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mochemical based biorefinery
catalyst development progress
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and Frederic Clarens*

The depletion of fossil fuel resources highlighted the need for renewable energy. Among different sources

of renewable energy, biorefineries, which are based on thermochemical processes, got the interest of

scientists. There are several thermochemical methods, which have been investigated in recent years.

However fast pyrolysis, gasification and hydrothermal liquefaction processes are the most mature ones

to be industrialized. They result in different final products, which could be used in different applications.

However, there is always this question “Which one to go with to get the fuel, no matter of the type,

sooner, cheaper, easier and with the lowest pollution” between investors and technologists. Considering

all these aspects, this article provides insights into the fundamental and applied concepts of fast

pyrolysis, gasification and hydrothermal liquefaction processes. This includes the catalyst development

from the past to the present. The economic and environmental aspects of these thermochemical

technologies were also studied. Based on this, comparisons were carried out to highlight the

Technology Readiness Level (TRL) of each technology. The possible remaining obstacles were clarified.
1. Introduction

Fossil fuels contribute signicantly to air pollution by releasing
greenhouse gases,1–4 In addition, their resources are also
depleting.1–4 Therefore, renewable energy got the interest of
technologists. Biomass as a cheap and the most abundant
source of energy can be converted to a gas fuel or a liquid fuel,
which can be used as a fuel for vehicles or an energy source for
factories.5–7 Different methods such as biological8 and thermo-
chemical processes have been used to convert the different
types of biomass to fuel.9–11 For the continuous operation of the
biomass to fuel conversion process, thermochemical treat-
ments are of importance as the biological process is conducted
in the batch form and is mainly performed on small scales.12

Thermochemical processes, which are mature or near to
that, include gasication, pyrolysis and hydrothermal lique-
faction (HTL) and have their own advantages and disadvan-
tages. Gasication can convert biomass into a gaseous product,
which mainly consists of syngas, and it is performed at 700–
1000 °C.13–15 The pressure for the gasication process is low
(below 10 bar), although some research groups used high
pressure to increase the yield of syngas.13–15 Methane and
hydrogen with high concentration can be obtained by the
further processing of the gaseous product through catalytic
aste, Energy and Environmental Impact
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23, 7, 4758–4804
processes.16–18 However, the selection of a suitable catalyst,
which is cheap and can work for a long time, is the main
challenge of this process.19–27 In addition, gasication occurs at
high temperature (>700 °C), which requires a high source of
heat and also special materials for the reactor. These lead to the
high cost of operation. Pyrolysis is another type of thermo-
chemical method, which can convert biomass to a liquid fuel
called bio-oil.28,29 Pyrolysis is conducted at 400–800 °C and
under atmospheric pressure.30–33 Bio-oil cannot be used directly
as an engine fuel due to its low quality.30,31 High contents of
water, oxygen, and acids, a low heating value and low stability
are some of its disadvantages.32,33 As a result, the upgrading
processes such as catalytic pyrolysis and hydrotreatment were
utilized to improve the quality of the bio-oil. However, the high
amount of coke formed and the high cost of the process were
the main obstacles to scale up these processes.34 Biomass
conversion into bio-oil was investigated by the use of hydro-
thermal liquefaction treatment. Compared to gasication and
pyrolysis, the hydrothermal liquefaction process is carried out
at lower temperature (<375 °C), but higher pressure (<22 MPa)
in a water environment.35 The aim of the liquefaction process is
the increase of the rate of deoxygenation of large species and
also enhance the rate of condensation of small fragments to
produce a more hydrophobic phase with less water dissolved.34

Liquefaction results in a bio-oil with more viscosity, but lower
density, which cannot be used directly as an engine fuel.34 The
use of different catalysts also could not improve the properties
of the bio-oil signicantly due to the presence of a high amount
of heavy oxygen containing species in the bio-oil. In addition,
This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Overview of thermochemical processes to convert
biomass into fuel.
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the catalysts were deactivated quickly by the formation of
coke.35–37 Therefore, still there are challenges to scale up the
HTL of the biomass process.

So far, many different processes and conditions, reactor
types and catalysts have been tested for the conversion of
biomass to gas/liquid fuels. Each trial had its own advantages
and disadvantages. There is not a clear conclusion in the liter-
ature to identify a certain pathway for the future of biomass
thermochemical treatment, which can be used in large-scale
applications. Many review papers have been published in the
eld of gasication, pyrolysis and hydrothermal treatment of
biomass to summarize the progress of each process. For
instance, in the gasication eld, Sansaniwal et al.38 reviewed
the effect of different types of reactors on the efficiency of the
gasication process. In addition, the effect of the catalyst and
the techno-economic study of the gasication process were
discussed. However, a clear pathway for the future steps was not
drawn. In addition, aer a few years, there is a need for
updating their conclusions. In another study, Ren et al.39

reviewed the development progress of different aspects in the
biomass gasication process such as the effect of different
reactor designs, catalysts, reaction mechanisms and mathe-
matical models. However, the progress for the commercializa-
tion stage was not discussed in detail. Recently, Thomson
et al.40 summarized the effect of different parameters on the
quality of the gaseous products obtained from the gasication
of biomass. Many review papers were published in the eld of
biomass pyrolysis. For instance, Kan et al.41 reviewed the
inuence of different parameters on the quality of bio-oil
produced from the pyrolysis of biomass. Hoang et al.42

summarized the results from the literature regarding the effect
of different parameters on the yield of bio-oil to obtain the
highest yield of the bio-oil. Hu et al.43 summarized the tech-
nological development of biomass pyrolysis and the effect of
different parameters on the process. Considering all these
review papers, still there is a need to highlight the status of
these processes in the current time. Many good review papers
were also published recently on the topic of biomass hydro-
thermal liquefaction technology. As an example, Gollakota
et al.11 summarized the effect of parameters such as tempera-
ture, pressure, catalyst, etc., on the yield and quality of bio-oil.
Ni et al.44 and Castello et al.45 reviewed the technological
development for the HTL of biomass. These all are good papers
with signicant impression on the process development and
the inuence of different parameters on the thermochemical
conversion processes of biomass. However, there is no clear
conclusion for their future development to clarify the main
challenges for each process. In addition, it is not clear which
technology is near to be industrialized in an optimum proce-
dure of operation. Therefore, in this review, briey the effect of
different process parameters on the scale-up of the biomass
gasication, pyrolysis and liquefaction processes is discussed.
The main challenges are separately claried for each process.
The techno-economic and environmental aspects of each
treatment are elaborated. Finally, suggestions are given to take
the next steps to commercialize each process and also optimize
the currently available large size plants.
This journal is © The Royal Society of Chemistry 2023
2. Biorefinery based on the
thermochemical treatment-
commercial development aspect

This section provides an overview of the process development
aspect, product analysis and the commercialization progress of
biomass gasication, pyrolysis and hydrothermal liquefaction.
In Scheme 1, the summary of the topics, which will be discussed
here, is shown. It is worth mentioning that in this review, the
cost to produce the biofuel through gasication, pyrolysis and
hydrothermal liquefaction of biomass is shown and compared
with the cost of petroleum-based fuels. The amount of possible
pollution from each technology is shown. Additionally, the
progress in technological development and an outlook on the
commercialization stage are discussed.

2.1. Gasication

2.1.1. Products. Gas is the main product of the gasication
of biomass.46 In addition, biochar and tar are produced as by-
products, which are mainly burnt to produce the required
heat for the gasication process.46 Depending on the use of air
and the catalyst, ash and coke are obtained.47 The gasication
process involves different stages including a drying zone
(bunker section), pyrolysis zone, partial oxidation (combustion)
zone and reduction zone.48 The presence of moisture in the
biomass leads to the loss of energy and also the degradation of
products obtained from the gasication process.49 Therefore, it
is required to dry the biomass prior to feeding it to the other
stages. Pyrolysis reactions occur at 125–500 °C.38 In this stage,
the biomass is converted to char and volatiles, which are non-
condensable (gaseous product) species and condensable (tar)
species.50 In the reduction stage, temperature is high (e.g. 1000 °
Sustainable Energy Fuels, 2023, 7, 4758–4804 | 4759
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C) and the tar is converted to combustible gases like CO, H2 and
CH4.38 The main reactions in this stage are the Boudouard
reaction, water gas reaction, water gas shi reaction and
hydrogasication reaction. During the Boudouard reaction, C
and CO2 are reacted and CO is obtained and the reaction is
endothermic (−172.6 kJ g−1). In the water gas reaction, which is
an endothermic reaction (−131.4 kJ g−1), C and H2O reacted
together and CO and H2 are formed. In the water gas shi
reaction, which is an exothermic reaction (42.3 kJ g−1), CO and
H2O are reacted together and converted to CO2 and H2. From
the hydrogasication reaction (exothermic, 75.0 kJ g−1), CH4 is
obtained by reaction of C and H2.38 Depending on the process
conditions such as temperature, pressure, the reactor type and
the use of different catalysts, the rate of these reactions can be
very different. This can affect the yield and the quality of the
products.

2.1.2. Reactors. Two types of reactors including xed-bed
and uidized-bed have been utilized for the gasication of
biomass, which are discussed below. It should be mentioned
that xed-bed updra and down dra gasiers were used on
a lab scale or in small size pilot plants, whereas bubbling and
circulating uidized-bed reactors were used in both small and
large sizes.

2.1.2.1. Fixed-bed reactors. Fixed-bed gasiers are based on
a batch feeding system, in which biomass is loaded into the
reactor initially and gasifying agents such as air, steam,
enriched air with oxygen or with both air and steam are blown
into the reactor as the reaction medium and also the reactant.51

These reactors are designed in updra, downdra and cross-
dra forms.52,53 In the updra design, biomass is lled from
the top of the reactor, while the gasifying agent enters the
reaction media from the bottom. The advantage of this type is
the high efficiency of heat transfer, low slag formation and low
pressure drop. The sensitivity for the formation of tar, long
start-up time and the low yield of syngas are the main disad-
vantages of updra gasication reactors.52 In the downdra
reactor, biomass enters from the top or the bottom of the
reactor and moves together with the gasifying agent, which is
introduced into the oxidation zone, in the same direction.54

High quality gas with a low tar content is obtained from the
outlet of the downdra gasier. The application on a small scale
is its major disadvantage.52 In the cross-dra design, biomass is
loaded from the top or the bottom, while the gasication media
enter the reactor from the side of the reactor.55 Its high exi-
bility, short start-up time duration and low reactor height could
be considered as its main advantages. Large and also small sizes
of biomass particles cannot be used in this system due to the
easy blockage of the reactor.52

2.1.2.2. Fluidized-bed reactors. Fluidized-bed gasiers
contain granular solids, which are used as a heat transferring
bed and also mixer.56 They can be used in both batch and
continuous forms. In general, the conversion rate is higher in
the uidized-bed gasiers compared to the xed-bed ones.
However, their controlling system in large scale applications is
complicated.57 The main sub-divisions of the uidized-bed
reactor are a bubbling uidized-bed, circulating uidized-bed,
dual-bed indirect and entrained-bed ones.53,58 The main
4760 | Sustainable Energy Fuels, 2023, 7, 4758–4804
difference between different types of uidized-bed reactors is
the speed of the gasication agent or the type of its contact with
the biomass. For instance, in the bubbling uidized-bed design,
the speed of uidization is in the range of 1–3 m s−1.59 All the
biomass materials can be processed in this type of reactor.
However, the efficiency of the gasication is low and also the
yield of tar is considerably high.59 In a circulating uidized-bed
gasier, the speed of the gasication agent is higher compared
to the bubbling uidized-bed (3–5 times higher).59 Therefore,
the rate of mixing and consequently the gasication reaction is
high. Due to the circulation of the gasication bed, the
remained biomass particles are well gasied and therefore the
efficiency is high and the yield of tar is low.59 Because of these
advantages, circulating uidized-bed design is suggested for
large-scale gasication plants. However, it is worth mentioning
that due to its high cost and complicated controlling system, it
is under development.59 In a dual-bed indirect gasier, there are
interconnected uidized-bed parts. The rst part is a bubbling
uidized-bed reactor converting the biomass to a gaseous
product.60 The second part is a circulating uidized-bed/fast
uidized-bed reactor, which oxides biochar to heat. These two
parts are connected with a valve, but are controlled separately.
The conversion efficiency of biomass to gas is high in this type
of reactor. However, the formation of tar is its main concern.60

In an entrained bed gasier, biomass and gasication agents
move co-currently. The biomass particle size is less than 1
mm.16 The pressure and temperature inside the reactor are high
(25–30 bar and 1300–1500 °C).16 These process conditions make
the gasication process fast and effective. The requirement for
the small size of biomass and the removal of moisture prior to
the gasication are the main obstacles, which prevent the use of
this design on a commercial scale.16

2.1.3. Catalysts. A catalyst is used during the gasication of
biomass to reduce the activation energy of the reforming reac-
tion and tar yield and also to produce syngas in high yield.52,61–66

The interest in the use of a catalyst in the gasication process
started in the 1980s.52 So far, several groups of catalysts have
been used in catalytic gasication to reduce the amount of tar
and improve the quality of the gas phase. The main groups of
the catalysts, used in this eld, are Ni-based catalysts, metal
oxides, noble metals, metal salts, natural catalysts, zeolites,
char, activated carbon and hybrid catalysts.67 It is worth
mentioning that Ni-based and noble metals are suitable cata-
lysts for the tar removal from the gas phase and are used in an
ex situ form, while metal salts, zeolites, dolomites, olivine, and
metal oxides are used in an in situ form with the feedstock in the
batch reactor or as a bed material in the continuous reactor or
loaded on the surface of the feedstock prior to the experiment.

