolymerization of phenolics [50, 51]. The repolymeriza-
tion reactions generate mainly char at SCWG conditions 
whereas bio-oil is the main product of repolymerization at 
the temperature of HTL [52]. The overall decomposition 
schemes were illustrated for lignin [50] and cellulose [53], 
including both hydrothermal and thermal decomposition 
routes, and the main reactions were also illustrated in detail 
[54]. The product distribution is determined by the process 
conditions including temperature, residence time, catalyst, 
reactor material, biomass constituents, and biomass concen-
tration at the reactor inlet. Meanwhile, pressure does not 
have a major impact on the product yields [55, 56].

Temperature is the main condition influencing the reac-
tion kinetics, thus determining the product yields and qual-
ity. The bio-oil yield increases with temperature, at tempera-
tures below 300 °C since the biomass decomposition is slow 
and/or incomplete [52]. However, high temperatures around 
400 °C cause decomposition of bio-oil, and higher tempera-
tures cause the formation of char through repolymerization 
instead of oil [52, 57]. Consequently, the temperature range 
of HTL is 300–350 °C, high temperature in the sub-critical 
region, as observed in HTL studies with various feedstocks 
[52, 57–59]. The gasification efficiency and total gas yields 
also increase with temperature in SCWG processes while 
the individual gas yields depend also on the other condi-
tions and biomass type. For instance, temperature promotes 
the yields of hydrogen, methane, and carbon dioxide while 
carbon monoxide yield decreases with temperature, as 
experimented with sucrose and isoeugenol in stainless steel 
reactor at 500–700 °C [40]. Temperature also determines 
the rate-limiting step of biomass conversion. The hydrolysis 
rate becomes much faster than the further decomposition of 
monomers at supercritical water conditions while the hydrol-
ysis step is slower and rate-limiting step at sub-critical water 
conditions [49, 60].

Catalyst is another important parameter influencing the 
product yields by promoting various decomposition steps: 
improving the yields and enabling lower temperatures for 
feasible operations. The main catalyst types include alkali 

metals, transition metals, activated carbon, and metal oxides 
as conventional catalysts used for SCWG and HTL pro-
cesses [61–63]. Activated carbon is an effective catalyst for 
water–gas shift and methanation reactions [47]. Alkali met-
als promote the ionic reactions and hydrolysis step at the 
HTL conditions while promoting the gasification and WGS 
reactions at SCWG conditions [47, 64]. For instance, WGS 
reaction may not reach equilibrium in SCWG processes in 
the absence of alkali metals, thus gas products containing a 
significant amount of carbon monoxide, while alkali metals 
promote WGS reaction towards hydrogen and carbon diox-
ide formation at high temperature when there is excess water 
[40]. The alkali salts have influence on hydrogen yields as 
NaOH > KOH > Ca(OH)2 >  K2CO3 >  Na2CO3 >  NaHCO3 
[65]. These alkali salts are used in HTL processes as well as 
LiOH, CsOH, and RbOH [66]. For instance, the presence 
of KOH increased bio-oil yield by around 40% (by weight) 
while the yield was 18% without catalyst in HTL of birch 
sawdust [63]. The solid residue was also decreased from 33 
to 12% in the presence of KOH catalyst [63]. In addition, 
alkali metals inhibit char and tar formation as well by inhib-
iting the easily-polymerizing unsaturated compounds [64]. 
Transition metals promote also the gasification reactions 
and are active at lower temperatures as well, thus enabling 
catalytic SCWG process at 400–500 °C [67, 68]. Transition 
metals can also improve hydrogen selectivity and conversion 
rate as well as catalyze methanation and steam reforming 
reactions [47]. Among the transition metals, nickel has a 
low cost while ruthenium has higher activity and stability 
[47]. In addition, the reactor wall also has a catalytic impact 
on biomass decomposition. For instance, the Inconel reactor 
promotes gasification reactions at high temperatures (600 °C 
or above) more than stainless steel in the case of SCWG of 
black liquor [40] while stainless steel is more catalytic than 
Inconel at 500 °C [69]. Similarly, the yields are influenced 
by the surface-to-volume ratio of the Inconel reactor: higher 
surface area with a constant volume resulting in higher 
yields [70]. Table 1 shows some heterogeneous catalysts 
used in SCWG processes together with catalyst properties 
and hydrogen yields.

Table 1  Heterogeneous 
catalysts in the SCWG process 
[71, 72]

Catalyst Catalyst size 
(µm/nm)

BET surface area 
 (m2/g)

Total pore volume 
(mL/g)

Hydrogen yield

Ni/TiO2 8.3 nm 32 0.1 0.7 mol  H2/mol C reacted
Ni/ZrO2 9.6 nm 43 0.2 1 mol  H2/mol C reacted
Ru/TiO2 8.4 nm 37 0.2 0.8 mol  H2/mol C reacted
Ru/ZrO2 9.8 nm 51 0.3 0 mol  H2/mol C reacted
Ni/α-Al2O3 118 µm 8 - 46 mol  H2/kg feed
MgO 43.1 nm 44.9 0.6 2.7  H2/CO2 mole ratio
Co/TiO2 7.7 nm 32 0.1 0.6 mol  H2/mol C reacted
Co/ZrO2 9.3 nm 42 0.2 0.7 mol  H2/mol C reacted
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Residence time and biomass concentration at the reactor 
inlet have also a significant impact on product yields. The 
product yields typically increase with the residence time 
and decrease with the concentration, depending on the 
investigated range. For instance, the impact of residence 
time is insignificant at the 5–12-s range in SCWG of black 
liquor while further increase up to 120 s improves the 
yields [56]. However, the increases in the yields become 
smoother with increasing residence time at a very long 
residence time. In addition, long residence time at high 
temperatures causes char formation through repolymeri-
zation in SCWG processes [50]. Moreover, a very dilute 
reactor inlet (less than 10% by weight) results in a majority 
of the carbon in feedstock being converted to the aqueous 
organics in HTL processes [64].

The constituents in the feedstock play an important 
role in the impacts of process conditions on the reactions 
and product distribution. Cellulose, starch, and hemicel-
lulose start to decompose already at 180–200 °C [64]. In 
contrast, proteins decompose very slowly at temperatures 
less than 230 °C due to peptide bonds being more stable 
than cellulose glycosidic bonds [64]. Moreover, lignin is 
the least reactive constituent of biomass, decomposing at 
280–300 °C [41, 73]. At 240 °C or above, the degrada-
tion of sugars is faster than hydrolysis, i.e., generating 
the intermediate organics [49, 64]. In addition, lignin is 
stated as the main source of char formation through the 
repolymerization of phenolics in SCWG processes [74]. 
From the phenomena and kinetic modeling viewpoints, 
it is worth noting that the reaction mechanism and kinet-
ics were investigated through both model compounds and 
real biomass. Tables 2 and 3 compile some examples of 
literature studies on SCWG and HTL processes of various 
biomass together with the concluding remarks. It is cru-
cial to understand the interactions among the constituents 
when processing real biomass. However, despite the over-
all understanding of reaction mechanisms and the impacts 
of process conditions, kinetic modeling of hydrothermal 
biomass conversion involves difficulties due to multiple 
constituents interacting with each other (e.g., carbohy-
drates being hydrogen donor for lignin decomposition 
[75, 76]), extractives, and minerals affecting the product 
yields, very complex phenomena, and numerous interme-
diate compounds [43, 77]. Therefore, when assessing the 
techno-economic feasibility, experimental investigations 
are specifically needed for product yields with respect 
to various combinations of process conditions and each 
biomass type or mixtures of biomass types occurring as 
feedstocks. For instance, hydrothermal co-liquefaction was 
investigated to reduce nitrogen content in bio-oil in the 
case of nitrogen-containing feedstock (e.g., sewage sludge, 
manure, or food waste), resulting in improved yields and 
less nitrogen compared to a single feedstock [78, 79]. In 

contrast, mixing plastic and food wastes had a negative 
impact on energy efficiency in the SCWG process [80].

The experiments on SCWG and HTL are conducted in 
batch and continuous modes. The batch experiments pro-
vide simplicity for investigating the impacts of conditions 
on product yields: easier to conduct with less operational 
concerns of reactor plugging and pressurizing and pumping 
the feedstock [90]. For instance, some batch investigations 
involve an autoclave reactor with a volume of 500 mL [91], 
a stainless-steel vessel with a volume of 100 mL [92], a 
Hastelloy reactor with a volume of 200 mL [80]. However, 
despite being simple and suitable for qualitative analysis, 
the batch reactors involve techno-economic issues regarding 
scaling up to industrial applications [93]. Using catalysts in a 
batch reactor is limited due to the lack of mass transfer [94]. 
Moreover, the heating rate for reaching the reaction tempera-
ture strongly influences the product yields and reaction rates, 
especially when investigating short residence times. In addi-
tion, the process conditions do not remain constant during 
the operation, thus introducing difficulties in distinguishing 
the impacts of each condition [69]. For example, pressure 
increases with temperature besides the influence of heating 
rate. Consequently, it is not accurate to make quantitative 
comparisons between the yields in batch and continuous 
operations. Continuous operations are techno-economically 
more efficient for industrial applications provided that the 
operational issues are addressed effectively.

The optimum conditions are determined based on the 
compromise between the yields and costs, from the techno-
economic assessment viewpoint. The reactor inlet concentra-
tion determines the equipment size and energy requirement 
for high pressure and high temperature while affecting the 
product yields as well. Dilute inlets cause higher energy 
demand and larger equipment despite improving the yields. 
Temperature also affects the energy demand while improv-
ing the process. Nevertheless, the increasing temperature 
usually improves the energy efficiency of the process 
because of enhanced yields and heat integration. The resi-
dence time and reactor material have a direct impact on the 
reactor cost. Increasing the residence time causes higher 
reactor costs while improving the yields as well. However, 
after some optimum values, increasing the residence time 
further increases the reactor costs more intensively than 
improving the product yields. The alkali addition can be 
conducted as a homogeneous catalyst dissolved in the reac-
tion mixture; however, despite improving the bio-oil yield, 
homogeneous catalysts introduce separation and recovery 
challenges [88]. Instead, heterogeneous catalysts are suit-
able for bio-oil production because of easy recovery, non-
corrosivity, and higher thermal stability [88]. The pressure 
is maintained above the vapor pressure at the reaction tem-
perature in HTL processes. On the other hand, high pressure 
causes a need for tough equipment, e.g., thicker reactors 



 Biomass Conversion and Biorefinery

1 3

Ta
bl

e 
2 

 S
om

e 
SC

W
G

 st
ud

ie
s i

n 
th

e 
lit

er
at

ur
e

Re
f

Re
se

ar
ch

 q
ue

sti
on

Fe
ed

sto
ck

Re
su

lts
/fi

nd
in

gs

[4
3]