2.1.3.1. Ni-based catalysts. Ni-based catalysts are used for
the reforming of methane to produce hydrogen-rich gas. This
group of catalysts, including commercial and lab-scale
produced ones, showed high activity for the reforming of
methane in the absence/presence of steam.53 It has been proved
in the literature that in the presence of steam, the rate of
cracking by Ni-based catalysts was high and a high yield of the
gaseous product was obtained.53 Themain obstacle for Ni-based
catalysts is their quick deactivation by the formation of coke. In
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3se00496a


T
ab

le
1

T
h
e
su

m
m
ar
y
o
f
th
e
re
su

lt
s
fo
r
d
iff
e
re
n
t
ty
p
e
s
o
f
N
i-
b
as
e
d
ca

ta
ly
st
s
u
se
d
in

th
e
g
as
ifi
ca

ti
o
n
o
f
b
io
m
as
s

Fe
ed

st
oc
k

R
ea
ct
io
n
te
m
pe

ra
tu
re

(°
C
)

C
at
al
ys
t

H
2
yi
el
d
(w

t%
)

C
ok

e
fo
rm

at
io
n

R
ef

C
oc
on

ut
sh

el
ls

80
0

N
i/
do

lo
m
it
e

50
w
t%

(H
2
%

in
th
e
ga

s)
16

.5
w
t%

(c
ok

e
am

ou
n
t
on

th
e

ca
ta
ly
st
)

68

W
oo

d
sa
w
du

st
80

0
N
i/
M
C
M
-4
1

51
v%

C
ok

e
yi
el
d
w
as

0.
5–

4.
0
w
t%

69
Pi
n
e
sa
w
d
us

t
65

0–
85

0
N
ic
ke

l
ba

se
d
ca
ta
ly
st

46
.2
8
v%

A
T
65

0
°C

an
d
52

.4
7

v%
at

85
0
°C

—
70

Pi
n
e
w
oo

d
ch

ip
s

83
0–

84
0

N
ic
ke

lb
as
ed

ca
ta
ly
st
in
cl
ud

in
g

B
A
SF

G
1-
50

,I
C
I
46

-1
,a

n
d

T
op

sø
e
R
-6
7

Si
m
il
ar

yi
el
ds

of
H

2
w
it
h
28

v%
fo
r
al
l
th
e
ca
ta
ly
st
s
te
st
ed

E
xp

er
im

en
ts
co
ul
d
go

on
fo
r
50

h
ou

rs
,a

n
d
th
en

ca
ta
ly
st
s
ar
e

de
ac
ti
va
te
d

71

Pi
g
m
an

ur
e

65
0

N
i/
li
gn

it
e
ch

ar
69

m
m
ol

g−
1

C
ar
bo

n
co
n
ve
rs
io
n
to

co
ke

w
as

12
w
t%

72

Pi
n
e
w
oo

d
,w

h
ea
t
st
ra
w
,

co
rn

st
ra
w
,p

ea
n
u
t
sh

el
ls

an
d
co
tt
on

st
al
k

75
0

Fe
–N

i/
ac
ti
va
te
d
ch

ar
Pe

an
ut

sh
el
ls

pr
od

uc
ed

th
e

h
ig
h
es
ty

ie
ld

of
H

2
(5
2.
31

w
t%

)
Si
gn

i
ca
n
ta

m
ou

n
to

fc
ok

e
w
as

fo
rm

ed
a

er
th
e
ex
pe

ri
m
en

t
an

d
th
e
fo
rm

at
io
n
of

co
ke

le
d

to
th
e
de

cr
ea
se

of
ga

s
yi
el
d

73

C
or
n
co
b

65
0

N
i/
re
si
n

61
m
m
ol

g−
1

T
h
e
yi
el
d
of

co
ke

w
as

1.
9
w
t%

74
W
oo

d
sa
w
du

st
85

0
N
iO

/M
gO

51
v%

—
75

Pa
lm

em
pt
y
fr
u
it
br
u
n
ch

90
0

g
-N
A
S
(t
h
e
do

pi
n
g
of

A
l
in

th
e

N
i
ca
ta
ly
st

la
tt
ic
e)

20
.9

v%
—

76

R
ic
e
st
ra
w

80
0

N
i/
H
ZS

M
-5

23
.6
3
v%

C
ok

e
yi
el
d
w
as

h
ig
h
er

th
an

19
.2

w
t%

77

O
at

h
u
ll

65
0

N
i/
A
l 2
O
3
an

d
C
eN

i/
A
l 2
O
3

40
m
ol
%

fo
r
N
i/
A
l 2
O
3
an

d
42

m
ol
%

fo
r
C
eN

i/
A
l 2
O
3

0.
05

m
g
g−

1
of

C
on

N
i/
A
l 2
O
3

an
d
0.
02

–0
.0
5
m
g
g−

1
of

C
C
eN

i/
A
l 2
O
3

78

Pi
n
e
sa
w
d
us

t
85

0
N
iO

/o
li
vi
n
e

56
.1

v%
C
ok

e
am

ou
n
tw

as
in
si
gn

i
ca
n
t

79
W
h
ea
t
st
al
k

45
0

N
i/
M
gO

,N
i/
Zn

O
,N

i/
A
l 2
O
3
an

d
N
i/
Zr
O
2

11
m
g
kg

−1
fo
r
N
i/
M
gO

,1
0
m
g

kg
−1

fo
r
N
i/
Zn

O
,9

m
g
kg

−1
fo
r

N
i/
A
l 2
O
3
an

d
8
m
g
kg

−1
fo
r
N
i/

Zr
O
2

—
80

This journal is © The Royal Society of Chemistry 2023 Sustainable Energy Fuels, 2023, 7, 4758–4804 | 4761

Review Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
/1

1/
20

26
 5

:3
9:

42
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3se00496a


Sustainable Energy & Fuels Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
/1

1/
20

26
 5

:3
9:

42
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Table 1, the yield of hydrogen and the deactivation amount are
presented for the different types of Ni-based catalysts.68–80 As
can be seen, different amounts were reported for the yields of
hydrogen and coke over Ni-based catalysts. The parameters
such as the concentration of Ni in the catalyst, the presence of
other metals, reaction temperature, Ni to feedstock ratio, etc.
led to the different qualities and quantities of the products. For
instance, in the study by Tursun et al.,79 the concentration of H2

over NiO/olivine was 56.1 volume% (v%) and the amount of
coke was negligible. Their feedstock was pine sawdust and the
reaction was conducted in a decoupled triple-bed gasier at
850 °C. The catalyst was used in a separated reactor to reform
the volatiles. On the other hand, Chen et al.77 observed that
during the gasication of rice straw over Ni/HZSM-5 at 800 °C,
the concentration of H2 in the gas phase was 23.63 v%. In
addition, the yield of coke was very high (19.2 weight% (wt%)).
The reactor was xed-bed and the catalytic bed was installed
inside that following the feedstock bed. Hu et al.73 investigated
the effect of an Fe–Ni/activated char catalyst on the gasication
of pine wood, wheat straw, corn straw, peanut shells and cotton
stalk at 750 °C. The reactor type was xed-bed and inside the
reactor, the feedstock bed was followed by the catalytic bed in
an ex situ form. Fe was used in the structure of the catalyst to
control the high activity of Ni for cracking and the deactivation
reaction. The results indicated that the feedstock type was very
effective on the composition of the gas. Peanut shells produced
the highest yield of H2 (52.31 wt%). Additionally, the catalyst
lost the activity in time-on-stream and the yield of gas reduced
gradually from the initial stages of the gasication process.
These contradictions indicated that still further fundamental
studies were required to optimize the application of Ni catalysts
during the gasication of biomass.

The formation of coke during the gasication of biomass, in
a plug ow reactor at 900 °C using a Ni/Al2O3 catalyst, was
studied by Kihlman et al.81 The catalyst was used in a separate
rector, which was installed aer the gasication reactor. Their
results indicated that the formation of coke is inevitable and
aer 144 h of continuous gasication of the feedstock, the
deactivation of the catalyst by the formation of coke was
observed (60 mg carbon in each g of catalyst). Ethylene in the
gas phase was the main precursor of the coke. This phenom-
enon was checked by the injection of ethylene into the gas
product entering the catalyst bed. With the increase of the
ethylene amount from zero up to 50 000 ppm (vol-ppm in dry
gas), the amount of coke increased from below 0.5 wt% up to
16 wt%. This indicated the high tendency of ethylene for poly-
merization during the reforming reaction of the gas products
from the gasication of biomass. Pressure had a signicant
effect on the products and the formation of coke. The amount of
carbon aer 5 h of gasication at 1 bar was 0.5 mg g−1 of
catalyst, while it enhanced to 9 mg g−1 of catalyst at 4 bar and
then reduced to 3 mg g−1 of catalyst at 10 bar. The reason for
this was the increase of the polymerization rate of ethylene up to
4 bar, while aer that the increase of pressure could partially
stabilize the free radicals and then the smaller number of these
radicals were polymerized. Temperature also had a remarkable
inuence on the formation of coke. For instance, at 10 bar, the
4762 | Sustainable Energy Fuels, 2023, 7, 4758–4804
percentage of carbon in the feedstock converted to coke was
measured to be 13 wt% at 850 °C, 5.8 wt% at 900 °C and
1.7 wt% mg g−1 of catalyst at 950 °C. Higher temperature could
stabilize more free radicals of ethylene.

A two-stage reactor system was used by Ngo et al.82 to produce
hydrogen from the gasication of rice straw. The process
included a uidized-bed reactor working at 800 °C as a gasier
followed by a packed bed reactor lled with the Ni-based cata-
lyst working at 250 °C or 400 °C to enhance the amount of H2 in
the gas product. The Ni-based catalyst increased the content of
H2 from 6.63 to 12.24 v%. Additionally, the content of tar and
the amount of CH4 in the gas phase reduced. This showed the
high tendency of the Ni-based catalyst for water–gas shi and
CH4 reforming reactions. With the increase of the temperature
of the catalytic bed to 400 °C, the formation of coke enhanced.
The amount of coke at 250 °C was 3.92 wt%, while at 400 °C, it
was 5.59 wt%. As a result, 250 °C was considered as the
optimum working temperature, which led to 73 wt% removal of
tar and a gas product with a heating value of 5.92MJ kg−1. There
are many studies available for improving the stability of Ni
based catalysts such as addition of bimetals to reduce the
particle size and the formation of solid solution, which are
going to be discussed in the coming sections.

2.1.3.2. Metal oxides. Metal oxides have been widely used in
the gasication process to enhance the yield of hydrogen.80 They
are mainly used in a single form, a mixture of several metal
oxides and supported metal oxides.80,83 The majority of metal
oxides are cheap and are highly abundant on Earth. However,
the preparation of mixed metal oxides or supported metal
oxides is not economically feasible or they cannot be produced
on a large scale. In addition, the formation of coke deactivates
the metal oxides quickly, which is another barrier for their use
in commercial scale plants. The brief summary of the studies of
biomass gasication in the presence of metal oxide based
catalysts, which were available in the literature, is shown in
Table 2. For instance, Duman et al.84 studied the gasication of
safflower seed cake at 600–850 °C and used CeO2–Fe2O3 with
different ratios to decompose tar. The system included two
separate xed-bed reactors for the gasication and reforming of
volatiles. The combination of CeO2 and Fe2O3 could decompose
effectively the tar and enhanced the yield of H2 remarkably. The
optimum results (the yield of H2 was 1500 cm3 g−1 of biomass
and tar conversion was 60 wt%) were obtained at 50 wt%
combination amounts of CeO2 and Fe2O3 at 700 °C. CeO2

improved the reforming of tar and Fe2O3 enhanced the surface
area of the catalyst. The combination of both led to a high yield
of H2 and a tiny amount of coke formation. In another study,
Uddin et al.85 investigated the effect of Fe2O3 on the gasication
of cedar wood at 850 °C in a two stage process. The catalyst was
loaded in the second stage, which was used to destruct the tar at
600 °C. The yield of H2 enhanced from 90 to 290 cm3 g−1 of
feedstock and the yield of carbon in the gas phase enhanced
from 40 to 75 wt%. However, the activity of the catalyst, espe-
cially for water gas shi reaction, declined by the loss of active
sites because of the formation of coke. Moreover, the formation
of coke resulted in the decrease of the catalyst specic surface
area from 7.4 to below 4 m2 g−1. Iron oxide was used by
This journal is © The Royal Society of Chemistry 2023
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Table 2 The brief summary of the results for different types of metal oxide catalysts used in the gasification of biomass

Feedstock Reaction temperature (°C) Catalyst H2 yield (wt%) Coke formation Ref.

Safflower seed cake 700 CeO2–Fe2O3 (50 wt%
from each)

1400 cm3 g−1 of biomass — 84

Cedar wood 600 Fe2O3 H2 increased from 90 to
290 cm3 min−1

Catalyst specic surface
area reduced from 7.4 to
below 4 m2 g−1

85

Bark-free Swedish
birch

800 and 850 Iron based granules H2 concentration in the gas
phase was 6.59 and 8.59 v%
at 800 and 850 °C

No carbon deposit was
seen on the catalyst

86
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Nordgreen et al.86 during the gasication of bark-free Swedish
birch to suppress the formation of tar and increase the yield of
H2. The gasication reaction was conducted in a uidized-bed
reactor, which was followed by a xed-bed reactor for the cata-
lytic reaction. The highest amount of tar destruction (60 wt%)
and the highest amount of H2 (8.59 v%) were obtained at 850 °C.
No carbon deposition was seen on the surface of the catalyst.
These results showed the high performance of the iron oxide
catalyst during the gasication of biomass. However, still
a portion of tar remained and also the use of the catalyst in
further cycles was required to be checked. The reason for this
was to investigate the efficiency of iron oxide in the continuous
operation.

The catalyst to biomass mass ratio and temperature have
high inuence on the production of H2 during the gasication
process.87 Lan et al.87 studied the gasication of sawdust in
a uidized-bed reactor at different temperatures and varied
catalyst to biomass ratios. CaO was selected as the catalyst. To
investigate the changes, they developed a model by the use of
ASPEN PLUS soware. The increase of temperature enhanced
the amount of H2 and CO2 in the outlet gas, while the content of
CO and CH4 reduced. This was because of the increase of water–
gas shi and CH4 reforming reactions. The increase of the
catalyst to biomass mass ratio led to the increase of H2 and CO2

and decrease of CO and CH4 amounts. For instance, the change
of temperature from 650 to 850 °C resulted in the increase of H2

from 32 to 44 v%. Furthermore, by the increase of the catalyst to
biomass mass ratio from 0 to 50 wt%, the content of H2

enhanced from 40 to 68 v%.
Considering the results discussed, it is clear that metal

oxides are active for the rst cycle of the catalytic gasication.
However, still aer a few cycles of use, they lose the activity due
to the formation of coke or the deformation of their structure.
Therefore, further fundamental studies are required to extend
the life-time of the metal oxides during the upgrading of the
gasication products.

2.1.3.3. Noble metals. The use of noble metals as the catalyst
in the biomass gasication process has been studied recently.
They are very active to enhance the yield of H2 and they produce
low coke. They enhance the yield of H2 through the water gas
shi reaction. However, due to their high price, they are rarely
selected by research groups as their application on a commer-
cial scale is not economically feasible. Different noble metals
including Rh, Pt, Pd, Ir, Ru, and Ag supported on CeO2–Al2O3
This journal is © The Royal Society of Chemistry 2023
were tested by Haryanto et al.88 to evaluate their selectivity for
the production of H2. The reaction set-up included a two-stage
in one reactor system with having the gasication reaction in
the rst stage at high temperature. The temperature of the
second stage was lowered by the use of cold water to obtain the
optimum reaction temperature for the catalyst bed. The reac-
tion temperature was 700 °C and a steam to CO ratio of 5.2 : 1
was selected. Pt showed the highest activity to enhance the yield
of H2 (H2 selectivity was 94.7%). Ru had the second highest
activity (H2 selectivity was 85.6%), while the lowest yield of H2

was obtained by Ag (H2 selectivity was 30%). By time-on-stream,
coke formation declined the activity of the catalysts tested and
consequently the yield of H2 reduced. Tar obtained from the
gasication of cedar wood was reformed with Rh, Pt, Pd and Ru
supported on CeO2–SiO2 at 550–650 °C in the study by
Tomishige et al.89 The reactor type was uidized-bed and the
catalyst was used as the bed material. Rh showed the highest
activity to produce more H2 and less coke. At 650 °C, for Rh, the
highest yield of H2 was 3526 mmol min−1 and the yield of coke
was 1 wt%. This indicated that still the yield of H2 was
considerably high, while the yield of coke was also high.
Summarizing the results for the noble metals' application in the
biomass gasication process indicates that they are more active
than other catalysts in this eld of the production of H2.
Furthermore, they result in the lowest amount of coke
compared to the other catalysts used in the gasication process.
However, the amount of coke is still high and in long term
applications, they cannot be a suitable candidate for commer-
cial biomass gasication plants. Their high price is also another
obstacle, which leads to a low amount of interest in their
application. Hence, noble metals are not potential catalysts for
the biomass gasication technology.

Commercial automotive catalysts include platinum, palla-
dium and rhodium, which were used in the gasication of
biomass.90 McFarlan et al.90 used a commercial automotive
catalyst for the reforming of tar, which was produced from
woody biomass in CanmetENERGY using a uidized-bed
reactor operated at 800–820 °C with a feeding rate of 5–20 kg
h−1. The catalytic reforming process of tar was conducted in
a xed-bed reactor at 700 °C. A mixture of methanol, tar and
water (the mass ratio was 79.5/0.5/20 for methanol/tar/water)
was selected as feedstock. Methanol was added to the tar to
reduce the formation of coke. The tar was completely converted
to gas, which included a high content of CO, CO2 and CH4. The
Sustainable Energy Fuels, 2023, 7, 4758–4804 | 4763
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catalyst deactivation occurred aer 12 h and within 20 h, the
conversion of the tar to the gas reduced by 90%. This was
conrmed by the decline of CO, CO2 and CH4 and the appear-
ance of methanol in the liquid phase mixed with water. The
catalyst was regenerated by the burning of the coke at 700 °C for
6 h. The regenerated catalyst could destruct the tar for 20–24 h
during the continuous reforming operation. However, aer
that, it deactivated quickly.

Bio-oil, which was obtained from the hydrothermal lique-
faction of microalgae (N. chlorella), was gasied by Xu et al.91 by
a supercritical water gasication process in a batch reactor at
450 and 500 °C for 10 min. Noble metals including Pt–Pd/C, Ru/
C and Pd/C were used as catalysts to improve the conversion of
the bio-oil to H2. The HTL and upgrading of the bio-oil were
carried out in two separate stages in a batch reactor. Pd/C
showed a slightly higher yield of H2 followed by Pt–Pd/C and
Ru/C. For instance, at 450 °C, the yield of H2 was 0.75 mmol g−1

of bio-oil for the non-catalytic process, 0.68 mmol g−1 of bio-oil
for Pd/C, 0.64 mmol g−1 of bio-oil for Pt–Pd/C and 0.57 mmol
g−1 of bio-oil for Ru/C. Increasing the reaction temperature to
500 °C resulted in the formation of a higher amount of H2. The
reason for this was the higher rate of gasication reaction at
500 °C, which indicated that by the further increase of
temperature, a higher amount of H2 could be obtained. This
was conrmed by the lower yield of tar and the higher yield of
gas at 500 °C. Ru/C led to the formation of the highest amount
of CH4 showing its high tendency for the methanation reaction
of carbon oxide and the cracking of tar.

The possibility of the decline of the tar amount during the
gasication of sludge was investigated by Lin et al.92 The
supercritical water gasication of sludge was performed in
a batch reactor for 10 min at 420 °C and 25 MPa over the Pd
catalyst. Pd with a catalyst to biomass mass ratio of 10 wt%
could enhance the yield of gas from 35.74 to 46.88 wt% due to
the higher rate of cracking reaction in the presence of the Pd
catalyst. The content of H2 increased, while the amount of CH4

reduced in the gas by the use of Pd. For example, the content of
H2 increased from 25 to 42 v% and the content of CH4 reduced
from 17 to 10 v%. This was because Pd enhanced the rate of
steam reforming and water–gas shi reactions. CH4 reacted
with H2O and produced H2.

2.1.3.4. Metal salts. Alkali, alkaline earth and transition
metal salts have been widely used for the gasication of
biomass.93 The majority of metal salts are cheap and active for
the catalysis of gasication reactions. Their catalytic activity can
be explained by redox (reduction–oxidation) reactions. In metal
salts, potassium (K) and sodium (Na) salts have a higher
tendency for the gasication of char and the formation of more
gas.94 Umeki et al.94 studied the effect of K2CO3 (69.1 g K2CO3 in
1 L aqueous solution) impregnation on pine sawdust during the
gasication process in a laminar drop-tube furnace at 900–
1400 °C. The solution : biomass ratio was 16 mL g−1. Their
results indicated that K2CO3 prevented the formation of large
aromatics and cracked down the tar into gaseous products and
aromatics with one or two fused benzene rings. Due to the high
rate of cracking reactions, the yield of char and soot reduced in
the presence of K2CO3. As an example, at 1100 °C, the
4764 | Sustainable Energy Fuels, 2023, 7, 4758–4804
impregnation of K2CO3 led to the decline of the soot yield from
115 to 40 mg g−1 feedstock, which indicated the high tendency
of K2CO3 for the increase of the rate of gasication reaction. The
nitrate salts of alkali metals (Na and K), alkaline earth metals
(Ca and Mg) and transition metal (Fe) were used during the
gasication of pistachio nut shell char in a thermogravimetric
analyzer (TGA) and tube furnace reactor at 800–1000 °C. The
salts selected were impregnated on the surface of the feedstock
(3–7 wt%) prior to the experiment. The results showed that the
catalytic activity of the salts selected for the gasication of
pistachio nut shell char was as follows Na > Ca > Fe > K > Mg.
Nitrate sodium (loading of 3 wt%) led to the increase of feed-
stock reactivity 2.36 times more. The reason for the lower rate of
reaction in the presence of K was the sintering tendency of
biomass ash to form alkali silicates. The increase of reaction
temperature enhanced the rate of cracking and therefore the
yield of gas increased. The study by Koido et al.95 showed that
the production of H2 was enhanced bymetal salts. They selected
Cs2CO3, CsCl, CsNO3 and Cs2SO4 as catalysts for the gasication
of timber waste in a xed-bed downdra-type continuous steam
gasication process at 800 °C. The catalysts were doped on the
surface of the feedstock in the range of 1–30 wt%. The feeding
rate was 0.7 g min−1. Cs2CO3 had the highest increase of H2

yield (57% higher compared to the non-catalytic gasication
process). The molten form of the salts was also studied.96 The
reason for this was the high heating rate in the reactor because
of large heat capacity and rapid heat transfer of molten salts.96

The molten salt enhances the breakdown of biomass and
increases the formation of hydrogen and carbon monoxide.96 Li
et al.96 studied the gasication of cotton stalk in a molten salt
including Na2CO3, K2CO3 and Li2CO3 (mass ratio of 1 : 1 : 1).
The reaction was carried out in a xed-bed reactor at 750–950 °
C. 150 g of the salts and 1 g of the feedstock were loaded into the
reactor. The salts were melted and mixed with the feedstock at
the reaction temperature. The yield of gas was 850 mL g−1 of
feedstock. CO was obtained as the main component in the
gaseous product (80 wt%) in the presence of all the catalysts
used and its content increased by enhancing the reaction
temperature due to the increase of the rate of Boudouard
reaction. The summary of the results indicates that metal salts
can be used to enhance the yield of syngas in the gas phase
during the gasication of biomass. To clarify this further,
experiments with longer run times should be carried out to
evaluate their performance in time-on-stream. The combination
of the salts can be more efficient to enhance the rate of gasi-
cation reaction.

Supercritical water gasication with NaHCO3 and NaCl as
catalysts (the mass ratio of catalyst to biomass was 5 wt%) was
studied by Su et al.97 to convert food waste to H2. A batch reactor
working at 400–450 °C was used and the reaction time was
selected as 20–60 min. The reaction was conducted under
25 MPa pressure. The results showed that the increase of reac-
tion time and temperature enhanced the efficiency of the gasi-
cation process. For instance, in the absence of the catalyst, the
change of temperature from 400 to 450 °C increased the yield of
H2 from 1.5 to 1.8 mol kg−1 of feedstock. At higher tempera-
tures, the rates of water gas shi and cracking reactions were
This journal is © The Royal Society of Chemistry 2023
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higher, which led to the formation of a higher amount of gas.
The increase of reaction time from 20 to 60 min enhanced the
production of H2 up to 15%. Na+ obtained from the catalyst
promoted the water gas shi reaction and more H2 was formed.
The highest yield of gas (12 mol kg−1 of feedstock) at 450 °C and
60 min was obtained in the presence of NaHCO3, while it was
5 mol kg−1 of feedstock for NaCl. Moreover, the yield of H2 was
4.5 mol kg−1 of feedstock for NaHCO3 and 0.5 mol kg−1 of
feedstock for NaCl. It should be noted that NaCl reduced the
yield of gas and H2. The reason for the increase of the gas yield
by NaHCO3 was the enhancement of splitting of C–C bonds by
Na+ and the reason for higher H2 was the increase of the rate of
water–gas shi reaction by Na+.

The gasication of non-edible corn stover in a batch reactor
at 837, 887 and 937 °C over iron nitrate was carried out by
Roncancio et al.98 The reaction pressure was selected as 1.3, 4, 7,
and 10 atm and the mass ratio of catalyst to biomass was 13.
The catalyst led to the formation of a higher amount of gas and
CO. However, the catalyst lost the activity quickly due to its
reaction with CO2, which resulted in the formation of Fe2O3.
The rate of gasication reaction and CO production was
enhanced by the increase of temperature and pressure until
a certain point. CO and biochar destruction did not change by
the increase of pressure above 4 atm. The limitation in diffusion
was the reason for this. At pressures below 4 atm, the increase of
pressure enhanced the availability of reactants, while at pres-
sures higher than 4 atm, CO2 lled the pores of the biochar and
covered its surface, which controlled the biochar conversion
and gasication reaction. The increase of temperature from 837
to 887 °C enhanced the production of CO, while the increase of
the temperature from 887 to 937 °C did not change the yield of
CO signicantly. The reason for this was that at higher than
887 °C, the diffusion was limiting the reaction as all the surface
of the biochar was covered by CO2, which did not allow the
further cracking of biochar and the formation of more CO.