Pe
rfo

rm
an

ce
 a

nd
 in

te
ra

ct
io

n 
of

 b
io

m
as

s i
n 

SC
W

 a
nd

 te
ch

ni
-

ca
l c

ha
lle

ng
es

B
io

m
as

s m
od

el
 c

om
po

un
ds

B
in

ar
y 

or
 m

ul
ti-

co
m

po
ne

nt
 sy

ste
m

s
U

nd
er

st
an

di
ng

 th
e 

in
te

ra
ct

io
ns

 w
ith

in
 m

ul
tic

om
po

ne
nt

 
sy

ste
m

s
[7

7]
Re

ce
nt

 d
ev

el
op

m
en

t i
n 

th
e 

SC
W

G
 p

ro
ce

ss
Th

e 
co

m
po

ne
nt

s o
f b

io
m

as
s (

ca
rb

oh
yd

ra
te

s, 
lig

ni
n,

 a
sh

, 
pr

ot
ei

ns
, a

nd
 li

pi
ds

) a
nd

 re
al

 b
io

m
as

s
R

is
k 

an
al

ys
is

/c
at

ch
in

g 
sa

lts
 a

nd
 sa

lt 
se

pa
ra

tio
n 

to
 a

vo
id

 re
ac

-
to

r p
lu

gg
in

g/
in

te
gr

at
io

n 
of

 S
C

W
G

 in
 a

 b
io

re
fin

er
y

[8
1]

D
eg

ra
da

tio
n 

ro
ut

s o
f b

io
m

as
s m

od
el

 c
om

po
un

ds
B

io
m

as
s m

od
el

 c
om

po
un

ds
 su

ch
 a

s c
el

lu
lo

se
 a

nd
 li

gn
in

C
ha

ng
es

 re
ac

to
r c

on
fig

ur
at

io
ns

 to
 o

ve
rc

om
e 

pl
ug

gi
ng

/s
ep

ar
a-

tio
n 

of
 c

or
ro

si
ve

 in
gr

ed
ie

nt
s

[4
7]

Re
se

ar
ch

 o
n 

ca
ta

ly
tic

 S
C

W
G

 a
nd

 p
hy

si
co

ch
em

ic
al

 p
ro

pe
r-

tie
s o

f w
at

er
 in

 su
b 

an
d 

su
pe

rc
rit

ic
al

 c
on

di
tio

ns
G

lu
co

se
, g

ly
ce

ro
l, 

lig
ni

n,
 p

he
no

l, 
lig

ni
n 

an
d 

4-
pr

op
yl

 p
he

-
no

l, 
m

et
ha

no
l, 

gl
yc

er
ol

, g
lu

co
se

 a
nd

 w
oo

d,
 a

nd
 c

el
lu

lo
se

C
at

al
ys

ts
 in

cr
ea

se
 h

yd
ro

ge
n 

se
le

ct
iv

ity
 a

nd
 c

on
ve

rs
io

n 
ra

te
/

m
or

e 
re

se
ar

ch
 a

bo
ut

 st
ab

le
 a

nd
 e

ffi
ci

en
t c

at
al

ys
ts

 w
as

 su
g-

ge
ste

d
[8

2]
Su

m
m

ar
iz

ed
 c

at
al

yt
ic

 h
yd

ro
th

er
m

al
 g

as
ifi

ca
tio

n 
fin

di
ng

s i
n 

th
e 

la
st 

tw
o 

de
ca

de
s

Li
gn

oc
el

lu
lo

si
c 

bi
om

as
s f

ro
m

 d
iff

er
en

t s
ou

rc
es

, s
ew

ag
e 

sl
ud

ge
, c

hi
ck

en
 m

an
ur

e,
 fo

od
 w

as
te

s, 
al

ga
e,

 a
nd

 fe
rm

en
ta

-
tio

n 
re

si
du

e

Su
lfu

r a
nd

 in
or

ga
ni

cs
 in

 b
io

m
as

s d
ea

ct
iv

at
e 

ca
ta

ly
sts

/m
od

er
-

at
e 

te
m

pe
ra

tu
re

s a
nd

 lo
ng

 re
si

de
nc

e 
tim

e 
in

cr
ea

se
d 

ta
r/h

ig
h 

he
at

in
g 

ra
te

s r
ed

uc
e 

ch
ar

/c
ap

ill
ar

y 
qu

ar
tz

 re
ac

to
rs

 a
re

 c
he

ap
 

an
d 

sa
fe

 in
 h

ig
h 

pr
es

su
re

s
[8

3]
Re

vi
ew

ed
 e

co
no

m
ic

 c
os

ts
, l

ife
 c

yc
le

 a
ss

es
sm

en
t (

LC
A

), 
en

er
gy

 a
nd

 e
xe

rg
y 

effi
ci

en
ci

es
, a

nd
 th

er
m

od
yn

am
ic

 e
qu

i-
lib

riu
m

 in
 S

C
W

G
 

Se
w

ag
e 

sl
ud

ge
, a

lg
al

 b
io

m
as

s, 
an

d 
bl

ac
k 

liq
uo

r
Th

e 
yi

el
d 

of
  H

2 a
nd

  C
O

2 i
nc

re
as

ed
 w

ith
 te

m
pe

ra
tu

re
 a

nd
 

de
cr

ea
se

d 
w

ith
 c

on
ce

nt
ra

tio
n 

an
d 

ox
yg

en
 a

dd
iti

on
/m

aj
or

 
ex

er
gy

 d
es

tru
ct

io
n 

is
 in

 th
e 

re
ac

to
r, 

he
at

 e
xc

ha
ng

er
, a

nd
 

pr
eh

ea
te

r/h
yd

ro
ge

n 
pr

od
uc

tio
n 

co
sts

 a
re

 lo
w

er
 in

 th
e 

SC
W

G
 

[8
4]

Th
e 

m
ai

n 
ch

em
ic

al
 re

ac
tio

ns
 o

f o
rg

an
ic

 c
om

po
un

ds
 in

 
su

pe
rc

rit
ic

al
 w

at
er

 a
nd

 th
e 

in
te

rm
ed

ia
te

 p
ro

du
ct

s i
n 

th
e 

SC
W

G
 a

nd
 S

C
W

O
 p

ro
ce

ss
es

H
yd

ro
ca

rb
on

s, 
pr

ot
ei

ns
, c

el
lu

lo
se

, l
ig

ni
n,

 p
he

no
ls

, a
lc

oh
ol

s, 
al

de
hy

de
s, 

ke
to

ne
s, 

or
ga

ni
c 

ac
id

s, 
an

d 
so

m
e 

N
-, 

C
l-,

 B
r-,

 
F-

, S
- a

nd
 P

-c
on

ta
in

in
g 

or
ga

ni
c 

m
at

te
rs

Th
ey

 re
co

m
m

en
de

d 
th

e 
re

m
ov

al
 o

f h
et

er
oa

to
m

s f
or

 o
rg

an
ic

 
co

m
po

un
ds

 c
on

ta
in

in
g 

C
l, 

B
r, 

F,
 S

, a
nd

 P
 to

 a
vo

id
 p

ol
lu

tio
n 

ris
ks

[8
5]

Re
vi

ew
ed

 th
e 

ro
le

 o
f w

at
er

 in
 c

on
ve

rti
ng

 b
io

m
as

s f
ee

ds
to

ck
 

to
 sy

ng
as

Pe
tro

ch
em

ic
al

 w
as

te
, m

ix
ed

 p
la

sti
cs

, f
oo

d 
w

as
te

, s
ew

ag
e 

sl
ud

ge
, u

se
d 

tir
es

, a
ni

m
al

 m
an

ur
e,

 in
du

str
ia

l e
ffl

ue
nt

s, 
an

d 
m

un
ic

ip
al

 so
lid

 w
as

te

H
ig

h 
pr

es
su

re
 a

nd
 te

m
pe

ra
tu

re
 in

cr
ea

se
 c

or
ro

si
on

/h
et

er
og

en
e-

ou
s a

nd
 h

om
og

en
eo

us
 c

at
al

ys
ts

 a
re

 e
ffe

ct
iv

e,
 d

ea
ct

iv
at

io
n,

 
si

nt
er

in
g,

 a
nd

 re
co

ve
ry

 a
re

 st
ill

 c
ha

lle
ng

es
/b

io
re

fin
er

y 
co

nc
ep

t t
o 

re
du

ce
 th

e 
co

sts
[8

6]
Re

vi
ew

ed
 th

e 
op

er
at

io
na

l p
ar

am
et

er
s, 

in
cl

ud
in

g 
re

ac
tio

n 
te

m
pe

ra
tu

re
, p

re
ss

ur
e,

 re
si

de
nc

e 
tim

e,
 fe

ed
 c

on
ce

nt
ra

tio
n,

 
an

d 
ca

ta
ly

sts
 a

ffe
ct

in
g 

hy
dr

og
en

 p
ro

du
ct

io
n 

in
 th

e 
SC

W
G

 

W
as

te
w

at
er

 sl
ud

ge
Th

e 
hi

gh
 c

os
ts

 h
in

de
r i

nd
us

tri
al

iz
at

io
n/

us
in

g 
a 

no
nc

on
ve

n-
tio

na
l h

ea
tin

g 
so

ur
ce

 su
ch

 a
s s

ol
ar

 e
ne

rg
y/

cl
og

gi
ng

/p
lu

g-
gi

ng
, c

or
ro

si
on

, r
ea

ct
or

 d
es

ig
n,

 a
nd

 u
ns

ui
ta

bl
e 

m
at

er
ia

l 
se

le
ct

io
n 

ar
e 

co
ns

id
er

ed
 o

th
er

 p
ro

bl
em

s
[8

7]
N

ew
 g

as
ifi

ca
tio

n 
te

ch
no

lo
gi

es
 su

ch
 a

s p
la

sm
a 

ga
si

fic
at

io
n,

 
m

el
tin

g 
ga

si
fic

at
io

n,
 fl

ui
di

ze
d 

be
d 

ga
si

fic
at

io
n,

 S
C

W
G

, 
an

d 
m

ic
ro

w
av

e

Li
gn

oc
el

lu
lo

si
c 

bi
om

as
s a

nd
 re

si
du

al
 w

as
te

s
Th

e 
pr

ef
er

re
d 

te
ch

no
lo

gy
 fo

r g
as

ifi
ca

tio
n 

is
 th

e 
flu

id
iz

ed
 b

ed
 

be
ca

us
e 

of
 it

s fl
ex

ib
ili

ty
 a

nd
 la

rg
e 

pr
oc

es
si

ng
 c

ap
ac

ity



Biomass Conversion and Biorefinery 

1 3

Ta
bl

e 
3 

 S
om

e 
H

TL
 st

ud
ie

s i
n 

th
e 

lit
er

at
ur

e

Re
f

Re
se

ar
ch

 q
ue

sti
on

Fe
ed

sto
ck

Re
su

lt

[8
8]

Th
e 

eff
ec

t o
f h

et
er

og
en

eo
us

 c
at

al
ys

ts
 in

 h
yd

ro
th

er
m

al
 li

qu
e-

fa
ct

io
n 

an
d 

bi
o-

cr
ud

e 
yi

el
d 

an
d 

qu
al

ity
Li

gn
oc

el
lu

lo
si

c 
bi

om
as

s
H

om
og

en
eo

us
 c

at
al

ys
ts

 in
cr

ea
se

 th
e 

bi
o-

cr
ud

e 
yi

el
d 

an
d 

qu
al

ity
, b

ut
 th

e 
ex

pe
ns

iv
e 

re
co

ve
ry

 a
nd

 c
or

ro
si

on
 a

re
 st

ill
 

ch
al

le
ng

in
g/

he
te

ro
ge

ne
ou

s c
at

al
ys

ts
 a

re
 su

ita
bl

e 
fo

r t
he

 b
io

-
cr

ud
e 

pr
od

uc
tio

n 
pr

oc
es

s b
ec

au
se

 o
f t

he
ir 

ea
sy

 re
co

ve
ry

, 
no

n-
co

rr
os

iv
ity

, a
nd

 h
ig

he
r t

he
rm

al
 st

ab
ili

ty
[7

8]
Su

m
m

ar
iz

ed
 h

yd
ro

th
er

m
al

 c
o-

liq
ue

fa
ct

io
n 

of
 d

iff
er

en
t 

bi
om

as
s f

ee
ds

to
ck

 a
nd

 th
e 

eff
ec

t o
f c

o-
liq

ue
fa

ct
io

n 
on

 
bi

o-
cr

ud
e 

yi
el

d

M
ic

ro
al

ga
e,

 m
ac

ro
al

ga
e,

 li
gn

oc
el

lu
lo

se
, m

un
ic

ip
al

 sl
ud

ge
, 

fo
od

 p
ro

ce
ss

in
g 

w
as

te
, c

ru
de

 g
ly

ce
ro

l, 
pl

as
tic

s w
as

te
, e

tc
M

od
el

in
g 

is
 a

 u
se

fu
l w

ay
 to

 in
ve

sti
ga

te
 th

e 
co

-li
qu

ef
ac

tio
n 

eff
ec

t a
nd

 o
pt

im
iz

e 
fe

ed
sto

ck
 b

le
nd

in
g/

hy
dr

ot
he

rm
al

 
co

-li
qu

ef
ac

tio
n 

ha
s m

or
e 

ad
va

nt
ag

es
 th

an
 h

yd
ro

th
er

m
al

 
liq

ue
fa

ct
io

n 
of

 in
di

vi
du

al
 fe

ed
sto

ck
/d

en
itr

og
en

at
io

n 
is

 a
n 

im
po

rta
nt

 is
su

e 
in

 H
TL

 a
nd

 b
io

-c
ru

de
 u

pg
ra

di
ng

[7
9]

In
ve

sti
ga

te
d 

th
e 

eff
ec

t o
f b

io
m

as
s f

ee
ds

to
ck

 c
ha

ra
ct

er
ist

ic
s, 

hy
dr

ot
he

rm
al

 li
qu

ef
ac

tio
n 

pr
oc

es
s p

ar
am

et
er

s, 
an

d 
ca

ta
-

ly
sts

 o
n 

ni
tro

ge
n 

co
nt

en
t i

n 
bi

o-
cr

ud
e 

oi
l

M
ic

ro
al

ga
e,

 m
ac

ro
al

ga
e,

 sl
ud

ge
, m

an
ur

e,
 a

nd
 fo

od
 w

as
te

U
si

ng
 b

io
m

as
s f

ee
ds

to
ck

 w
ith

 lo
w

er
 c

ar
bo

hy
dr

at
e 

co
nt

en
t 

re
du

ce
s t

he
 n

itr
og

en
 c

on
te

nt
/c

o-
H

TL
 o

f b
io

m
as

s w
ith

 
hi

gh
er

 li
pi

d 
co

nt
en

t a
ls

o 
re

su
lts

 in
 lo

w
er

 n
itr

og
en

 c
on

te
nt

 
in

 b
io

-c
ru

de
/th

er
m

al
 h

yd
ro

ly
si

s p
re

tre
at

m
en

t c
an

 d
ec

re
as

e 
pr

ot
ei

n 
an

d 
ca

rb
oh

yd
ra

te
[8

9]
St

ud
ie

d 
th

e 
eff

ec
t o

f t
he

 a
qu

eo
us

 p
ha

se
 (A

P)
 re

ci
rc

ul
at

io
n 

on
 

th
e 

hy
dr

ot
he

rm
al

 li
qu

ef
ac

tio
n 

pr
oc

es
s a

nd
 h

ow
 it

 a
ffe

ct
ed

 
bi

o-
cr

ud
e 

oi
l y

ie
ld

 a
nd

 p
ro

pe
rti

es

S.
 p

la
te

ns
is

, C
. v

ul
ga

ri
s, 

E.
 p

ro
lif

er
a,

 G
. g

ra
ci

lis
, C

. g
lo

m
-

er
at

a,
 C

. p
yr

en
oi

do
sa

, D
D

G
S,

 se
w

ag
e 

sl
ud

ge
, b

la
ck

cu
r-

ra
nt

 p
om

ac
e,

 a
sp

en
 w

oo
d,

 a
nd

 b
ar

el
y 

str
aw

In
 H

TL
, A

P 
di

sp
os

al
 sh

ou
ld

 b
e 

im
pr

ov
ed

 to
 in

cr
ea

se
 th

e 
fe

a-
si

bi
lit

y 
of

 th
e 

hy
dr

ot
he

rm
al

 p
ro

ce
ss

/th
ro

ug
h 

aq
ue

ou
s p

ha
se

 
re

ci
rc

ul
at

io
n 

in
 th

e 
H

TL
 p

ro
ce

ss
, b

io
-c

ru
de

 y
ie

ld
 c

an
 b

e 
in

cr
ea

se
d 

co
ns

id
er

ab
ly

 b
y 

or
ga

ni
c 

ac
id

s a
nd

 N
-c

on
ta

in
in

g 
co

m
po

un
ds

 in
 A

P



 Biomass Conversion and Biorefinery

1 3

and other process units as well as more energy required in 
feed pumps. Similarly, the pressure is maintained slightly 
above the critical pressure of water in SCWG processes, e.g., 
25 MPa. Consequently, the promising conditions for HTL 
involve temperature of 300–350 °C, pressures of 4–20 MPa, 
reactor inlet concentration of 20–30% by weight, and resi-
dence times of 15–30 min. Meanwhile, the promising con-
ditions for SCWG involve temperature of 600–750 °C (or 
400–600 °C possible with transition metal catalysts), pres-
sures of 23–25 MPa, reactor inlet concentration of 5–10% 
by weight, and residence times of 1–5 min.

The techno-economic assessments indicate SCWG and 
HTL processes being promising for industrial applications 
among the biomass conversion processes while still resulting 
in more expensive costs compared to fossil-based processes. 
For instance, SCWG is more beneficial than thermal gasifi-
cation as an alternative treatment for black liquor [38]. The 
minimum selling price of hydrogen was calculated as low as 
1.46 €/kg (price in 2018) in a preliminary feasibility study 
of integrating SCWG of black liquor in a pulp mill, based 
on the yields of lab-scale experiments [95]. Another study 
showed that integrating SCWG to a pulp mill can reduce 
the minimum selling price of air-dried pulp up to 22% [96]. 
In addition, the minimum selling price of hydrogen was 
calculated as 1.94 $/kg (price in 2019) for a stand-alone 
SCWG process converting soybean straw [97]. SCWG pro-
cess provides a competitive minimum selling price of hydro-
gen compared to other renewable processes (such as water 
electrolysis and thermochemical water-splitting cycles) and 
has potential for further improvements [83]. Similarly, the 
HTL process provides liquid fuel production with more effi-
cient economic performance than pyrolysis. For instance, in 
a detailed report conducted in 2014, the biocrude oil costs 
were calculated as 16 $/GJ (0.23 $/ton) for pyrolysis while 
the cost was 14.5 $/GJ (0.45 $/ton) for HTL in case of pro-
cessing forest residue [98]. Despite higher prices per mass, 
HTL provides cheaper prices in terms of energy content in 
the bio-oil. This results from HTL oil having significantly 
less oxygen content than pyrolysis oil [41]. The difference 
in oxygen content influences the upgrading process as well: 
HTL oil requires less hydrogen than pyrolysis oil. Conse-
quently, the prices of liquid fuel were reported as 26.3 $/

GJ or 3.09 $/gallon gasoline-equivalent (1.1 $/ton) for the 
pyrolysis process and as 16.9 $/GJ or 2.00 $/gallon gasoline-
equivalent (0.71 $/ton) for the pyrolysis process [98]. On the 
other hand, SCWG and HTL processes are not competitive 
yet compared to fossil-based productions. For instance, the 
production of hydrogen through SCWG can cost three times 
of hydrogen production through methane steam reforming of 
natural gas [99]. Similarly, the liquid fuel production through 
HTL was also reported to be uncompetitive compared to 
petroleum-based gasoline [100]. Currently, SCWG and HTL 
technologies are available on pilot scale to investigate the 
possibilities for improving the economic performances and 
for addressing the operational issues [68, 101–104].

The industrialization of SCWG and HTL processes 
requires addressing the operational issues as well as 
improvements in economic performance. These processes 
introduce operational issues due to extraordinary pressure 
and temperature conditions causing changes in water prop-
erties. The main operational issues include process safety 
matters due to extraordinary conditions, plugging, corro-
sion, pumpability of feedstock, and catalyst deactivation. 
These issues can reduce the techno-economic performances 
calculated in the feasibility studies for industrial capacities: 
reducing the product yields over time (e.g., due to catalyst 
deactivation), increasing the maintenance costs (e.g., corro-
sion and plugging), and introducing constraints to the con-
ditions when optimizing the processes (e.g., reactor inlet 
concentration limited by pumpability limits).