2.1.3.5. Natural catalysts. Dolomite (MgCO3$CaCO3) and
olivine (2MgO$SiO2) as the main natural and cheap catalysts
have been used by some research groups to enhance the effi-
ciency of the biomass gasication reaction.67,80 The results
indicated that due to the presence of different metals and the
polar area on the surface of dolomite and olivine, they led to the
increase of H2 content and the decrease of CO content in the gas
phase.67,80 However, the content of CO2 in the presence of
olivine increased, which indicated that olivine did not enhance
the selectivity of H2.80 The decomposition of biomass was
improved by dolomite and olivine through the cracking of C–C
and C–H bonds and the increase of the rate of water–gas shi
reaction.67,80

2.1.3.5.1. Dolomite. Dolomite is a rock-forming mineral,
which has a specic gravity of 2.8–2.9.99 It is formed under-
ground (thousands of feet below the ground) as calcium
magnesium carbonate.99 It can be colourless or black, brown,
gray, green, white and pink.99 Dolomite is used for the reform-
ing of tar during the gasication of biomass. Depending on the
ratio of Mg/Ca in dolomite, its effect on the gasication reac-
tions can be very different.99 A higher ratio of Mg/Ca is more
This journal is © The Royal Society of Chemistry 2023
favourable for water–gas shi and reforming reactions.99 In an
early study, Orio et al.100 used different calcined dolomite types
including Norte, Chilches, Malaga and Sevilla, which had
completely different compositions, for upgrading the volatiles
from the gasication of biomass in a bubbling uidized-bed
reactor. Dolomite was loaded into a xed-bed reactor, which
was used as the second stage and its working temperature was
780–920 °C. The highest content of H2 (19.0 v%) in the gas
phase was obtained in the presence of Malaga dolomite, while
the highest amount of CO (17.2 v%) belonged to Sevilla dolo-
mite. It should be noted that the content of H2 in the absence of
the dolomite bed was below 10 v% at all the temperatures
tested. The content of CO2 was measured to be 14.3–15.5 v% for
the different dolomites. Fe2O3 in the structure of dolomite was
determined as one of the main reasons to eliminate the tar.
Following this study, Corella et al.101 investigated the effect of
dolomite on the gasication of biomass (a mixture of residue
from olive oil production and pine wood chips with different
mass ratios) in two different reactors including circulating
uidized-bed (working at 850–855 °C and WHSV of 0.31–1.10
h−1) and bubbling uidized-bed (working at 827–879 °C and
WHSV of 0.33–0.47 h−1). The highest amounts of H2 (18.9% on
dry basis for circulating uidized-bed and 14.6% on dry basis
for bubbling uidized-bed) and CO (18.1% on dry basis for
circulating uidized-bed and 12.9% on dry basis for bubbling
uidized-bed) were obtained. This indicated the high tendency
of dolomite for the production of syngas.

In situ co-gasication of coconut shells and oil palm frond
blends was conducted by Inayat et al.102 in a uidized-bed
reactor at 700, 800 and 900 °C. The catalyst loading (the mass
ratio of the catalyst to biomass) was selected as 0, 15 and
30 wt%. The loading of more catalyst and higher temperature
reduced the content of tar and enhanced the amount of H2 and
CO. For instance, by the increase of temperature from 700 to
900 °C (a mixture of 20 wt% coconut shells and 80 wt% oil palm
and catalyst loading of 15 wt%), the yield of tar reduced from
14.23 to 2.12 g per Nm3, which was due to the higher rate of
cracking reaction over dolomite at 900 °C. In addition, in the
gas phase, the content of H2 increased from 7.81 to 13.68 v%
and the content of CO increased from 11.48 to 17.65 v%. This
was due to the increase of the rate of water–gas shi reaction
and other gasication reactions such as Boudouard and water
gas reactions. The presence of dolomite enhanced the content
of H2 and CO, while slightly reducing the amount of tar. This
indicated the low tendency of dolomite for the cracking reac-
tion, but its high tendency for the other gasication reactions.

Dolomite specications change during the gasication of
biomass due to several reasons, which were claried by Hervy
et al.103 They selected fresh and used dolomite as bed materials
from an industrial air-blow uidized-bed biomass gasication
plant. To investigate their performance, the steam reforming of
benzene was conducted in a xed bed quartz reactor in the
presence of both catalysts at 800–900 °C. 0.3 g of the catalyst
and 45 N per mL per min of syngas including 0.5 v% benzene
were used. The results indicated that the activity of the used
dolomite was 25% lower than that of fresh dolomite. The reason
for this was the deposition of a Si-based layer from biomass ash
Sustainable Energy Fuels, 2023, 7, 4758–4804 | 4765
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on the surface of dolomite. Additionally, coke was observed on
the surface of the used dolomite. These reasons reduced the
availability of active sites (CaO and MgO) for the reforming of
benzene, which led to the formation of more coke on the surface
of used dolomite during the reforming of benzene. This
reduced the efficiency of dolomite for the reforming of benzene.

2.1.3.5.2. Olivine. Olivine, especially in the calcined form,
has been widely used for the removal of tar during the gasi-
cation of biomass. It is also cheap and abundantly available in
the nature.104,105 However, its mechanical strength is low, which
leads to the formation of a high amount of ne particles and
consequently a high rate of environmental pollution.104

According to the study by Rapagna,104 the presence of iron
oxides, magnesium and silica in the olivine was the main
reason for its high activity during the steam gasication of
almond shells at 700–850 °C. The steam/biomass mass ratio
was selected as 0.5–1.0 and the reactor type was selected as
uidized-bed. Olivine was the bed material for the reaction. At
820 °C and a steam/biomass ratio of 1, the tar amount was 0.5 g
per 1 normal m3 of dry gas. The gas included 48 v% H2, 25 v%
CO, 22 v% CO2 and 5 v% CH4. It should be noted that under the
same operating conditions (770 °C and steam/biomass mass
ratio of 1), the composition of gas changed signicantly by
replacing olivine with sand. For instance, the content of H2

increased from 19.4 to 35.9 moles in the gas per kg of biomass
fed. In another study, Cao et al.105 used olivine as the bed
material during the gasication of pine sawdust in a uidized-
bed reactor at 700–850 °C. The steam/biomass ratio was 0.3–1.2
and the olivine content was 10, 30 and 50 wt%. By the increase
of temperature from 700 to 850 °C, the content of H2 and CO
increased up to 15.5 and 11.0%. In addition, the increase of the
steam/biomass ratio from 0.3 to 1.2 resulted in the enhance-
ment of H2 yield from 35.4 to 57.2 g kg−1. At 800 °C, a steam/
biomass ratio of 1.2 and an olivine content of 50%, the high-
est yield of H2 (71.4 g kg−1) and the lowest amount of tar (1.3 g
per Nm3) were obtained. Meng et al.106 studied the effect of raw
olivine, calcined olivine and synthesized olivine by wetness
impregnation (WI) and thermal fusion (TF) methods on the
products during the in situ gasication of pine sawdust at 750–
950 °C. At higher temperatures, a lower amount of tar was
observed. Compared to silica-sand, raw olivine decreased the
content of tar by 40.6%. Calcined olivine further reduced the
content of tar due to the immigration of Fe from inside to its
surface. WI-olivine calcined at 1100 °C further reduced the
content of tar (up to 81.5 wt%). The reason for this was the
presence of Fe2O3, NiO and NiO–MgO at the surface of WI-
olivine, which was calcined at 1100 °C. TF-olivine calcined at
1400 °C could reduce the content of tar up to 82.9% due to the
formation of NiFe2O4 on the surface of the catalyst.

The continuous steam gasication of pine wood sawdust in
a conical spouted-bed reactor at 850 °C was carried out by
Cortazar et al.107 Olivine was selected as the catalyst and bed
material (catalyst to biomass mass ratio was 5 wt%). The yield of
gas was measured to be 1.3 Nm3 per kg and the concentration of
tar in the gas phase was 21 g per Nm3. The amount of H2 in the
gas phase was 43 v% and the amount of CO was measured to be
4766 | Sustainable Energy Fuels, 2023, 7, 4758–4804
30 v%. The CH4 content was detected as 8 v%. The deactivation
of the catalyst occurred aer few minutes, which was conrmed
by the increase of the tar amount in the outlet gas and the
reduction of H2 and CO contents in the gas phase. Furthermore,
the monitoring of the surface specication of the olivine
showed that the BET surface of decreased by 92% and the ratio
of pore volume for the fresh to the used catalyst was 0.0003,
which indicated the severe formation of coke. In another study,
Cortazar et al.108 compared the results of non-catalytic and
catalytic continuous steam gasication of pine wood sawdust in
a conical spouted bed reactor at 850 °C. The process conditions
were similar to those of their previous study.107 In the non-
catalytic process, sand was used as the bed material.
Compared to sand, olivine reduced the content of tar from 26 to
20 g per Nm3, which showed the low tendency of olivine for the
cracking of tar. As a result, the yield of gas increased slightly
from 1.25 to 1.30 Nm3 per kg of feedstock. The H2 yield was
4.5 wt% for sand and 5.0 wt% for olivine. The contents of other
gas compounds were in a similar range. As a result, olivine
could not be a potential candidate to destruct the tar into the
gas with a low amount of coke.

2.1.3.6. Zeolites. Zeolites are based on microporous crys-
talline aluminosilicate earth metals, which have a three-
dimensional network of tetrahedral [SiO4]

4− and [AlO4]
5−.67

The presence of cations on the surface of the zeolites and their
mobility during the gasication process are the main reasons
for their high catalytic activity.67 Zeolites are abundantly avail-
able in the nature and they can also be synthesized. Both forms
have a high tendency to enhance the rate of gasication reac-
tion.67 They are cheap and can be produced in a large amount.
However, their quick deactivation due to the formation of coke
during the gasication process is the main obstacle for their use
in large-scale operations. Chin et al.109 studied the effect of
HZSM-5 to remove tar from the gas phase in a xed-bed reactor
at 500 °C. Almond shells were selected as feedstock for the
gasication process and mixed with the catalyst in the reactor.
The catalyst/biomass mass ratio was 0.2–1. HZSM-5 resulted in
the decrease of phenol content up to 79 wt% (catalyst/biomass
mass ratio was 0.5). By the increase of the catalyst/biomass
ratio, the content of oxygen-containing compounds declined
in the tar. In addition, the content of tar decreased from 11 122
to 4011 mg per Nm3 (2.8 times) when the catalyst/biomass mass
ratio was 1. The possibility of biodiesel production from the
cracking of tar obtained from the gasication of virgin wood
chips was investigated by Laksmono et al.110 The reaction was
performed over ZSM-5 in a batch reactor at 430 °C. The catalyst
amount compared to the tar was 2–5 wt% and it was mixed with
the tar. The yield of water and tar decreased from 7.82 to
3.63 wt%, when the catalyst amount was selected as 5 wt%.
Additionally, the fuel properties of the tar were improved by the
catalyst. For instance, its high heating value (HHV) increased
from 37.36 to 40.55 MJ kg−1 in the presence of 5 wt% ZSM-5.
Waluyo et al.111 studied the steam gasication of palm kernel
shells in a tube furnace at 750–850 °C. The steam to biomass
mass ratio was between 0.0 and 2.25. A modied natural zeolite
by acid leaching was selected as the catalyst. The catalyst bed
was located aer the feedstock in the same reactor. The results
This journal is © The Royal Society of Chemistry 2023
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showed that at a steam to biomass ratio of 2.25 and 750 °C, the
catalyst reduced the content of tar by 98% and increased the
content of H2 up to 64%. The increase of temperature from 750
to 850 °C reduced slightly the content of H2 and the amount of
tar.

Lalsare et al.112 investigated the gasication of hardwood
biomass in a downdra xed-bed reactor in the presence of
ZSM-5, which was mixed with the feedstock prior to the exper-
iment. The catalyst to biomass mass ratio was 0.75 and the
reaction temperature was 850 and 950 °C. At 850 °C, without the
injection of methane, the content of H2 in the gas phase
increased from 48 to 54 v%, while the amount of CO reduced
from 52 to 40 v%. This indicated the increase of the water–gas
shi reaction by ZSM-5. By the increase of the temperature, the
amount of H2 reduced, while the amount of CO increased. A tiny
amount of CH4 was also formed, which was due to the reaction
of CO with H2.

The effect of temperature during the gasication of bagasse
in an updra type gasier at 500 °C was carried out by Porawati
et al.113 Zeolite was selected as an in situ catalyst and the mass
ratio of catalyst to feedstock was 0.12. At 20 mL min−1 water
injection to the reaction environment, the outlet gas included
38.25 mol% CO, 4.01 mol% H2 and 10.17 mol% CH4. By the
increase of the water injection amount to 40 mL min−1, the
amount of CO enhanced to 40.14 mol%, the amount of H2

reduced to 1.31mol% and the amount of CH4 slightly decreased
to 9.26 mol%. In addition, the CO2 amount decreased by the
increase of the water injection amount considerably. This
showed that by the increase of temperature, CO2 reacted with
H2 and produced more CO.

2.1.3.7. Char and activated carbon. Char is the byproduct of
biomass thermochemical processing, which can be used as
a catalyst during the gasication of biomass due to its unique
features such as a high surface area and containing different
metals.114 It can be activated by physical and chemical processes
to improve its surface specications like the increase of polarity,
functionalities and pore volume.114 Activated carbon can have
different catalytic properties compared to raw char.114 Char is
cheap and can be produced in a large amount. Additionally, the
majority of activation methods are not expensive processes.
However, the catalyst activity of both char and activated carbon
is not very high to remain for a long duration of time and
convert tar into high value components. Zhang et al.115 used
char, which was obtained from the pyrolysis of mallee wood,
during the gasication of mallee wood, corn stalk and wheat
straw to destruct tar. The temperature was 880 °C inside the
gasication reactor and 800 °C in the catalyst chamber. The
catalytic bed was installed aer the gasication reactor. To
understand the effect of minerals, char was washed with sul-
phuric acid (0.2 M). Both catalysts could reduce the content of
tar in the gas phase to below 100 mg per Nm3. Due to the
catalytic activity of the minerals in the raw char, a higher
amount of syngas (approximately 4–6% more) was produced. In
another study, Wang et al.116 used wood char to remove tar from
the gas phase, which was produced from the gasication of
sawdust in an updra biomass gasier system at 650–850 °C.
The catalyst bed was in the second reactor. Their results
This journal is © The Royal Society of Chemistry 2023
indicated that the removal amount of tar was 85% in the pres-
ence of wood char. Under the same conditions, the content of
H2 enhanced from 25 to 27 v% and the concentration of CO
increased from 24 to 26 v%. Char and commercial activated
carbon were used by Yao et al.117 to remove the tar obtained
from the gasication of wheat straw at 900 °C. The char was
produced from the pyrolysis of wheat straw at 500 °C. The
experiments were performed in a two-stage xed-bed reactor.
The yield of H2 was 20 mg g−1 for both char and activated
carbon samples, while the yield of CO was slightly higher in the
presence of char. Both catalysts could convert the tar to gas and
consequently the yield of gas enhanced from 34.06 wt% (in the
absence of the catalyst) to 66.30 wt% for the activated carbon
and 45.75 wt% for the wheat straw char.

The porous structure of biochar is a key factor to control the
formation of coke.276 Buentello-Montoya et al.118 carried out the
reforming of tar in a xed-bed reactor at 650–850 °C. The
reaction time was considered as 3 h. A mixture of benzene
(61.34 wt%), toluene (23.13 wt%) and naphthalene (15.53 wt%)
was considered as the model compound of tar produced during
the gasication of biomass. The tar model compound was
mixed with a gas containing 25.1 v% CO, 23.7 v% CO2, 7 v%
CH4, 16.8 v% H2 and 27.4 v% N2. The concentration of the tar
model compound in the gas mixture was selected as 20 g per
Nm3. Steam was added to the reaction (28 v% in the gas phase).
The total conversion of the tar model compound was 10% at
650 °C, while at 750 °C, the conversion enhanced to 27% and at
850 °C, the conversion amount was 88%. To enhance the
conversion rate, activated biochar was used. The results showed
that activated biochar increased the rate of conversion, which
was due to its higher pore volume and surface area compared to
biochar. Activated biochar reduced the content of CO2, but
enhanced the content of CO in the gas phase. From the initial
stages of reforming, both biochar and activated biochar lost the
activity similarly. For example, at 850 °C, the conversion of tar
was reduced by 25%within 3 h. The reason was the formation of
coke, which blocked the pores and reduced the available surface
of the catalyst.

Liu et al.119 used biochar, which was produced from the
gasication of mallee wood at 800 °C, for the conversion of tar
of mallee wood in a xed-bed reactor at 800 °C. Tar was
continuously fed into the reactor when the reactor reached the
target temperature. The analysis of the gas product aer 30 min
indicated that the biochar led to the increase of H2 and CO2,
while the amount of CO and CH4 reduced. As an example,
without the use of biochar as the catalyst, the content of H2 was
4 v%, while biochar enhanced it to 22 v%. This was due to the
conversion of the tar to syngas over the catalyst. In the next
stage, water was mixed with the carrier gas, which was argon,
with 15 v% and passed over the biochar catalyst prior to the
injection of tar to activate the biochar for 0–50 min. The longer
time of the activation increased the amount of H2 more. The
results showed that in the rst stage of the reaction, the diffu-
sion of tar molecules to internal catalytically active sites of the
biochar occurred. In the next stage, the tar was decomposed
over the active sites of the biochar, which had oxygen-
containing functional groups. The conversion amount of the
Sustainable Energy Fuels, 2023, 7, 4758–4804 | 4767
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tar was controlled by the catalyst surface area, pore volume and
the availability of oxygen-containing functionalities, which were
higher in the activated biochar. The radicals obtained further
cracked to form gaseous products or recombined together to
produce coke.

2.1.4. Economic analysis and potential to compete with
other technologies. By the gasication of biomass, syngas and
valuable chemicals such as biomethanol and dimethyl ether
can be obtained.120 In the review by Wang et al.,120 the summary
of the studies in the literature indicated that the cost of meth-
anol production from biomass would be in the range of 1.66–
1.95 USD per gal, while the cost of bioethanol production would
be in the range of 1.62–1.77 USD per gal. It was also calculated
that the lowest production cost belonged to NH3 (0.4 $ per kg),
while the highest amount (2.9 $ per kg) was related to the
production of biomethanol.120,121 To calculate the costs, Aspen
Plus soware was used. The methanol production cost from
wood was 195–935 Euro per ton, while it was 200–935 Euro per
ton of residue waste, 160–480 Euro per ton of coal and 90–290
Euro per ton of natural gas. The capacity assumption and the
investment costs were 100 kton per year and 480 million USD
for wood, 1000 kton per year and 420 million USD for residue
waste, 1.6 kton per year and 1100 million USD for coal and 100
kton per year and 980 million USD for natural gas. Additionally,
the results of calculations showed that the capital cost for the
biomethanol production from wood was 5.7 times more than
the capital cost for the production of biomethanol from natural
gas, while the investment cost of wood based plants was 1.4
times less than that of natural gas based plants. To obtain
bioethanol, the production rate was 30 to 50 million gallon per
year, and the production cost and capital cost were 2.8 USD per
kg and 380 million USD, respectively. To produce NH3, the
production cost was 2.9 USD per kg and the capital cost was 100
million USD. The calculations were based on 25 years of oper-
ation. AlNoussa et al.122 performed the techno-economic anal-
ysis of oxygen and steam co-fed gasication of biomass by using
Aspen Plus. The biomass included dates (8.67 × 102 kg h−1),
dried sludge (4.16 × 103 kg h−1), food waste (7.99 × 102 kg h−1)
and manure (6.01 × 104 kg h−1). The reaction temperature was
selected as 850 °C. The production of methanol by steam gasi-
cation was the most economical process with a prot of $0.12
per kg of feedstock. The lowest prot (0.01 per kg of feedstock)
belonged to the oxygen co-feeding gasication of biomass to
produce power. The life time for the plant was 10 years and the
capital cost and operating cost were 40 million USD and 6.08
million USD, respectively. You et al.123 estimated the price of
electricity, which was obtained from the gasication of oil palm
biomass in a xed-bed reactor, as 0.06 USD per kW h in the rural
area of Indonesia. The price of electricity in Indonesia was 0.107
USD per kW h in 2022.124 The life time of the plant was assumed
25 years and the cost of the gasication system was 1500 USD
per kW. In the study by Salkuyeh et al.,125 uidized-bed and
entrained-ow reactors were used for the gasication process of
Canadian pine wood. The calculations showed that the thermal
efficiency of the entrained-ow reactor was higher than that of
the uidized-bed reactor (11% higher). However, the amount of
electricity production was slightly higher for the uidized-bed
4768 | Sustainable Energy Fuels, 2023, 7, 4758–4804
reactor. The plant life time was 30 years, the plant capacity
was 18.9 tons H2 per year and the capital cost was 647–852
million USD for the uidized-bed reactor and 1229–1340
million USD for the entrained ow reactor. The total annual
expenses were 409–431 million USD for the uidized-bed
reactor and 338–410 million USD for the entrained ow
reactor. Lo et al.126 estimated the selling price of the syngas
obtained from the gasication of palm-based biomass via Aspen
Plus simulation. The process was conducted at 850 °C,
a biomass feeding rate of 80 kg h−1 and an air inlet ow of 110
kg h−1. The selling price of 1 kg syngas was 0.15 USD for empty
fruit bunches, 0.097 to 0.13 USD for palm kernel shells and
0.073 to 0.097 USD for mesocarp bre. The different prices
depended on the price and availability of the feedstocks. The
plant life was considered as 20 years, the capital cost was 20
million USD and the total direct and indirect costs were 18.8
million USD and 0.48 million USD, respectively. The total xed-
operating cost was 1.68 million USD.

2.1.5. Environmental analysis and potential to compete
with other technologies. Life cycle assessment (LCA) of biomass
gasication was studied to monitor the environmental impacts
of the process. Different contaminants like greenhouse gas
emission, acidic gas emission, metal contamination, etc. can
occur during the gasication of biomass.127 The amounts of
different contaminants, which were produced from the gasi-
cation of biomass including the residue from cotton cultivation
and processing, olive foot cake waste, biomass from corn and
biomass from rice, were calculated by Koroneos et al.127 Their
results indicated that CO2, SO2 and PO4 were the contaminants
produced during the gasication process. In addition, CO2 was
the main pollutant, while the lowest pollution was related to
PO4 during the gasication followed by reforming. By the direct
use of the gasication products for electricity production, the
amount of CO2 was the lowest and the amount of PO4 was the
highest. For instance, the amount of CO2 from the gasication
followed by reforming was 150 000 kg CO2-eq/TJ H2, while the
CO2 content from the use of the gas product of the gasication
for the production of electricity was 20 000 kg CO2-eq/TJ H2.
Yang et al.128 measured the emission of CO2 as 0.137 kg CO2-eq/
MJ for a biomass gasication plant in China, while it was 0.30
kg CO2-eq/MJ for a typical combustion-based electricity
production plant, which meant that 56% of CO2-eq could be
decreased by replacing the gasication plants instead of
common electricity production plants. In the study by AlNoussa
et al.,122 the amount of CO2 emission was estimated to be 0.68 kg
of CO2-e per biomass input for the gasication of dry pit waste
to produce biomethanol. Loy et al.129 estimated the amount of
CO2 from the gasication of wheat straw in the presence of
a straw derived biochar catalyst. They calculated the yield of
hydrogen as 25.59 g kg−1 of feedstock. From the production of 1
kg H2, 50.4356 kg CO2-eq was obtained. OpenLCA soware was
used by Zang et al.130 to simulate the biomass gasication
process and the combustion of the syngas obtained. Their
results indicated that the global warming potential was lower
than 240 kg CO2-eq/MW h.

2.1.6. Commercialization status. In the past two decades,
the importance of biomass gasication has been well
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3se00496a


Review Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
/1

1/
20

26
 5

:3
9:

42
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
understood to produce fossil-based fuels and chemicals. There
have been many small scale gasiers (70 kWe to 3 MWe), which
were successfully developed, while only some of them could
pass the demonstration stage (>100 MWe).131 It should be noted
that the commercialized gasiers had short operational
spans.131 In Table 3,132 the summary of the details for the
majority of successfully developed gasication plants is shown.
Renergi Pty Ltd's Advanced Biomass Gasication Technology
developed a two-stage gasier to convert forestry and agricul-
ture wastes into heat and power.132 The second stage had bio-
char as the catalyst to remove organic and inorganic impurities.
Its process is under the development and waiting for the
commercialization stage. The analysis showed that there was
less than 20 mg per Nm3 tar in the gas and its HHV was 5.1–6.9
MJ per Nm3. Renergi Pty Ltd's gasier was developed in Aus-
tralia with a capacity of 100 kg h−1 biomass feeding. The
EndeavourMicrowave Gasication technology was developed by
Endeavour Energia S.r.l. in Italy.132 It was designed to convert
the wastes like rice and wheat husks, woody biomass, sludge
from anaerobic digestion and litter from animal farms to bio-
char, heat and electricity at 1400 °C. It was operated on
a demonstration scale (100 kg h−1 feeding) and waiting for
commercialization. The Heliostorm Gasier by Cogent Energy
Systems was based on an ultra-high temperature (3000–10000 °
Table 3 The summary of gasifiers with different capacities, which were

Developer Country Technology

Renergi Pty Ltd. Australia Two-stage gasication
integrated catalytic h
cleaning

Endeavour Energia S. r. l Italy Microwave-assisted
‘Imbert-type’

Cogent Energy Systems United States of
America

Ionic gasication

Wildre Energy Australia Moving injection xe

MEVA Energy AB Sweden Entrained-ow cyclon
gasication

RWE Power AG Germany Entrained-ow gasic

Plasco Conversion
Technologies

Canada Plasma (tar) gasicat

Advanced Biofuel
Solutions Ltd.