3  Operational issues of SCWG and HTL 
processes

The operational issues hinder the industrialization of SCWG 
and HTL in a continuous mode through various effects on 
the processes, such as causing process safety issues, reduc-
ing the economic performance, or even ceasing the opera-
tion. Therefore, these issues can be addressed by investi-
gating the root causes of each, the impacts on the process, 
and the possible solutions together. This article reviews the 
operational issues through a roadmap shown in Fig. 1. The 
main operational issues include the following:

Fig. 1  Article structure and 
parameters studied. (Top) 
Supercritical water gasification 
operational issues. (Bottom) 
Hydrothermal liquefaction 
operational issues
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• Process safety matters due to mechanical stress on the 
reactor

• Plugging due to solid deposition versus reactor configura-
tion

• Corrosion due to inorganic content and water dissociation
• Pumpability of feedstock versus concentration
• Catalyst deactivation versus catalyst types
• Production costs versus biorefinery concepts
• Product quality and further upgrading/synthesis

3.1  Process safety versus operation conditions

High temperature and pressure may cause accidents during 
the operation due to changes in the properties of the reactor 
and pipeline material. The possible accidents include frac-
ture, rupture, or burst of a pipeline or the reactor. Therefore, 
the mechanical properties become essential for a long-term 
operation at high pressure and temperature. The burst pres-
sure is calculated based on the ultimate tensile strength of 
the material and the ratio of outer diameter to the wall thick-
ness [105]. However, the burst pressure is usually calculated 
for a flawless material and reduces with fatigue, corrosion, 
and fractures on the microstructure of the material [106]. As 
a rule of thumb, it is suggested to operate under the pres-
sure one-fourth of the calculated burst pressure [107]. For 
instance, the outer diameter-to-wall thickness ratio of stain-
less steel can be a maximum of around 12 for operating at 
250 bars, according to the correlation derived by Oh et al. 
(2020) [105] and using working pressure as four times the 
calculated burst pressure. The ultimate strength of stainless 
steel was reported as 565 MPa while that of Inconel 625 
is 714–1103 MPa [105, 108]. In addition, there is a need 
for pressure-relieving devices as a safety precaution, and 
the reliability of those devices becomes an issue for fluids 
containing also solid at high temperature and pressure [109]. 
Furthermore, the thermal stability of the materials is also an 
important parameter for long-term operations. Inconel mate-
rial has good thermal stability at temperatures over 1000 °C. 
On the other hand, stainless steel 316L was reported to be 
stable up to 650 °C regarding ductility, yield strength micro-
structure [110], despite experimental studies of SCWG con-
ducted in stainless steel 316L reactor at 700–750 °C [39]. 
Nevertheless, the thermal stability of other stainless steel 
types has been improved enabling the usage at temperatures 
up to 1150 °C through adjusting ferric and chromium con-
tents [111].

Besides high temperature and pressure, the sudden vari-
ation of these two conditions can provoke disastrous effects 
as observed in the lab-scale experiments [106, 112]. The 
variations of temperature and pressure result from sudden 
mass injection into SCW conditions and partial plugging due 
to solid deposition in the reactor. A sudden mass injection 
into the reactor at supercritical conditions results in a fast 

expansion, which stresses the reactor metal [106]. Moreover, 
the fast injection of mass could also provoke a contraction 
of the reactor walls, which would also concern the locking 
system, as demonstrated in Fig. 2. At that high pressure, any 
variation of the metal properties might cause the reactor to 
release a quantity of material outside. Therefore, the reactor 
should certainly be shielded for hydrothermal conversion 
operations. In laboratory conditions, this protection is usu-
ally given to the operator by Plexiglas. Furthermore, semi-
batch (i.e., stepwise injection) operations are conducted with 
low flow rates in the laboratory scale to avoid sudden and 
fast mass injections [39, 40]. Solid deposition in the reactor 
also causes variations in pressure and temperature due to 
partial plugging and control actions of the pressure valves. 
The solid deposition is addressed by optimizing the process 
conditions to minimize the char formation and applying spe-
cial reactor configurations enabling the separation of solids, 
as determined in Sect. 3.2.

3.2  Plugging due to solid deposition versus reactor 
configuration

Solid-phase occurs due to the precipitation of salts in the 
feedstock and char formation in hydrothermal processes. 
The solubilities of salts decrease with temperature in hot 
compressed water, even to the magnitudes of ppm at SCWG 
temperatures [73, 113]. This causes precipitation of salts, 
especially in SCWG processes. The nature of the salt also 
affects its behavior in supercritical conditions [114]. The 
salts are classified as type I and type II based on melt-
ing points [115, 116]. The melting temperature of type I 
salts is between 800 and 1000 °C, and their solubility is 
slightly higher in supercritical conditions. Meanwhile, type 
II salts have melting points between 700 and 800 °C and 
are less soluble in hot compressed water [114, 115, 117, 
118]. Table 4 exemplifies type I and II salts occurring in 

Fig. 2  Fast injection of mass effect in the reactor inlet and walls
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supercritical water gasification of biomass [114, 116]. Type 
II salts cause plugging more intensively because of forming 
crystals instantly (also referred to as shock crystallization 
[119]) and sticking the hottest part of the wall while type I 
salts can remain as brines [118, 120, 121]. Nevertheless, the 
mixtures of salts behave differently from salt-water binary 
systems at SCW conditions; e.g., a mixture of type II salts 
can form type I salts [120]. For instance, the precipitated 
salts mainly include sodium sulfate and sodium carbon-
ate in the case of SCWG of Kraft black liquor [112]. The 
other source of solid phase is char formation during biomass 
decomposition. Despite hydrothermal decomposition being 
more dominant, char is formed through pyrolysis of unhy-
drolyzed lignin when processing lignocellulosic feedstocks 
[53, 122]. Depolymerization of lignin in SCW occurs only 
in a few seconds but results in high char yield, i.e., char 
formation already at the entrance of the reactor [60]. In addi-
tion, char is formed also throughout the rector due to the 
repolymerization of phenolics and aromatic intermediates at 
high temperatures and long residence time [39, 50, 53, 122].

The solid deposition is an obstacle for SCWG processes 
due to introducing the risks of plugging at the reactor inlet 
and rupture of reactor wall [106, 112]. In a continuous 
operation with an isothermal reactor, the feedstock reaches 
SCWG conditions immediately at the reactor inlet, thus pre-
cipitating salts and char at the reactor inlet. This causes par-
tial plugging and variations in pressure, thus introducing the 
safety issues mentioned in Sect. 3.1 and ultimately causing 
the interruption of the operation. For instance, as experi-
mented by De Blasio et al. (2019) [112] in a plug-flow reac-
tor, SCWG of Kraft black liquor was interrupted at 600 °C 
due to solid deposition and plugging while SCWG of sucrose 
was successfully conducted at 500–700 °C. This observation 
determined the impact of biomass constituents as well. In 
the absence of lignin and salts, the solid phase involves only 
char in less amount, i.e., only aromatic ring compound as 
the heaviest compounds and possible to decompose [112]. 
On the other hand, a feedstock with lignin, salts, and ash 

results in precipitation of salts and ash, the species impos-
sible to decompose, as well as more intensive formation of 
char [112]. Moreover, even in a successful operation, solid 
deposition on the reactor wall increases the corrosion risk 
(as investigated in Sect. 3.3) and decreases the heat transfer 
capability [43, 117, 129, 130].

Some investigated solutions to solid deposition include 
stepwise injection into the reactor and separation of salts 
prior to the reactor. The stepwise injection (semi-batch) 
results in the gradual transition of the injected mass to the 
reaction temperature. Temperature decreases at the entrance 
of the reactor after each injection then adjusted via control-
lers until the next injections. This transition provides gradual 
precipitation of salts and char throughout the reactor, rather 
than fast precipitation at the entrance [39]. In addition, char 
is partly consumed in gasification reactions until the next 
injection. As an additional parameter, the heating rate also 
influences the process in semi-batch or batch processes. A 
high heating rate reduces char and tar formation while caus-
ing faster precipitation of solids and more variation, i.e., less 
time at low temperatures and reaching the SCWG tempera-
ture faster. Meanwhile, a low heating rate reduces the tem-
perature gradient and results in gradual precipitation while 
reducing the efficiencies and yields due to low temperatures 
at the bigger part of the reactor. In the stepwise injection 
method, the residence time can be adjusted by changing the 
pumping interval of injections. However, this method can 
result in lower yields and efficiencies than an isothermal 
reactor due to fluctuations of temperature at the beginning of 
the reactor. Although the stepwise injection enables experi-
mental studies in lab scale with tubular reactors, the solid 
deposition would be inevitable regarding long-term opera-
tions in industrial applications. Therefore, separation of 
solids can prevent the plugging issue as well as recover the 
valuable inorganics. Another solution is to separate the salts 
prior to the reactor, at slightly above the critical temperature 
and with a very short residence time of around a second, 
e.g., PSI process [131]. This provides the recovery of valu-
able inorganics and separation of substances introducing an 
issue for the catalysts in downstream processes [121]. The 
alkali nitrates are destructive for the carbon-supported cata-
lysts, and sulfur content can cause catalyst poisoning or deal-
loying of reactor walls [121, 132]. In addition, nutrients can 
be used as fertilizers, such as potassium, phosphorous, and 
nitrogen. However, alkali metals catalyze the gasification 
reactions, i.e., undesirable to separate in advance, and char 
formation also causes solid deposition (more intensively for 
lignocellulosic feedstock).

Other measures against solid deposition include optimiz-
ing the process conditions to minimize char formation and 
using hydrothermal brine. The hydrothermal brine (usually 
a potassium salt) can catch the other salts and precipitate to 
the bottom of the reactor [133]. To address plugging while 

Table 4  Type I and II salts and their characteristics

“v.p.” means that the phase equilibria were studied at saturated vapor 
pressure

Salt component Type Tempera-
ture (°C)

Pressure (bar) Ref

KOH I 460 v.p [123]
NaOH I 550 v.p [124]
K2CO3 I 450 v.p [125]
LiOH I 420 v.p [126]
Na2CO3 II 540 300 [127]
Na3PO4 II 450 1560 [128]
Na2SO4 II 500 1500 [117]
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capturing the salts, Wang et al. [134] patented a counter-
current tank-type supercritical water reactor with a sacri-
ficial lining containing a cylinder body and a catalyst tank. 
Meanwhile, process conditions play an important role in 
minimizing char formation. For instance, as determined 
for SCWG of black liquor, char formation increases with 
residence time (in 2–5-min range) in stainless steel reac-
tor at high temperature (e.g., 750 °C) [39]. In contrast, the 
Inconel reactor suppresses the repolymerization reactions 
and resulted in less char formation in longer residence time 
at the same temperature [39]. However, residence time did 
not affect the char formation in the Inconel reactor at lower 
temperatures (e.g., 600 °C) [39]. As a result, minimum char 
formation was obtained at high temperature (750 °C) and 
long residence time (5 min) in Inconel reactor, the condi-
tions also maximizing the thermal efficiency. Alternatively, 
stainless steel reactor provides minimum char formation at 
high temperatures with a short residence time.