United Kingdom Fluidized-bed gasica

SUNY Cobleskill/Caribou
Biofuels

United States of
America

Inclined rotary gasic

TreaTech SARL Switzerland Hydrothermal gasic

This journal is © The Royal Society of Chemistry 2023
C) operation and was built up in USA.132 It is under the
construction of demo scale (up to 4 tons per day feeding). It was
based on using hybrid plasma technology and aimed to produce
electricity. The MEVA technology gasier was developed by
Meva Energy AB in Sweden to convert pellets and sawdust into
biofuel.132 Its technology was based on an entrained-ow
cyclone gasier with a capacity of 1.2 MW electricity and 2.2
MW heat production. Wildre Energy's Moving Injection
Horizontal Gasication (MIHG) technology was designed and
built up in Australia to convert unprocessed biomass and waste
into electricity with a production of 200 kWth (pilot). The
maximum feeding rate was 1 ton per day. Multifuel Conversion
(MFC) technology was developed by RWE Power AG in Germany.
Feedstock was phosphorus-rich substances and the type of
reactor was high temperature entrained-ow. The aim was to
recover carbon and phosphorus from sewage sludge or similar
feedstocks and it was tested on a lab-scale (10–15 kg h−1). Plasco
Conversion Technology was developed by Plasco Conversion
Technologies Inc. in Canada132 on a pilot scale (electricity
production of 60 kWth from municipal waste). The RadGas
Technology was developed by Advanced Biofuel Solutions Ltd.
(ABSL) in the United Kingdom. Its feeding rate was 100 kg h−1

(pilot scale). SUNY Cobleskill's Rotary Gasier was developed by
SUNY Cobleskill/Caribou Biofuels in the USA.132 It was
developed in the past few years131–141

Scale Development status

with
ot gas

100 kg h−1 Technical testing on
a demonstration scale;
pending commercialization

100 kWe/150 kWth/100 kg
h−1 (demo unit), 100–200
kWe (commercial unit)

Tested on a demonstration
scale; awaiting rst-of-a-kind
commercial plant

1–5 t per day (commercial
unit)

Lab-scale (unknown kg h−1)
tested, demo (up to 4 tons
per day) under development

d bed 60 kWth (pilot), 1–7 MWth

(off-grid module) to 5–40
MWth (continuous power)

Tested on a pilot scale,
integrated demo funded
(2019)

e 5 MWth fuel input, 1.2–2.4
MWel and 2.2–2.4 MWth heat
product (commercial unit)

5 MWth (demonstration),
2.5–5 MWth (commercial
offer)

ation Lab (10–15 kg h−1), pilot (130
kg h−1), commercial (125
MW per gasier unit)

Tested on a lab-scale, pilot
plant under construction

ion Multiple 200 t per day
municipal solid waste
modules in series

Parts of the conguration
tested in a 60 kWth pilot

tion 22 t per day feed (demo), 60
MWth and ∼480 t per day
feed (commercial)

100 kg h−1 feed (pilot), 6
MWth (demo plant under
construction)

ation 2 t per day (pilot unit), 0.23 t
per h bone dry woody
biomass full-scale demo
funded

Core units tested on a pilot
scale, funding for the demo/
commercial unit secured

ation 500–1000 kg h−1 feedstock
(commercial unit)

Lab-scale (1 kg h−1) tested;
pilot (100 kg h−1) in
construction; demo
(1–2 kg h−1) planned
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processing municipal solid waste, forestry residue and non-
hazardous site wastes (2 t per day (pilot unit)) to produce elec-
tricity, biofuels and char. The hydrothermal gasication system
was built up by TreaTech SARL in Switzerland to upgrade liquid
wastes such as sewage sludge to clean water, biogas andmineral
salts.132 It was tested on a lab-scale (1 kg h−1) and the pilot plant
(100 kg h−1) is under construction. There are other gasiers,
which are under construction; however, they have not been
mentioned here due to the lack of information or data.
2.2 Fast pyrolysis

2.2.1. Products. Biochar, bio-oil and gaseous components
are the main products from the pyrolysis of biomass.137 Bio-oil
as a dark brown organic liquid is considered the main
product of fast pyrolysis.142 It is an unstable liquid with full of
oxygen-containing compounds such as carboxylic acids,
phenolics, esters, etc., and was initially supposed to replace
vehicle fuels.143–145 However, due to its low fuel properties like
low heating value, high water content, high acid content, low
stability, etc., it cannot be used directly as an engine fuel.146–148

Therefore, its upgrading is required. Hydrodeoxygenation is the
main process to reduce the content of low value compounds
inside the bio-oil.149–151 However, the high cost of hydrogen and
the quick deactivation of the catalyst by the formation of coke
are the major obstacles for this process. The direct use of
a catalyst in the pyrolysis process is another solution to improve
the properties of the bio-oil. Many catalysts from commercial
ones or other catalysts developed in the lab were used in the
pyrolysis process in an in situ or an ex situ form.152 However, still
the formation of coke occurs and also the fuel properties of the
bio-oil are not enhanced that much to use it directly as an
engine fuel.153 The use of different types of reactors is not also
signicant that much. Therefore, some of the research groups
focused on biochar and considered it as the main product of
pyrolysis to produce heat, fertilizers, absorbers, lters, elec-
trodes, etc.154 Some of these technologies have been recognized
to be feasible such as the use of biochar as a fertilizer and others
are under development. Gas compounds include H2, CO, CO2,
CH4 and some other hydrocarbon gases, which could be suit-
able for burning in a furnace to produce heat for the pyrolysis
process or be utilized externally.155 The detailed discussion on
these phenomena is given in the coming sections.

2.2.2. Reactors. Different types of reactors have been
developed to reduce the cost of operation, while enhancing the
yield and quality of bio-oil. Below, the summary of them is
presented.

2.2.2.1. Fixed-bed reactor. The xed-bed reactor is used for
lab scale operations as it is simple and does not have
a complicated controlling system.156 In a large scale operation,
having homogeneous temperature, pressure and also the same
reaction in all the sections of the reactor is very challenging.
David et al.156 studied the pyrolysis of rapeseed oil cake in a xed
bed reactor at 500 °C. They could produce bio-oil with a yield of
38.7 wt% and with a caloric value of 36.25 MJ kg−1. In the study
by Shah et al.,157 the optimum yield and HVV of bio-oil, which
was obtained from the pyrolysis of walnut shell residue at 375–
4770 | Sustainable Energy Fuels, 2023, 7, 4758–4804
750 °C, were 44.7 wt% and 27.3 MJ kg−1, respectively. Cedar was
pyrolyzed at 400–600 °C by Zhu et al.158 in a xed-bed reactor.
The results indicated that at higher heating rates, more glucose
derivatives such as acids and furans were formed. Additionally,
higher temperature reduced the content of guaiacyl-contained
species in the bio-oil and enhanced the rate of reactions such
as demethylation and demethoxylation.

The pyrolysis of water hyacinth (Eichhornia crassipes) was
conducted by Passos et al.151 in a xed-bed reactor at 450 °C. The
higher heating value of the bio-oil was 28.35 MJ kg−1, which was
more than the heating value of the feedstock (63.02% more).
Rahman et al.159 investigated the effect of a ZSM-5 and CaO
mixture on the quality of bio-oil. Pinewood sawdust was
selected as feedstock and the reaction was performed at 500 °C.
The catalyst to biomass mass ratio was 0.25 : 1 and the CaO to
ZSM-5 mass ratio was 1 : 4. The heating value of the bio-oil was
measured to be 24.27 MJ kg−1 and it included 21 wt% water.
This indicated that the catalyst could not improve the quality of
the bio-oil signicantly. In addition, the bio-oil included a high
content of acids, furans, phenolics, ketones and aldehydes,
which indicated the low rate of deoxygenation reaction over the
combination of the CaO and ZSM-5 catalyst. All the studies
based on the xed-bed reactor demonstrated that the xed-bed
reactor is not a suitable candidate for the large-scale operation
of pyrolysis.

2.2.2.2. Bubbling uidised-bed. The bubbling uidised-bed
reactor has been widely used for the pyrolysis of biomass due
to the high yield of bio-oil (70–75 wt%).43,160 Additionally,
temperature is distributed homogeneously inside the bed. The
well mixing of the bed materials makes the contact of biomass
with hot media more efficient. The bed material could be the
catalyst when the change of the bedmaterial with freshmaterial
is easy. The limitation for the particle size of biomass (should be
less than 2–3 mm) and the risk of ash fusion are the main
disadvantages of the bubbling uidised-bed reactor.43 The
university of Waterloo in Canada was one of the initial devel-
opers of this type of reactor for the pyrolysis of biomass.43 Later
on, pilot plants based on bubbling uidised-bed reactors were
built up by Dynamotive (75 and 400 kg h−1 feeding rate of
biomass), Wellman (250 kg h−1 feeding rate of biomass) and
Anhui University of Science and Technology (600 kg h−1 feeding
rate of biomass). Recently, Tran et al.161 studied the pyrolysis of
pitch pine biomass at 500 °C. The yield and HHV of the bio-oil
were measured to be 65.5 wt% and 24 MJ kg−1, respectively. The
pyrolysis of poultry litter was conducted by Pandey et al.162 at
500 °C. The yield of bio-oil was 27 wt% and its HHV was
measured to be 32.17 MJ kg−1. Gomez et al.163 investigated the
pyrolysis of rape straw biomass at 480 °C. The yield of bio-oil
and its HHV were 39.65 wt% and 19.23 MJ kg−1, respectively.

Bamboo biomass was pyrolyzed by Ly et al.164 in a bubbling
uidised bed reactor at 400–550 °C with a biomass feeding rate
of 100 g h−1. HZSM-5 and red mud were used as the catalyst. In
the presence of both catalysts, the content of phenolics, espe-
cially 4-vinylphenol, increased, which was due to the high
tendency of the catalysts used for the cracking reactions. The
yield of the bio-oil was in the range of 45–55 wt% and the yield
of biochar was 25–30 wt% depending on the temperature and
This journal is © The Royal Society of Chemistry 2023
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the absence/presence of the catalyst, the particle size of the
biomass, etc. The high heating value of the bio-oil was
measured to be 25–28 MJ kg−1. The use of the catalyst slightly
enhanced the heating value of the bio-oil. Reaction pathways
were different for HZSM-5 and red mud. Higher amounts of
methoxy phenolic and aromatic compounds were formed by
HZSM-5, while red mud led to the formation of more saturated
phenols and furan derivatives. These all conrmed the high
potential of the bubbling uidized-bed reactor for the pyrolysis
of biomass.

2.2.2.3. Circulating uidised-bed and transported-bed. The
circulating uidised-bed reactor is used in the petroleum
industry for large scale continuous processes.43 The reason for
this is the uniform temperature gradient of the bed and also the
possibility to replace the bed material with fresh substances.
The circulating uidised-bed reactor has its own disadvantages
such as the requirement for a pump to circulate the bed
material, high pressure drop, the high rate of erosion and
particle entertainment in the bio-oil.43,165 The possibility for
continuous operation and the easy change of the bed material
led to the investigation of using the circulating uidised-bed
reactor in the pyrolysis of biomass. Park et al.166 pyrolyzed
sawdust, empty fruit bunch, and giant Miscanthus at 500 °C.
Their results indicated that the yield of bio-oil was the highest
for sawdust (60 wt%), while the caloric value was the highest
(17 MJ kg−1) for giant Miscanthus. Duanguppama et al.167 could
obtain bio-oil with a yield of 67 wt% and an energy value of 30
MJ kg−1 from the pyrolysis of sawdust at 500 °C. Ensyn built up
a plant based on a circulating uidised-bed reactor with
a biomass feeding rate of 650 kg h−1.43 Metso, UPM and Fortum
built up pyrolysis plants using a circulating uidised-bed
reactor with a feeding capacity of up to 400 kg h−1.43 The
results from the study by Mufandi et al.168 indicated that the
circulating uidised-bed reactor could be considered a suitable
reactor design for the pyrolysis of biomass. They selected
sugarcane trash, Napier grass, and rubber tree as feedstock. The
pyrolysis was carried out at 440–520 °C. The feeding rate was 45,
60 and 75 kg h−1. Under the same conditions of the operation,
the yield and heating value of the bio-oil produced from
sugarcane trash were higher. The reason for this was the higher
content of carbon in the sugarcane trash. For instance, at 480 °
C, the yield of bio-oil obtained from the sugarcane trash was
49.47 wt% compared to 47 wt% for the Napier grass and 28 wt%
for the rubber tree.

2.2.2.4. Rotating cone. To enhance the efficiency of heat
transferring, Twente University developed a rotating cone
reactor for the pyrolysis of biomass.43 In their design, the
contact of hot inert particles with the biomass was considered
the method for heat transferring. The rotating cone reactor did
not require an inert gas and instead of that, the reactor was
vacuumed.169,170 Therefore, its cost of operation was consider-
ably high. Moreover, its energy consumption was high.43 Jun-
sheng171 pyrolyzed the waste of pine wood at 550 °C and under
a vacuum pressure of 0.08 MPa. Bio-oil with a yield of 54.83 wt%
and a HHV of 24.31 MG per kg was produced. Jun et al.172

designed a rotating cone reactor for the pyrolysis of biomass at
550 °C. Bio-oil with a yield of 75.3 wt% was produced. Fu et al.173
This journal is © The Royal Society of Chemistry 2023
studied the pyrolysis of wheat straw at 500 °C in a dual
concentric rotary cylinder reactor with ceramic balls as the
recirculated heat carrier. Their results indicated that the yield of
bio-oil and its HHV were 47.6 wt% and 23.8 MJ kg−1,
respectively.