The solid deposition and plugging issues can be 
addressed by special reactor configurations enabling solid 
separation. Some configurations were investigated originally 
for SCWO processes. A suggested configuration involves 
a vertical autoclave reactor of which the bottom is main-
tained at sub-critical conditions, thus dissolving the salts 
instead of precipitation [135, 136]. However, this configu-
ration was reported to have scale-up issues [135]. Another 
design involves a horizontal autoclave reactor with a stirrer 
at the center [137]. The stirrer provides turbulent flow mov-
ing the salts with the fluid phase, instead of precipitation. 
This design was reported to succeed for feedstock with less 
than 6% organic content and less than 4% salt content in the 
case of SCWO, i.e., burning the content [137]. On the other 
hand, this design might not be applicable for solid depo-
sition to a higher extent through salts and char formation 
simultaneously, as in SCWG processes. Another approach 

to the plugging issue is to manipulate the reactor wall only, 
but not the reaction zone, to prevent the precipitation of sol-
ids on the wall. For instance, a design involves a reaction 
chamber operating at 800 °C while the wall is maintained 
at 400 °C to prevent corrosion over the reinforced stainless-
steel shell as designed and modeled by Cocero and Martinez 
(2004) [138]. As another way to manipulate the reactor wall, 
a design succeeded in lab scale consists of a transpiring-wall 
reactor (TRW) to address the plugging and corrosion prob-
lems [139, 140]. This reactor configuration avoids the con-
tact of solids to the reactor wall by forming water film on the 
surface via porous, non-load-bearing cylindrical transpiring-
wall elements. However, manipulating the reactor wall can 
cause heat transfer issues and reduction in gas yields due to 
temperature gradient in the reactor, despite being conducted 
for the exothermic SCWO process. Further designs were 
developed also specifically for the SCWG process. A pro-
posed design configured a vertical tubular reactor, the reac-
tor inlet entering from the top, and the product outlet from 
the bottom as shown in Fig. 3; however, this configuration 
caused plugging in the feed line of the condenser [141]. To 
address this problem, another design tilted the gasification 
reactor to 75° from a vertical position as shown in Fig. 4, 
positioning the inlet of the reactor at the bottom and the out-
let of the reactor at the top (down-up configuration) as well 
as involving insulation and a cooling zone [142]. According 
to their results, the down-up configuration resulted in higher 
gas yield, carbon gasification efficiency, and higher hydro-
gen yield than the up-down configuration. Another way to 
prevent plugging is to use a fluidized bed reactor, providing 
easier continuous solid handling [90]. It can attain the same 
residence time values as those achieved in the traditional 
SCWG of biomass while improving mixing characteristics. 
For instance, Matsumura and Minowa (2004) [90] consid-
ered two operational modes for large and small particle size, 

Fig. 3  Simplified Veriansyah 
reactor design [141]
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bubbling/particulate bed operation for larger particle size 
and circulating fluidized bed for smaller particle size. Based 
on their results, a low-velocity bubbling fluidized bed is the 
optimal flow regime. Jin et al. (2010) also used a fluidized 
bed reactor for SCWG of coal as shown in Fig. 5 to pre-
vent plugging issues occurring in tubular reactors. Accord-
ing to their results, the fluidized bed reactor enhanced mass 
and heat transfer in the reactor and consequently improved 
gasification efficiency without blockage problems. Another 
approach is a reactor configuration simultaneously enabling 
solid separation as another outlet. For example, the Verena 
pilot plant has a vertical pressure vessel reactor with a feed-
line from the top, a riser tube having an outlet at the top, 
and another outlet at the bottom of the reactor [101, 143]. 
The feedstock enters the reactor from the top and moves 
downwards. Then, the formed gases move upwards through 
the riser tube while solids precipitate towards the outlet at 
the bottom because of higher density.

The HTL process has less risk of plugging than SCWG 
because of higher solubilities of salts and less char forma-
tion under HTL conditions. Plugging was reported as a 
minor issue and can be controlled via a pressure letdown 
valve [145]. Therefore, reactor configuration is not a major 
concern in HTL processes. For instance, Guo et al. (2019) 
[146] conducted HTL of two strains of microalgae in a con-
tinuously stirred tank reactor at 24 MPa and 35 °C with a 
residence time of 15 min. Figure 6 shows the flow diagram. 
Nevertheless, the char formation can be reduced further by 
using co-solvent in HTL processes. The co-solvents increase 
bio-oil yields by improving the dissolution and hydrolysis 
of macromolecules and preventing repolymerization to char 
[147–150]. Some common co-solvents include glycerol, 
ethanol, methanol, and acetone. The influence of glycerol 
increases with the presence of alkali metals, resulting in 
more increase in bio-oil yield compared to the absence of 
alkali metals [148]. As illustrated by processing lignin and 

Fig. 4  Susanti et al. reactor 
simplified configuration [142]

Fig. 5  The schematic diagram 
of the Jin et al. system [144]
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lignin/cellulose mixture, ethanol/water mixture increased the 
bio-oil yields by enhancing the hydrolysis and preventing 
repolymerization of lignin fragments [150]. In fact, ethanol 
was stated as a suitable co-solvent for any feedstock in HTL 
processes [150].

3.3  Corrosion types and the proposed solutions

The hydrothermal processes result in corrosion due to expo-
sure of reactor walls and pipelines to hot compressed water, 
char, and alkali salts [94, 151]. The corrosion types can be 
classified as electrochemical and chemical corrosions. Elec-
trochemical corrosion is a major concern in the HTL process 
due to the high density and polarity of water, i.e., ionic reac-
tion mechanisms with a high concentration of hydroxide and 
hydronium ions as well as ions of salts [64]. In addition, 
the HTL process generates oxygenated compounds such 
as organic acids, contributing to electrochemical corrosion 
[145]. Chemical corrosion can occur through various phe-
nomena including general corrosion, under-deposit corro-
sion, dealloying, intergranular corrosion, pitting, hydriding, 
and stress corrosion cracking [145, 152]. General corrosion 
refers to the relatively uniform degradation of metal surface 
material at a predictable rate. The under-deposit corrosion 
occurs when solids precipitate on a metal surface, thus being 
a major issue in SCWG. This can cause a microenviron-
ment between the metal surface and the bulk fluid, result-
ing in more corrosive conditions in the microenvironment. 
Dealloying refers to an alloy component selectively being 
oxidized and dissolved under operating conditions. Deal-
loying can occur due to alkaline conditions or the presence 
of sulfide. The intergranular corrosion occurs at the metal 
grain boundaries in the presence of chloride, sulfate, and/
or nitrate. The pitting is a localized and extensive version 

of corrosion occurring in the presence of chloride and sul-
fate under sub-critical water conditions or in the presence of 
chloride under SCW conditions, thus being a concern both 
for HTL and SCWG [151]. This corrosion might occur in 
stainless steel and nickel-based alloys; nickel-based alloys 
were stated to be more resistant to pitting than stainless steel 
[151]. In contrast, pitting does not occur in titanium reac-
tors due to chloride or sulfate; however, titanium reactors 
have less mechanical strength [64]. Moreover, hydriding is 
a corrosion type associated with titanium in the presence of 
phosphate salts, which can result in hydrogen embrittlement: 
phosphate reacting with titanium dioxide layer, bare titanium 
reacting with water to reform the oxide, hydrogen penetrat-
ing into the titanium, and forming hydride [151]. The stress 
corrosion cracking occurs in the presence of mechanical 
stress on the material together with corrosive species. The 
mechanical stress can result from thermal expansion, weight 
loads, and bend points in piping as well as internal pressure.

Prior to industrial applications, it is crucial to investigate 
corrosion in SCWG and HTL processes with respect to bio-
mass constituents, process conditions, and reactor materials. 
For instance, Hirose et al. [153] investigated stress corrosion 
cracking susceptibility and corrosion behavior of ferritic/
martensitic steel F82H at 287–543 °C and 23.5 MPa super-
critical pressurized water (SCPW) in Inconel625 sleeve. 
According to their results, F82H was the barrier between 
the iron-rich layer and the chromium-rich layer. Moreo-
ver, weight gain increased with temperature. Nevertheless, 
no signs of cracking or exfoliation were observed on the 
surface, and the weight gain resulted from iron-rich oxide. 
Similarly, Fe–Cr–Si-rich oxide(s) was observed also on vari-
ous alloys in the HTL process, including 410 ferritic stain-
less steel, conventional-type 300 series austenitic stainless 
steels of varying Ni, Cr, and Mo content (301, 304L, 316L, 

Fig. 6  Guo et al. flow diagram 
[146]
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317L, and 347), low-Ni, high-Mn austenitic such as grades 
201, and related alloys, higher-Ni austenitic (310, 800, 904L, 
and related high Ni, Mo, Cr grades), and the Ni-base alloys 
600 and 825 [154]. Moreover, small quantities of Na, K, Cl, 
and Ca were also detected on those materials in the same 
investigation. S, Na, and Cl species caused corrosion and 
cracking while higher alloy Ni, Cr, and Mo contents are 
more resistant against corrosion. However, in the case of 
the existence of sulfur in the reactor, costly high-Ni alloys 
may not be the solution due to the risk of sulfidation attack. 
Therefore, Brady et al. (2014) [154] suggested reducing 
the nickel content and increasing the proportion of chro-
mium and manganese in the austenitic steel, such as grade 
201. Exposing nickel alloy 625 to SCW, another study also 
observed mass gain of 0.15 mg/cm2 after 1000-h operation 
due to oxide particles at 600 °C while not observing sig-
nificant mass change at 400 and 500 °C [155]. The surface 
morphologies also showed the size of the oxide particles on 
the outside surface increased with increasing test duration. 
Moreover, pits were also observed on the surface at 400 and 
600 °C with a size of 4.3 μm and 8 μm, respectively. It can 
grow to 12.9 μm at 400 °C depending on the test duration, 
but no significant changes were observed at 600 °C.

The corrosion issue can be addressed through different 
approaches: optimizing the process conditions together with 
reactor material selection for minimum char formation, reac-
tor configurations preventing solid species from contacting 
the surface, adjusting the feedstock, and adjusting the efflu-
ent [151]. Regarding the process conditions, the char forma-
tion can be reduced by optimizing the temperature, residence 
time, and reactor material together as well as involving 
catalysts, as determined in Sect. 3.2. Regarding the reactor 
materials, the materials stated as corrosion-resistant include 
stainless steels, nickel alloys, titanium, tantalum, noble 
metals, and ceramics [156]. Among those materials, nickel 
alloys (e.g., Inconel and Hastelloy), titanium, and stainless 
steel were the most used reactor materials because of cata-
lytic impacts and economic aspects. The corrosion resistance 
of these materials depends on temperature and the species 
present in the reaction mixture. Nickel alloys were reported 
to be more corrosion-resistant and to have high strength for 
SCWG processes at high temperatures as well as being more 
catalytic while stainless steel can be more suitable to HTL 
processes because of higher corrosion resistance and lower 
cost [151, 156]. Ni alloys such as Inconel 625, Hastelloy 
C-276, and titanium are the most used materials to reduce 
corrosion [64]. Calzavara et al. (2004) [137] designed a new 
reactor in which there is double-shell titanium in the reac-
tor to prevent corrosion. This new concept was suitable to 
prevent corrosion, observing no corrosion trace after a long-
running time on the double shell. As another approach, some 
reactor configurations were designed to prevent corrosive 
species from contacting the surface. An applicable method 

involves the “vortex/circulating flow reactor” in which fluid 
motion is applied to compel the hottest environment away 
from the shell [151]. Other methods include transpiring wall 
reactor and cool wall reactor, also used to address the plug-
ging issue as mentioned in Sect. 3.2. However, these meth-
ods have issues regarding industrial-scale applications. The 
other approach is to adjust the feedstock by mixing the cor-
rosive feedstock with another non-corrosive feedstock and 
pre-neutralization. The pre-neutralization involves neutral-
izing the acidic or alkaline feedstock to address the electro-
chemical corrosion, relevant for HTL processes. The mixing 
method would at least reduce the concentrations of corrosive 
species, especially sulfur and chloride contents.