2.2.2.5. Conical spouted-bed. The conical spouted-bed
reactor is known to produce a high yield of bio-oil (above
60 wt%) for the pyrolysis of biomass.174 The reason for the high
yield of bio-oil is vigorous solid cyclic movement in the bed,
which makes the heat transfer and mass transfer efficient.174–176

The efficient movement of particles and the low cost of opera-
tion could be the other advantages of the conical spouted-bed
reactor for the pyrolysis of biomass.175 The spouted-bed
reactor has been developed mainly on the pilot scale and its
scale-up is still under progress. The difficulty in the controlling
system is the main limit for the commercialization of spouted-
bed reactors.174 Park et al.175 pyrolyzed larch sawdust at 400–
550 °C. The highest yield of bio-oil (approximately 53 wt%) and
the HHV of 18.5 MJ kg−1 were obtained at 500 °C. Fernandez-
Akarregi et al.177 conducted the pyrolysis of pinewood sawdust
at 480 °C. The yield of bio-oil was 65.8 wt%. The bio-oil collected
in the scrubber and lters had a HHV of 12.3 and 23.3 MJ kg−1,
respectively. Amutio et al.178 performed the ash pyrolysis of
pinewood sawdust at 400–600 °C. At 500 °C, the highest yield of
bio-oil (75 wt%) with a LHV of 14.6 MJ kg−1 was obtained.

A conical spouted bed reactor was used by Fernandez et al.179

for the steam pyrolysis of pinewood sawdust at 500–800 °C. The
highest yield of bio-oil (75.4 wt%) was obtained at 500 °C. This
showed the high efficacy of conical spouted bed design in
cracking the biomass and biochar to obtain more bio-oil. The
increase of the temperature reduced the yields of biochar and
bio-oil, while it enhanced the amount of gas. At below 700 °C,
the steam was neutral. However, by the further increase of the
temperature, steam was involved in the gasication reactions.
In addition, higher temperature reduced the amount of
phenolics inside the bio-oil and enhanced the content of linear
hydrocarbons and aromatics with no oxygen. The reason for
this was the high rate of cracking, deoxygenating and saturating
of double bond reactions at higher temperatures. Azizi et al.180

investigated the pyrolysis of different microalgae species
including Nannochloropsis (NC), Tetraselmis (TS) and Iso-
chrysis Galbana (IG) in a conical spouted-bed reactor at 500 °C
and studied the yield and quality of bio-oil to evaluate the
performance of conical spouted-bed conguration during the
pyrolysis process. The yield of bio-oil was relatively high (58–
68 wt%) considering the type of biomass. The highest yield of
bio-oil (68 wt%) belonged to IG, which was due to the high
content of carbon in IG. The composition of the bio-oil was
different for the different feedstocks. For instance, TS resulted
in the highest amount of acids, IG produced the highest content
of alcohols and NC pyrolysis led to the formation of more
aldehydes.

2.2.2.6. Ablative pyrolysis. Ablative reactor design is based
on the transfer of heat over a hot plate during the movement of
biomass particles.43,181 Compared to the other types of reactors,
at the same rate of feeding, the size of the ablative reactor would
be smaller due to its high efficiency.43,181,182 As a result, the xed
Sustainable Energy Fuels, 2023, 7, 4758–4804 | 4771
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cost of the plant could be reduced. The absence of an inert gas is
another advantage, which decreases the cost of operation.43

Additionally, biomass with a large particle size could be fed into
the reactor and also the control of the reactor is easy.43,182

However, the cost of operation on a large scale is high and the
reaction rate is limited by the heat transfer from the heating
source, which needs a high cost due to the high rate of heat
consumption. The pyrolysis of tobacco processing wastes was
conducted by Khuenkaeo et al.183 The reaction temperature was
selected as 450–600 °C, which led to the formation of bio-oil
with a maximum yield of 55 wt% and a HHV of 30.05 MJ kg−1

at 600 °C. Khuenkaeo et al.184 pyrolyzed lignocellulosic biomass
residues (corncobs, coconut shells, and bamboo residue) at
500 °C. The yield of bio-oil was 50 wt% for coconut shells with
a HHV of 25.31 MJ kg−1. The yield of bio-oil for corncobs was
72 wt% and the HHV of bio-oil was 19.98 MJ kg−1. For bamboo
residue, the yield and HHV were 45 wt% and 20.42 MJ kg−1,
respectively. Auersvald et al.185 conducted the pyrolysis of
different biomass materials including beech wood, poplar
wood, straw andMiscanthus at 550 °C. The yield and HHV of the
organic phase of the bio-oil were 60 wt% and 62 MJ kg−1 for
beech wood, 60 wt% and 67 MJ kg−1 for poplar wood, 20 wt%
and 28 MJ kg−1 for straw and 21 wt% and 27 MJ kg−1 for
Miscanthus.

2.2.2.7. Grinding pyrolysis. Grinding pyrolysis technology
was developed in Australia by Renergi Pty Ltd.43 on a pilot scale
(10 kg h−1 biomass feeding) and on a demonstration scale (100
kg h−1 biomass feeding rate). It was fundamentally based on the
grinding of the outer layer of biomass particles by hot steel balls
in a rotating reactor.186,187 Hasan et al.188 studied the pyrolysis of
mallee wood chips with different particle sizes. Their results
showed that biomass in the powder form and big particles (few
cm) could be fed into the reactor. Their operating temperature
was in the range of 400–500 °C. The reactor could operate for
a few days on both lab and demonstration scales. However, the
blocking of the feeding pipe to the reactor by biomass and also
the blockage of the condensers and connection pipeline in the
outlet of the reactor were the main disadvantages of the
grinding pyrolyzer. The yield of bio-oil was also low (<60 wt%)
with a high content of acids (up to 15 wt%) and water (up to
35 wt%) compared to the bio-oil produced from the uidized-
bed reactor.

2.2.2.8. Auger reactor. The auger reactor is made of a hot
and an oxygen free cylinder, which includes an auger inside to
push the biomass forward inside the reactor.43,189 The yield of
bio-oil obtained from the auger reactor is high, but lower than
the yield of bio-oil, which is produced in the uidized-bed
reactor.43,189 Due to the high efficiency of heat transfer, the
auger reactor does not need a high amount of heat. It is also
compact and there is no need for a carrier gas. The char with
high quality is also produced by the use of the auger reactor
during the pyrolysis of biomass. However, there is a risk of
plugging inside the reactor and transferring pipes. On large
scales, there is a limitation for uniform temperature distribu-
tion.43 Puy et al.190 conducted the pyrolysis of pine woodchips at
500–800 °C. The highest yield of bio-oil (58.7 wt%) was obtained
at 500 °C. However, the content of heavy species with the boiling
4772 | Sustainable Energy Fuels, 2023, 7, 4758–4804
point of more than 350 °C was higher in the bio-oil produced at
500 °C. Papari et al.191 pyrolyzed sowood sawdust at 465 °C
under vacuum pressure. Bio-oil with a yield of 54 wt% and HHV
of 28 MJ kg−1 was obtained. The pyrolysis of sawdust from the
furniture industry was carried out by Ahmed et al.192 at 400–
600 °C. The yield of bio-oil was the highest (45.1 wt%) at 500 °C.
However, the caloric value of the bio-oil was the highest
(29.871 MJ kg−1) at 600 °C.

Miscanthus was pyrolyzed by V. Lakshman et al.193 in an auger
reactor at 425–575 °C. The yield of bio-oil was low (<40 wt%) in
the range of temperature, which was used. This indicated the
low efficiency of the auger reactor for the production of the bio-
oil. The highest yield of the bio-oil (18.8 wt% oil phase and
18.3 wt% aqueous phase) was obtained at 510 °C. The high
heating value of the organic phase of the bio-oil was measured
to be 15.8 MJ kg−1, which was relatively low considering the bio-
oil produced from the other types of reactors under the same
conditions of operation and feedstock. Bio-oil included a high
content of oxygen-containing species such as acids, which
resulted in a low heating value. As a result, the auger reactor is
not a suitable candidate for the production of bio-oil through
fast pyrolysis.

2.2.3. Catalysts. Fast pyrolysis leads to the formation of bio-
oil as the main product. It is aimed to replace the fossil based
liquid fuels. However, the fuel properties of the bio-oil are not in
the standard ranges required for the engine fuels. For instance,
the heating value of the bio-oil is in the range of 16.79–19.0 MJ
kg−1,194,195 which is in the range of ethanol, while it is far from
the heating value of the fuels such as gasoline and diesel (40–45
MJ kg−1).194 The reason for this is the high content of oxygen-
containing compounds such as water, acids and phenolics in
the bio-oil, which results in high acidity, aging during the
storage time, corrosiveness, etc.194,195 Therefore, catalytic pyrol-
ysis was proposed to remove the oxygen from the bio-oil and
crack down the large species. Many studies have been con-
ducted on the effect of different catalysts for the improvement
of bio-oil properties. However, still the high rate of polymeri-
zation reactions, which forms coke, remains the main problem
in this eld. In the following section, the summary of the
different catalysts' performances in the pyrolysis of biomass is
explained.

2.2.3.1. Zeolites. Zeolites are the most popular group of
catalysts, which have been tested in the pyrolysis of
biomass.196,197 They are very active for cracking and dehydration
reactions and can remove the non-desirable species such as
carboxylic acids, phenolics, ethers, esters, etc. from bio-oil.196,198

Their three-dimensional and porous structure enhances the
possibility of the contact of bio-oil with them. This increases the
cracking of large species, the deoxygenation of acids, etc. to
improve the quality of bio-oil by the production of small linear,
cyclic and aromatic compounds.196,199 Three types of zeolites are
recognized based on their pore sizes including small pore size
(<0.5 nm) zeolites (ZK-5 zeolite-based catalysts), medium pore
size zeolites (ZSM-5 and ZSM-11) and large pore size (0.6–0.8
nm) zeolites (Y zeolite). Themain products from small and large
pore size zeolites have a high tendency for the cracking reaction,
which leads to the formation of small species. However,
This journal is © The Royal Society of Chemistry 2023
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Table 4 The summary of the results obtained by the use of zeolites during the pyrolysis of biomass. Reprinted from ref. 3 with permission from
the Royal Society of Chemistry

Catalyst Reactor T (°C) Feedstock Results Ref.

b-Zeolite and Ca–Y-zeolite In situ, uidized-bed 450 White oak b-Zeolite and Ca–Y-zeolite were
effective for deoxygenation,
reducing bio-oil yield from 62 to
ca. 30 wt%

204

Clinoptilolite In situ, xed-bed 550 Cottonseed cake Caloric value of bio-oil was
enhanced over clinoptilolite to
36.08 MJ kg−1 over from 17.99 MJ
kg−1

205

Hb-zeolite In situ, xed-bed 400–440 Pinewood Bio-oil yield reduced from
47.7 wt% over the catalyst to
26.0 wt% with coke yield up to
11 wt%

206

H-ZSM-5 and Hb-zeolite Ex situ, xed-bed 400 Rapeseed cake H-ZSM-5 was more resistant to
coking than Hb-zeolite, retaining
more organics in bio-oil

207

Hb, HZSM-5 and Ga/HZSM-5 Ex situ, xed-bed 450 Particle board Modication of HZSM-5 with Ga
enhanced formation of aromatics
via deoxygenation

208

HZSM-5, HY and Ga/HZSM-5 Ex situ, uidized-bed 450–550 Radiata pine sawdust Ga/HZSM-5 was selective for the
production of aromatics, while HY
catalyzed the formation of
signicant amounts of coke

209

ZSM-5, HY and USY In situ, xed-bed 500 Corn stalks USY promoted the formation of
aromatics but decreased he bio-oil
yield. ZSM-5 was the opposite

200

HZSM-5 In situ, conical spouted-bed 400–500 Pinewood sawdust High cracking rate of HZSM-5
suppressed the formation of
oxygen-containing species

210

ZSM-5 In situ, xed-bed 400–650 Pine wood Coke yield on carbon basis was up
to 20 wt% at 650 °C, which was
suppressed by increasing
temperature

211

HZSM-5 and MFI-zeolite Ex situ, xed-bed 450–550 Radiata pine sawdust Bio-oil yield reduced from 54.2 to
46.6 wt% over HZSM-5 and to
42.9–50.6 over MFI-zeolite with
a high yield of coke (13.6–
21.3 wt%)

212

ZSM-5 Ex situ, uidized-bed 400–600 Rice husk High rate of cracking over the
catalyst increased the yield of
aromatics, but generates coke
with a yield of 7.8–12.0 wt%

213

HZSM-5 In situ, uidized-bed 550 Corncob HZSM-5 enhanced the content of
aromatics from 7.62 to 74.22 wt%
and the HHV of bio-oil from 18.8
to 34.6 MJ kg−1

214

HZSM-5 Ex situ, uidized-bed 500–550 Wood mixture High cracking activity of HZSM-5
reduced the yield of bio-oil from
40.4 to 5.5 wt%

215

HZSM-5 In situ, uidized-bed 450–500 Hybrid poplar wood The use of HZSM-5 enhanced the
HHV of bio-oil from 24.48 to 30.5
MJ kg−1

216

HZSM-5 Ex situ, xed-bed 550 Jatropha wastes Carbon selectivity for coke was
53.7–69.3 wt%, while the bio-oil
yield reduced from 42.7 to
34.6 wt%

217

Pt-meso-MFI Ex situ, xed-bed 450 Rice husk Pt enhanced the activity of meso-
MFI for deoxygenation, decreasing
the yield of oxygenates by 49%

218

ZSM-5 In situ, uidized-bed 550 Rice husk ZSM-5 showed high selectivity for
naphthalene (12.1%), but the yield
of coke was up to 32.2 wt%

203

This journal is © The Royal Society of Chemistry 2023 Sustainable Energy Fuels, 2023, 7, 4758–4804 | 4773
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Table 4 (Contd. )

Catalyst Reactor T (°C) Feedstock Results Ref.