3.4  Pumpability of the feedstock 
versus concentration

One of the main challenges regarding biomass feedstock 
management is pumping the highly concentrated and two-
phase biomass feedstock in supercritical and subcritical 
conditions. In addition, the feedstock concentration varies 
during the operation as well as occasionally containing solid 
particles [129, 157, 158]. The dry matter content in the bio-
mass feedstock should be within the pumpability limits of 
high-pressure pumps to avoid clogging problems while opti-
mizing the product yields versus the energy required to heat 
the feedstock. Otherwise, the feed may not be a steady flow 
into the reactor [159]. Moreover, in the case of rector clog-
ging during SCWG of high concentrated feedstock, there 
will be a high amount of biomass in the reactor continuing 
to gasify even after turning the heaters off or stopping the 
inlet flows.

The pumpability limit is directly affected by the nature 
of biomass feedstock and the target pressure [73, 160]. In 
addition, the particle size of solids may cause dewatering 
within the pump in the case of coarse particles. However, 
size reduction would be costly and energy-intensive for the 
feedstock of hydrothermal processes. Therefore, it is advised 
to test the considered pumps in the specific conditions of a 
process in scope (the specific feedstock to be processed with 
biomass type and particle size to be processed, and the target 
pressure) [160]. Nevertheless, the particle size does not have 
a significant impact on the process chemistry; therefore, it is 
sufficient to confirm the pumpability of the feedstock with 
its particle size [160]. In addition, a concentrated feedstock 
can also be mixed with a dilute waste to control the reactor 
inlet concentration, as applied in a SCWO pilot plant [157]. 
Furthermore, the aqueous phase after product separation can 
be recycled to the reactor in SCWG and HTL processes.

An assessment of commercial high-pressure pumps indi-
cated that the pumpability limit for solid content decreases 
with the target pressure: 45% for 130 bars and 10–18% for 
206–320 bars for lignocellulosic biomass [160]. All the 
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assessed pumps were stated to have the ability to pump the 
finely ground woody feedstock up to 15% solid content; 
however, the industrial feedstocks have a higher particle size 
(2–4 mm or higher) and might require special design [160]. 
Nevertheless, the pumpability limit was reported as 22% for 
sewage sludge with a pump operating at 220–300 bars [160].

Currently, the process conditions are assessed within the 
pumpability limits. The optimum dry content usually has 
the range of 10–20% by weight for high hydrogen yields 
in SCWG processes, depending on the biomass type [161]. 
Meanwhile, HTL processes have feedstocks with higher 
solid contents at the optimum conditions, e.g., up to 35% 
[162, 163].

3.5  Catalyst deactivation versus the catalyst type

Catalyst deactivation is another issue regarding the process 
operation and economic performance. This issue causes a 
reduction in product yields and quality. Even though the fea-
sibility studies are usually based on experimentally observed 
yields, catalyst deactivation reduces the product yields and 
quality significantly in long-term operations. Therefore, this 
issue is to be addressed for stable operation and optimum 
economic performance. Among the metals used for SCWG 
and HTL processes, nickel catalysts were stated to deactivate 
despite the high activity and cheap price [102]. As another 
alternative, ruthenium catalysts were stated to be more stable 
and to have higher activity; on the other hand, this catalyst 
is more expensive [102].

Catalyst deactivation can result from various phenomena 
including poisoning and thermal/chemical degradation as 
chemical deactivation as well as sintering and fouling as 
mechanical deactivation [164]. The poisoning occurs due 
to adsorption or chemisorption of intermediate organics to 
the catalyst surface in hydrothermal processes, thus blocking 
the active sites [165]. Chemical degradation refers to unde-
sired reactions between the catalyst and the fluid or support, 
producing an inactive phase. Similarly, thermal degradation 
causes loss of surface area due to active phase-support reac-
tions. As a mechanical deactivation, fouling refers to the 
deposition of unreactive species on the catalyst surface or in 
the pores. This becomes an issue due to the presence of char 
(in both HTL and SCWG processes) and salt precipitation 
(in SCWG processes). In addition, heterogeneous catalysts 
can be deactivated through sintering, i.e., the agglomera-
tion of the catalyst particles causing a reduction in the sur-
face area. Sintering might occur more likely at temperatures 
higher than 500 °C [164] while poisoning via intermediate 
organics becomes an issue at lower temperatures (e.g., in 
HTL processes or SCWG at 400 °C [165, 166]).

The approaches to address catalyst deactivation include 
new methods for catalyst synthesis, enhanced dispersion 
of the catalyst active site on the support, the addition of a 

transition metal in trace amounts, and bimetallic catalysts. 
As a new method for catalyst preparation, the synthesis of 
catalysts in the SCW decreases the sintering problem in 
Ni-based catalysts compared to the conventional sol–gel 
method [61]. For instance, Li et al. (2020) [61] compared 
the stability of various catalysts prepared in SCW and via 
the sol–gel method in SCWG of glycerol. The investigated 
catalysts included Ni-based catalysts with supports of  Al2O3 
and Mg-promoted  Al2O3, zirconium oxides as  ZrO2, and 
Ce-promoted  ZrO2, carbon-based materials as activated car-
bon, and carbon nanotube. The catalysts prepared in SCW 
had higher stability during the SCWG operation and during 
the regeneration stage. Similarly, in situ catalyst prepara-
tion in a SCWG process overcame the sintering issue as 
well as provided excellent stability of crystalline structure 
and morphology and the good anti-coking ability [62]. 
Bimetallic catalysts were also investigated to address the 
deactivation issue by enhancing the stability of catalysts and 
reducing char formation. For instance, Ni/TiO2, Ni/ZrO2, 
and Ni/Ta2O5 catalysts were stated as “hydrothermally sta-
ble” or “hydrothermally stabilized” beds while Ni–Zr and 
Ni–Ta showed better persistence, activity, and anti-coking 
ability with increasing residence time [167]. In addition, 
nickel–cobalt catalyst with magnesium–aluminum support 
reduced fouling by decreasing char formation in SCWG as 
well as having a longer lifespan [168]. As a similar approach, 
adding a trace amount of transition metal improves the cata-
lyst activity and stability, e.g., as experimented at 21 MPa 
and 350 °C by adding 1–5% ruthenium to a stabilized nickel 
catalyst [67]. Another approach is to optimize the dispersion 
of the catalyst on the support. In a comparative study on 
ruthenium catalysts on various supports, it was shown that 
the dispersion of catalyst improves the activity and stabil-
ity: Ru/C with enhanced dispersion was very active without 
significant activity loss after a 50-h operation at 30 MPa and 
450 °C [169].

3.6  Product quality and further synthesis/
upgrading

From the industrial application viewpoint, it is also impor-
tant to evaluate the product quality and to consider further 
upgrading. The carbon-neutrality would be enabled by pro-
ducing biofuels with identical or close properties to those of 
fossil-based fuels. The main properties of HTL oil include 
heating value and H/C and O/C atomic ratios from the 
energy and chemistry viewpoint. As the desired composi-
tion, high H/C implies low aromatic content, and low O/C 
implies low oxidation extent [41]. Furthermore, low sulfur 
and nitrogen contents are desired from the environmental 
viewpoint. In addition, other relevant properties include 
acidity and viscosity from the compatibility viewpoint. The 
syngas properties are evaluated based on the usage because 
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of various options of usage. In the case of synthetic natural 
gas production, the methane content of syngas is the main 
product parameter while the hydrogen content becomes the 
main property in the case of pure hydrogen production [143].

The syngas produced in SCWG processes can require 
downstream processing depending on the usage. The pro-
duction of synthetic natural gas requires a methanation 
reactor due to relatively high hydrogen concentration and 
low methane concentration in the syngas [143]. Similarly, 
hydrogen production requires the reforming of hydrocarbons 
in the syngas. Both downstream processes utilize hetero-
geneous catalysts sensitive against impurities (e.g., tar and 
sulfur in the syngas). The removal of those impurities is also 
necessary prior to the gas upgrading. Nevertheless, down-
stream upgrading might be avoided through a two-stage sep-
aration after the SCWG reactor or also including scrubber, 
depending on the final usage: separating as  CO2-rich gas and 
 H2-rich gas (hydrogen and other combustibles) [95, 101]. 
The  CO2-free combustible gas can be used to produce CHP. 
In addition, CHP and hydrogen can be obtained simultane-
ously by separating hydrogen (via pressure swing adsorption 
or chemical looping [170, 171]) and burning the off-gas.

The HTL process provides higher product quality 
than pyrolysis and slightly less quality than conventional 
crude oil, in terms of the desired energy and environmen-
tal aspects. The oxygen content of HTL oil usually varies 
around 10–20% while that of pyrolysis oil is 35–40% [172]. 
Meanwhile, crude oil has an oxygen content of 3–5% or even 
closer to none. Furthermore, the HTL process provides bio-
oil closer to the conventional crude oil in terms of atomic 
ratios as shown in Fig. 7. As the main differences between 
HTL and pyrolysis processes, the biomass decomposition 
in HTL conditions results in heavier compounds, and the 
light oxygenated organics are separated in the aqueous phase 
while those compounds remain in the pyrolysis oil. The 
separation of light oxygenated compounds, e.g., carboxylic 
acids, results in more stable bio-oil than pyrolysis in terms 
of acidity and viscosity. On the other hand, it is required 
to upgrade the HTL oil for reaching the transportation fuel 
standards, e.g., gasoline and diesel, and for the removal of 
sulfur and nitrogen. The gasoline and diesel are also shown 
in Fig. 7 illustrating the atomic ratios, having very little oxy-
gen and more hydrogen.

Upgrading HTL oil can be conducted through several 
process options including the addition of polar solvents, 
emulsification, hydro-cracking/catalytic cracking, hydro-
treating/hydrodeoxygenation, supercritical fluids (SCFs), 
and zeolite cracking [178]. Comparing these technologies, it 
was concluded that the hydrotreating process provides more 
favorable upgrading [178]. Polar solvent addition and emul-
sification are short-term physical treatments while reach-
ing the desired atomic ratios require chemical treatment as 
well. Moreover, esterification has no significant impact on 

denitrogenation. Nevertheless, catalytic cracking is another 
upgrading process with promising improvements in quality 
[179]. A review on the catalysts stated Ce/HZSM-5, Co/
Mo/Al2O3, and Ni/SiO2–Al2O3 to have the highest activi-
ties for denitrogenation, deoxygenation, and desulfurization, 
respectively [180]. However, applying a highly active and 
stable catalyst for this process with a long lifetime is still a 
challenge. Moreover, HTL oils from various feedstocks can 
have different upgrading challenges [181–183]. For instance, 
Castello et al. (2019) [181] investigated upgrading of three 
HTL oils originated from miscanthus, microalga Spirulina, 
and primary sewage sludge with NiMo/Al2O3 catalyst. 
Complete deoxygenation was achieved in the HTL oil from 
sewage sludge and microalgae as well as reaching remark-
able deoxygenation in the HTL oil of the lignocellulosic 
feedstock [181]. The sewage sludge biocrude content was 
dominated by straight-chain hydrocarbons in the diesel range 
while the microalgae biocrude had also branched kinds of 
paraffin as jet-fuel hydrocarbons [181]. On the other hand, 
the bio-crude from miscanthus resulted in more aromat-
ics in the gasoline range. Moreover, nitrogen removal still 
introduces a challenge despite the remarkable removal of 
heteroatoms [181].

3.7  Techno‑economic feasibility versus process 
conditions and configurations

The major costs in SCWG and HTL processes are resulted 
from the energy demand to reach reaction temperature, the 
reactor cost, and the heat exchanger costs [95, 97, 98, 100]. 

Fig. 7  The atomic ratios of various biomass feedstocks, bio-oils, and 
petroleum products [173–177]
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Similarly, major exergy destruction occurs in the reactor 
and heat exchangers [83]. Therefore, the economic per-
formances of SCWG and HTL processes can be improved 
through the optimization of process conditions associated 
with these costs versus revenues from the products. The 
process conditions introducing major impact include the 
biomass concentration at the reactor inlet, residence time 
in the reactor, the reactor material, and reaction tempera-
ture. The economic performances of SCWG and HTL are 
influenced by the whole set of process conditions due to 
inter-dependent impacts of the conditions on the equipment 
costs, operation costs, and product yields. Therefore, from 
the techno-economic viewpoint, Özdenkci et al. (2020) [39] 
proposed to report the product yields based on kilogram of 
non-inert inlet to the reactor (water being non-inert as well 
while ash being the only inert), rather than kilogram of dry 
or dry-ash-free, together with the main influencing condi-
tions. The non-inert basis provides more accurate informa-
tion on the yields regarding the reactor inlet concentration 
influencing the energy demand and equipment size. The 
residence time and reactor material directly influence the 
reactor cost. Temperature is also important to note in terms 
of the applicability of heat integration. In other words, the 
proposed reporting provides more accurate comparisons for 
preliminary selections of the promising sets of conditions. 
Table 5 shows some SCWG results reported as proposed. It 
can be observed that improving the yields on the kilogram 
of dry basis can differ from improving that on the kilogram 
of non-inert basis. Improving the economic performance 

requires high concentrations at the reactor inlet, high tem-
perature, moderate residence time, and reactor material 
selection depending on the yields and the material costs. 
Thermal efficiency can be optimized through heat integra-
tion and energy recovery [83, 86]. In addition, the opera-
tion costs due to energy needs can also be reduced through 
non-conventional heat sources such as solar energy [86]. 
Moreover, the product yields are required to be verified also 
in a pilot scale to investigate the impact of the surface-area-
to-volume ratio of the reactor. The industrial vessel reac-
tors would provide a much less surface area-to-volume ratio 
compared to the lab-scale tubular reactors.

The techno-economic performances of SCWG and HTL 
processes are limited by operational issues determining 
the applicable ranges of process conditions. As a major 
constraint on the economic performance, the reactor inlet 
concentration is restricted by the pumpability limits as 
described in Sect. 3.4. The pumpability limits decrease 
with pressure, thus introducing a major constraint for 
SCWG. Consequently, the concentrations of more than 
20% are currently disabled by the pumpability limits in 
SCWG processes. In addition, the maximum limit can be 
slightly less depending on the feedstock, e.g., lignocel-
lulosic biomass. Nevertheless, the HTL conditions have 
higher pumpability limits depending on the pressure. As 
a process safety restriction, the material constraints at 
high temperature and pressure affect the equipment and 
pipeline costs through thickness of process units and suit-
able material selection. For instance, temperatures higher 

Table 5  The results from 
SCWG of Kraft black liquor 
(RT: residence time)

Reactor feed P (MPa) T (°C) Reactor material RT (s) Hydrogen 
yield 
(mol  H2/kg 
non-inert) 
Energy 
yield
(kj/kg non-
inert)

Hydrogen yield 
(mol/kg organics) 
Energy yield
(kj/kg organics)

Reference

KBL
4.25 wt%

25 750 Inconel 625 300 0.646
458

24.92
17,644

[39]

KBL
4.25 wt%

25 750 Inconel 625 133 0.440
315

16.93
12,162

[39]

KBL
4.25 wt%

25 750 Stainless steel 133 0.370
310

14.27
11,963

[39]

KBL
12.3 wt%

25 700 Inconel 625 77 1.238
912

14.43
10,627

[40]

KBL
12.3 wt%

25 700 Stainless steel 77 1.232
793

14.36
9240

[40]

KBL
12.3 wt%

25 600 Inconel 625 91 1.478
750

17.22
8736

[40]

KBL
0.81 wt%

23.3 700 Inconel 625 25 0.162
75

33.62
15,521

[184]

KBL
1.62 wt%

23.4 700 Inconel 625 25 0.195
81

20.10
16,786

[184]
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than 650 °C requires Inconel or modified stainless steel 
reactors for ensuring thermal stability. Moreover, the 
diameter-to-thickness ratio of process units and pipelines 
is to be determined based on the operating pressure and 
tensile strength of the materials. As another major con-
straint resulting from reactor thickness, it is unfeasible to 
conduct indirect heating to the reactor. Consequently, the 
reactor inlet should be heated to the reaction temperature 
prior to the reactor. This introduces another heat exchanger 
operating with a high-pressure stream. Moreover, heating 
the feed stream to SCWG temperatures causes solid pre-
cipitation in the heat exchanger and pipelines. This results 
in process configurations in which the biomass feed and 
recycling SCW are introduced to the reactor as separate 
inlet flows as shown in Fig. 8. The reactor outlet shown in 
Fig. 8 is configured in the same way as the Verena pilot 
plant to enable solid separation [101, 143]. The biomass 
feedstock and recycling SCW are mixed at the beginning 
of the reactor. However, the SCW inlet is to be heated to 
higher temperature than the reaction temperature to ensure 

the reaction mixture temperature at the desired value, e.g., 
through heat exchange with the flue gas (shown as “FLU-
EGASH” in Fig. 8).

The selection of conversion technology depends exten-
sively on the biomass feedstock and the desired products. 
SCWG and HTL have different advantages and disadvan-
tages while both processes are suitable for high-moisture 
biomass without consuming energy for drying. Figure 9 
summarizes the pros and cons of these processes. The 
SCWG product is in the gas phase that can be directly used 
as a biofuel or to produce other biochemicals. HTL is con-
ducted at lower temperatures than SCWG, so there is no 
requirement for special reactor and piping materials men-
tioned in the supercritical conditions. On the other hand, 
corrosion in HTL is more severe than SCWG. HTL process 
results in the production of solid, aqueous, and gaseous by-
products. The aqueous phase and solid by-product contain 
most of the nutrients of biomass feedstock [185]. Moreover, 
a significant portion of the carbon in feedstock remains in 
the aqueous phase in HTL processes, i.e., remarkable loss in 

Fig. 8  The process configura-
tion of SCWG with the reactor 
having two inlets and a riser 
tube for the gas outlet: brown 
streams representing the bio-
mass feedstock, blue streams 
representing the aqueous 
phase, gray streams represent-
ing syngas, and green streams 
representing gas products after 
separation

Fig. 9  SCWG and HTL pros 
and cons
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energy content of the feedstock and environmental issue in 
discharging this phase [186]. Therefore, processing the solid 
and aqueous phases is important in this process in order to 
improve the energy efficiency of HTL [187].

SCWG and HTL processes can be integrated with various 
ways to achieve flexibility regarding product demand and to 
improve efficiency. The SCWG and HTL reactors can oper-
ate in parallel to produce syngas and bio-oil simultaneously. 
The proportion of inlets to SCWG and HTL can be adjusted 
in accordance with the demand on bio-oil and syngas, hydro-
gen, or CHP. Alternatively, the aqueous phase of HTL can 
be processed in SCWG to recover more energy. In the case 
of integrated HTL and upgrading, SCWG of the aqueous 
phase provides hydrogen needed in bio-oil upgrading [188].

Biomass feedstock can introduce a major cost in SCWG 
and HTL processes, besides other operational costs [86]. 
For instance, the feedstock cost was around half or more of 
the operational costs in SCWG of soybean straw and HTL 
of wood [97, 100]. Similarly, SCWG of black liquor can 
result in feedstock cost close to half of the operational costs, 
despite being integrated into a pulp mill [95]. On the other 
hand, the low-value wastes or residues have also low bulk 
density, thus increasing the transportation costs to the plants 
and greenhouse gas emissions [189]. The feedstock trans-
portation was investigated as sub-problem optimization of 
biomass supply chains [190, 191]. The two-echelon delivery 
scheme was stated as functional for biomass transportation 
and the reduction of greenhouse gas emissions: transpor-
tation of feedstocks from farmlands to collection stations 
and from collection stations to the processing plants. Fur-
thermore, the whole supply chain involves transportation of 
feedstocks to the conversion plants, biomass conversion at 

these plants, and transportation of products to the demand 
sites. Sustainable biorefinery concepts require the optimiza-
tion of the whole chain, e.g., the balance between the trans-
portation costs and chemical conversion costs. The supply 
chain network design refers to optimizing the locations and 
capacities of production plants with respect to sustainability 
measures (e.g., economic and/or environmental indicators), 
on the constraints of the locations and amounts of feedstocks 
and amounts of desired products [192–194].

4  Future aspects of SCWG and HTL 
operations

The future target of biorefineries is stated to achieve sustain-
able production of fuels, energy, and chemicals from bio-
mass sources. The sustainability of biorefineries is deter-
mined with several features including fossil-independent 
productions and supply chains, minimum environmental 
impacts and carbon neutrality, no compromise with food and 
animal feed sectors, and the ability to adapt to the variations 
in biomass availability and market demand. In fact, the bio-
mass conversion processes play a crucial role to meet these 
features. To enable sustainable replacement of fossils, the 
conversion processes are desired to involve multi-feed-multi-
product operations and to process a wide spectrum of feed-
stocks as well as the techno-economic feasibility. In other 
words, effective biomass conversion processes are required 
to achieve a sustainable and fossil-independent industry. 
Figure 10 shows the links among the biomass conversion 
processes, sustainable supply chain, and socio-economic 
impacts. From the socio-economic viewpoint, processing 

Fig. 10  The inter-relations 
among biomass conversion pro-
cesses, sustainable biorefinery, 
and socio-economic impacts
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the wastes and side streams of various sectors, effective 
biomass conversion processes can increase the economic 
and environmental performances of those sectors simulta-
neously. On the other hand, the conversion processes have 
operational issues affecting techno-economic performances. 
Therefore, it would be a very critical milestone to address 
the operational issues of promising conversion processes.

The hydrothermal processes provide effective conver-
sion routes of biomass feedstocks with respect to sustain-
ability features as well as being suitable to the high-moisture 
nature of biomass. Among those processes, SCWG and HTL 
produce syngas and crude bio-oil as the vital platform sub-
stances for the production of CHP, biofuels, and chemicals. 
Therefore, syngas and bio-oil have inevitable and increasing 
demand. In addition, SCWG and HTL processes produce 
these substances of higher quality than the thermal process 
alternatives. Furthermore, these processes can also convert 
various biomass feedstocks including agricultural wastes, 
forest residues, sewage sludge, manure, and algae as well 
as waste streams or by-products of other production plants 
(e.g., black liquor in pulp mills and olive mill wastewater). 
Consequently, it is desirable to improve the techno-economic 
feasibility of these processes for industrial applications, to 
address high costs compared to fossil-based productions. 
However, the commercialization of SCWG and HTL pro-
cesses is hindered by operational issues introducing con-
straints on the applicable process conditions, blocking the 
operation or/and affecting the process configurations. Fur-
ther research and novel concepts are required to address the 
operational issues of SCWG and HTL processes besides the 
currently investigated solutions.

The main phenomena behind most of the operational 
issues are char formation and the impacts of inorganic 
salts: causing variations in reactor pressure and plugging 
in SCWG, corrosion in both SCWG and HTL processes, 
catalyst deactivation, and affecting product quality. This 
requires a special reactor configuration enabling solid sepa-
ration simultaneously with the hydrothermal conversion. 
The reactor concept of the Verena pilot plant is designed to 
separate the solids from the bottom. This concept can fur-
ther be modified considering the techno-economic aspects: 
catalytic impact of reactor materials, surface area-volume 
ratio, and the prices of reactor materials. Figure 11 shows 
a potential reactor concept for enabling solid separation 
while having a catalytic impact as well. The outer reactor 
wall can be stainless steel because of its cheaper price and 
insignificant surface-area-to-volume ratio. The riser tubes 
can be multiple and coil-shaped made of Inconel material 
to provide more surface area for the catalytic material. Both 
the outer and inner surfaces of the riser tubes can function to 
catalyze the reactors in this concept. Moreover, SCWG reac-
tors should have two inlets for the biomass feedstock at sub-
critical temperature and SCW to avoid solid precipitation in 

the pipelines and heat exchangers while a single inlet can be 
sufficient for HTL processes.

Besides the reactor configuration, the process concept 
can also be enhanced to reduce the char formation and to 
improve the economic performance of the hydrothermal 
conversion. For instance, Özdenkçi et al. (2017) [42] pro-
posed partial wet oxidation (PWO) prior to SCWG and HTL 
reactors. Figure 12 shows the block diagram of the process 
concept. PWO is an exothermic process at 170–240 °C, 
thus providing self-heating the feedstock up to this tem-
perature range. Moreover, oxidizing the sulfur content in 
PWO can provide sulfur-free bio-oil or syngas. The reduc-
tion of oxidized sulfur does not occur to a significant extent 
at temperatures lower than 900 °C [195]. Consequently, the 
oxidized sulfur can occur in the salts, i.e., either precipitat-
ing in SCWG or dissolved in the aqueous phase in HTL. 
Furthermore, PWO can reduce char formation in SCWG 
and HTL reactors by breaking down the large molecules in 
advance. The light and oxygenated molecules are gasified to 
a higher extent than the long-chain organics and aromatics 
[196]. Consequently, char formation can be reduced by intro-
ducing the biomass into SCWG or HTL reactor after partial 
decomposition via PWO. In addition, in the case of lignocel-
lulosic feedstocks, some part of PWO downstream can be 
used for recovering lignin as another product as applied in 
pulp mills. Lignin precipitates in black liquor when reducing 
pH to 9–10 [197] while PWO enhances the filtering of lignin 
and enables sulfur-free product [198].

As future aspects, the investigations on SCWG and 
HTL processes can be directed towards new concepts and 
solutions to address the operational issues and to extend 
the application range of process conditions. As a major 
part of investment costs, the reactor costs can be reduced 

Fig. 11  The reactor concept with multiple, coil-shaped riser tubes



Biomass Conversion and Biorefinery 

1 3

by improving the tensile strength and thermal stability of 
the materials, thus enabling a higher diameter-to-thickness 
ratio. This might increase the range of economically feasi-
ble residence times for optimizing the process conditions. 
Meanwhile, the solutions against catalyst deactivation and 
corrosion would make the product yields of lab-scale studies 
applicable in industrial processes. As a major operational 
issue, solid deposition can be addressed by special reactor 
configurations, partial decomposition of biomass prior to 
the SCWG or HTL reactor, and recovering the major source 
of char formation in biomass (i.e., lignin) as another prod-
uct. From the process development viewpoint, the future 
scope can involve the proof of concept in Fig. 12 through the 
experiments of PWO followed by SCWG or HTL for vari-
ous feedstocks, to validate sulfur-free products and reduce 
char formation while enhancing the gas and bio-oil yields. 
Afterward, the whole process is to be optimized with respect 
to conditions in PWO and SCWG or HTL. In addition, the 
reactor configuration Fig. 11 can also be implemented in a 
pilot-scale process to verify the solid separation simultane-
ously with catalytic conversion of biomass.

5  Conclusion

Biomass represents an abundant and renewable source for 
replacing fossil sources and enabling carbon-neutrality. Sus-
tainability aspects emphasize the usage of 2nd-generation 
biomass in chemical, fuel, and energy production. However, 
conversion of 2nd-generation of biomass requires advanced 
processes and currently results in higher production costs 
than conventional fossil-based processes. Therefore, it 
is crucial to select suitable conversion technologies with 
respect to the biomass feedstock and to enhance the techno-
economic performance of these processes.

The hydrothermal processes present promising conver-
sion routes because of the high moisture content of biomass 
feedstocks: high energy efficiencies, product yields, and 
quality compared to thermal processes. The SCWG and HTL 
processes produce syngas and bio-oil as crucial platform 

chemicals from waste streams and residues of biomass sec-
tors. Commercial implementation of these processes can 
improve the biomass supply chains from environmental and 
economic viewpoints. However, these processes undergo 
operational issues reducing the economic performance and/
or endangering process safety. In other words, the opera-
tional issues are obstacles to the process development of 
SCWG and HTL technologies. Therefore, a holistic inves-
tigation is required to determine the obstacles, root causes, 
and potential solutions comprehensively.

This study reviews the operational issues of SCWG and 
HTL processes together with the phenomena causing the 
issues and solutions addressing these issues. The main 
issue is process safety regarding thermal and mechani-
cal stress on the reactor due to high pressure and tem-
perature. Addressing this issue requires proper selection 
of reactor material and diameter-to-thickness ratio con-
sidering the operating pressure and the tensile strength 
of materials at the operating temperature. Regarding the 
reactor and pipeline material, corrosion is another issue 
regarding long-term operation. Corrosion results from 
the presence of alkali salts, char formation, and corro-
sive inorganics (sulfur, chloride, or nitrate). This issue is 
currently addressed through corrosion-resistant material 
selection and optimum conditions minimizing char for-
mation as well as adjusting the feedstock via mixing with 
another non-corrosive feedstock or pre-neutralization. 
Catalyst deactivation is another long-term issue reduc-
ing the product yields. This can occur due to chemical 
degradation (chemisorption of intermediate organics on 
active sites), sintering of heterogeneous catalysts at high 
temperatures, or fouling (due to deposition of unreactive 
species on catalyst surface). The catalyst deactivation can 
be reduced through different catalyst preparation meth-
ods, and enhanced dispersion, adding a trace amount of 
transition metals to alkali metal catalysts and bimetallic 
catalysts. In addition, the biomass concentration into a 
reactor inlet is restricted by pumpability limits to high 
pressure. This issue introduces a constraint to the appli-
cable concentration range when investigating the optimum 

Fig. 12  The block diagram of a 
process concept involving PWO 
prior to HTL and SCWG (LR: 
lignin recovery)
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conditions. Moreover, solid deposition is the main obstacle 
increasing the occurrence risks of other issues as well. 
Solid deposition results from char formation (in SCWG 
and HTL) and precipitation of inorganic salts (in SCWG). 
This issue causes mechanical stress on the reactor through 
variation of pressure, under-deposit corrosion, dealloying 
in case of sulfide, and catalyst deactivation through foul-
ing. Addressing this issue requires special reactor configu-
rations enabling solid separation simultaneously with the 
reactions while providing a surface area of catalytic wall in 
an economically feasible way, besides optimum conditions 
minimizing the char formation.

The future aspects can include new concepts of integrat-
ing SCWG and HTL, enhanced reactor configurations. As 
a new concept, PWO of the feedstock prior to the SCWG 
or HTL reactor can reduce the char formation and provide 
sulfur-free products as well as slightly improve the energy 
efficiency. As an enhanced reactor configuration, the reac-
tor can have two outlets: to collect the products through 
multiple, coil-shaped riser tubes while solids precipitate 
to the bottom outlet. Addressing the operational issues 
will also improve the techno-economic performances of 
SCWG and HTL processes. The further scope can be to 
investigate these processes involving the new solutions, 
e.g., experiments of PWO followed by SCWG or HTL 
with various feedstocks and a new reactor configuration. 
In other words, the operational issues present the main 
obstacle also affecting economic feasibility. Therefore, 
effective solutions can enable the efficient implementa-
tion of SCWG and HTL processes, thus improving the 
biomass supply chains.

The commercialization of SCWG and HTL processes 
will improve the biomass supply chains as well: the whole 
chain of transporting the residues/wastes from the fields to 
conversion plants, the processes converting these feedstocks 
into intermediates, and/or final products, and transportation 
of the final product. The techno-economic performances of 
biorefineries can be evaluated through profitability meas-
ures, exergy analysis, and LCA within the whole supply 
chain. It is essential to optimize the supply chain network, 
and conversion processes are the heart of these chains.
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