H-ZSM-5, MgO/H-ZSM-5, ZnO/
H-ZSM-5, H-beta, MgO/H-beta
and ZnO/H-beta

Ex situ, xed-bed 500 Eucalyptus woodchips Metal oxides reduced Brønsted
acid sites, but enhanced Lewis
acid sites of the zeolites

202

ZSM-5 In situ, micro-pyrolyzer 550 Red oak Low yield of bio-oil (27.9 wt%)
with a high content of aromatics
was obtained

219

Steel slag-derived zeolite
(FAU-SL)

In situ, xed-bed 450–600 Oil palmmesocarp ber The catalyst promoted gas
formation, but reduced the
production of bio-oil and biochar

220

Cu/zeolite, Ni/zeolite and
CuNi/zeolite

Ex situ, infrared image gold
furnace

500 Pine wood CuNi/zeolite showed higher
deoxygenation and cracking rates,
but Cu/zeolite and Ni/zeolite
catalyzed the formation of more
aromatics

221

Ni2P-loaded zeolite Ex situ, xed-bed 350–500 Water hyacinth (WH)
and algae bloom (AB)

The catalyst reduced oxygen
content in bio-oil but enhanced
the formation of aromatics

222

ZSM-5 In situ, fast stirred 600 Loblolly pine Catalyst reduced the production of
heavy oil and gas, but enhanced
the formation of light ones and
char

223

HZSM-5, Fe/ZSM-5, Ni/ZSM-5
and FeNi/ZSM-5

In situ, tube reactor 500 Sowood sawdust The catalysts enhanced the
formation of monoaromatics and
naphthalene as well as acidity of
the bio-oil, but coking was
signicant

224

HZSM-5 Ex situ, xed-bed 491–495 Biomass Coke formed included 9.90 wt%
lamentous and 2.25 wt%
graphite-like materials

225

Fe-, Co- and Cu-loaded
HZSM-5

Ex situ, xed-bed 500 Rape straw Monocyclic aromatic and
aliphatics yields were enhanced
2.5 time by the metal dopped
catalysts, and Cu/HZSM-5 and Fe/
HZSM-5 produced the least
amount of coke

201

SiC@MZSM-5 Ex situ, xed-bed 500 Pine sawdust Higher yields of bio-oil (45.9 wt%)
and also coke (35.1 wt% based on
carbon) were obtained with
internal heavy fraction recycling

226

ZSM-5(11)@SBA-15, ZSM-5(15)
@SBA-15 and ZSM-5 (22)
@SBA-15

In situ, xed-bed 500 Corn stalk The catalysts produced a high
amount of phenolics and
carbonyls in bio-oil as well as
a remarkable amount of coke

227

HZSM-5 In situ, microuidized-bed 500 Oak Coke was formed initially in the
pores and then on the surface,
with aromatics as the main
precursors of coke

228

HZSM-5 In situ, uidized-bed 500 Oak Three types of coke including coke
inside micropores, formed on the
outer surface of the catalyst. The
coke in micropores was the main
reason for catalyst deactivation

229

n-ZSM-5, h-ZSM-5 and ZrO2/
n-ZSM-5

Ex situ, xed-bed 400 Acid-washed wheat
straw

ZrO2 reduced the rate of cracking
and coke amount, but increased
the conversion of oligomers into
GC-MS detectable compounds

230
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medium pore size zeolites are very active for aromatization
reactions and they lead to the formation of approximately
35 wt% aromatics for ZSM-5 and approximately 25 wt%
aromatics for ZSM-11 in bio-oil.199 In Table 4,200–230 the summary
4774 | Sustainable Energy Fuels, 2023, 7, 4758–4804
of the results obtained by the use of different types of zeolites in
the pyrolysis of biomass is shown. Uzun et al.200 studied the
performance of different zeolite catalysts including ZSM-5, HY
and USY for the pyrolysis of corn stalks in a tubular xed-bed
This journal is © The Royal Society of Chemistry 2023
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reactor at 500 °C. The catalysts used showed a high rate of
cracking and as a result the yield of bio-oil decreased in the
presence of the catalysts. The highest yield of bio-oil was ob-
tained for ZSM-5 (the yield of bio-oil was 33.30 wt% for non-
catalytic pyrolysis and 27.55 wt% for ZSM-5). Furthermore, the
quality of bio-oil improved, but differently for different cata-
lysts. For instance, the HHV of the bio-oil was 29.74 MJ kg−1 for
the non-catalytic pyrolysis, 33.30 MJ kg−1 for ZSM-5, 36.92 MJ
kg−1 for HY and 33.74 MJ kg−1 for USY. HY had a higher
tendency for deoxygenation and led to a higher HHV for the bio-
oil. In addition, USY produced the highest amount of aromatics
(46 wt%) in the bio-oil, while HY resulted in the highest content
of aliphatics inside the bio-oil (36 wt%). The reason for the
higher amount of aromatics in the bio-oil was the lower ratio of
silica to alumina in USY. The higher acidity and the larger pore
size of HY led to the formation of more char and coke during the
pyrolysis. Li et al.201 pyrolyzed rape straw over HZSM-5 in a two-
stage process at 500 °C and −5 kPa. The presence of the catalyst
decreased the yield of bio-oil from 44 to 37 wt%, while the HHV
of bio-oil increased from 28.44 to 32.11 MJ kg−1. Coke was also
formed with a yield of 4 wt%. HZSM-5 was active for the deox-
ygenation and cracking of volatiles. As a result, the yield of the
gas phase enhanced, while the yield of char stayed constant at
24 wt%. Hernando et al.202 conducted the pyrolysis of eucalyptus
woodchips over hierarchical ZSM-5 and beta zeolites, on which
MgO and ZnO were loaded. Their results showed that the
catalysts used led to the decrease of the bio-oil yield due to the
high rate of cracking reaction. MgO/h-beta had the lowest rate
of cracking and the bio-oil yield was 34.6 wt%, while ZnO/h-
ZSM-5 showed the highest rate of cracking (the bio-oil yield
was 25.4 wt%). The HHV of the bio-oil enhanced differently
from 23.37 MJ kg−1 for non-catalytic pyrolysis to the highest
(29.45 MJ kg−1) for ZnO/h-ZSM-5 and the lowest (24.69 MJ kg−1)
for MgO/h-beta. The differences in acidity, pore size and the
surface area of the catalysts led to these different results. For
instance, ZnO/h-ZSM-5 had a higher Si/Al (58 on mole basis)
compared to MgO/h-beta (Si/Al was 24 on mole basis).

13X zeolite showed high activity to improve the quality of the
bio-oil during the pyrolysis of residual rapeseed biomass in the
study by David et al.231 The reaction was conducted in a two
stage batch reactor at 550 °C. 13X zeolite did not change the
yield of the products signicantly. For instance, the yield of the
bio-oil was 49 wt% in the absence of the catalyst, while it
reduced to 48 wt% by loading 25 wt% (catalyst : biomass mass
ratio). However, the heating value of the bio-oil enhanced from
24.95 to 32.45 MJ kg−1, which was due to the increase of the rate
of deoxygenation reaction by 13X zeolite. It is worth mentioning
that the content of light alcohols, esters, aldehydes and ketones
in the bio-oil increased by the catalyst. However, the amount of
light acids, ethers and phenols reduced. The molecular shape
and pore characteristic can change the properties of the bio-oil
signicantly.232 Hu et al.232 studied the effect of HSAPO-34,
HZSM-5, HM, Hb, HUSY, HMCM-41 and HZSM-5@ silicalite-1
catalysts on the properties of bio-oil. The pyrolysis reaction
was performed in a bench scale continuous feeding two-stage
uidized-bed/xed-bed combination reactor at 550 °C and
pine sawdust was selected as feedstock. The highest BET
This journal is © The Royal Society of Chemistry 2023
surface area (708.1 m2 g−1) belonged to HMCM-41, while the
lowest amount (355.9 m2 g−1) was related to HZSM-5. Corre-
spondingly, the highest and lowest volumes of the pores were
for HMCM-41 and HZSM-5, respectively. The results indicated
that the catalyst having larger pores and higher pore volume
had the pyrolysis reactions in the pores, while the lower pore
volume led to the reaction to be performed on the surface of the
catalyst. As a result, higher pore volume resulted in more effi-
cient pyrolysis and the properties of the bio-oil improved more.
As an example, the rate of naphthalene alkylation was lower for
HZSM-5 compared to HMCM-41.

2.2.3.2. Metal-based catalysts.Metal catalysts in the forms of
metals, metal oxides and metal salts have been used to upgrade
the products from the pyrolysis of biomass.233–235 Depending on
the types of metals, they showed different tendencies for
cracking, aromatization and deoxygenation reactions (Table
5).203,236–243 For instance, Ni showed a high tendency for cracking
and aromatization, while Cs had a high tendency for the deox-
ygenation reaction.244–246 Mante et al.247 studied the pyrolysis of
biomass in a micro-reactor over anatase TiO2 nanorods, CeOx–

TiO2 mixed oxides, and pure CeO2, ZrO2, and MgO at 550 °C.
The aim was to monitor the activity of the catalyst for the
production of highly valuable ketones. The catalyst to feedstock
mass ratio was selected as 8 : 1. Their results indicated that
CeO2 had a high tendency for the ketonization reaction. TiO2

nanorods showed low activity for the ketonization reaction.
However, by loading Ni on TiO2 nanorods, the activity of the
catalyst for the ketonization reaction enhanced. Commercial
anatase nanopowder had a high tendency for the ketonic
decarboxylation reaction. Pt/TiO2 was very active for the deoxy-
genation reaction and reduced signicantly the content of
ketones in the bio-oil. CeOx–TiO2 had a lower tendency for the
ketonization reaction compared to CeO2 and TiO2. ZrO2 and
MgO also had a lower tendency for producing ketones. Lu
et al.248 studied the pyrolysis of wheat straw over Fe/SiO2, Ca/
SiO2 and Fe–Ca/SiO2 catalysts in a xed-bed reactor at 600–750 °
C. Fe/SiO2 was very active for decarboxylation and ketonization
reactions, while Ca/SiO2 enhanced the rate of dehydration,
aromatization and waster–gas shi reactions. The yield of tar
was 17 for 1Fe/16SiO2 and 7 wt% for 1Ca/16SiO2. Fe–Ca/SiO2

had a high tendency for the dehydrogenation reaction and the
yield of tar was 23 wt% for 1.5Ca–5Fe/16SiO2. Li et al.236 inves-
tigated the effect of ZnCl2 on the pyrolysis of rape straw, corn
straw, walnut shells, chestnut shells, camphor wood and pine
wood in a tube furnace reactor at 500 °C. ZnCl2 increased the
rate of char formation reaction and consequently the yield of
biochar changed from 25.45 to 36.21 wt%. The yield of bio-oil
did not change. ZnCl2 had a different performance during the
pyrolysis of pine wood. It increased the yield of the gas phase,
while decreased the yield of bio-oil. ZnCl2 was very active to
produce aldehydes and ketones in the bio-oil. The type of
feedstock inuenced the amount of different species in the bio-
oil. For instance, the higher content of cellulose and hemi-
cellulose in camphor wood and pine wood led to the formation
of a higher amount of aldehydes and ketones in the bio-oil.

Metal catalysts are deactivated quickly during the pyrolysis of
biomass. Different groups of metals lead to the formation of
Sustainable Energy Fuels, 2023, 7, 4758–4804 | 4775
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Table 5 The summary of the results obtained by the use of metal based catalysts during the pyrolysis of biomass. Reprinted from ref. 3 with
permission from the Royal Society of Chemistry

Catalyst Process and reactor T (°C) Feedstock Results Ref.

ZrO2–FeOx Ex situ, xed-bed quartz 500 Cacao pod husks Catalyst enhanced the ketonization and
demethylation, forming more ketones
and phenolics

237

Zn, Co, Fe, Ni, Ce and Mn
salts

In situ, xed-bed 500 Eucalyptus Mn, Ni and Ce salts catalyzed the
deoxygenation of bio-oil

238

MgCl2 In situ, uidized-bed 450–550 Yellow poplar wood The catalyst enhanced the dehydration
reaction and reduced the viscosity of bio-
oil

239

TiO2, SO4
2−/TiO2, SO4

2−/
TiO2–Fe3O4

In situ, CDS pyroprobe 300 Cellulose and poplar
wood

The catalysts promoted cracking
reactions, especially for SO4

2−/TiO2–
Fe3O4

240

MgO, NiO, Al2O3, ZrO2/TiO2,
Zr, Ti, Zr/Ti

Ex situ, xed-bed 500 Beech wood The catalysts promoted the
deoxygenation and enhanced the
production of aromatics, especially the
Zr/Ti catalyst

241

Gamma-Al2O3 In situ, uidized-bed 550 Rice husk Catalyst catalyzed the formation of
aromatics and C2–C4 olens but the
activity was low

203

Fe/SiO2, Ca/SiO2, Fe–Ca/SiO2 In situ, xed-bed 600–750 Wheat straw High rates of decarboxylation and
dehydration was observed for Fe/SiO2

and Ca/SiO2. Fe–Ca/SiO2 enhanced the
amount of H2 and aromatics in bio-oil.
Ca enhanced the rate of deoxygenation of
Fe

242

ZnCl2 Ex situ, tube furnace 500 Rape straw, etc. ZnCl2 increased the yield of biochar and
the production of aldehydes and ketones

236

Fe3O4, TiO2 In situ, xed-bed 500 and 800 Sapwood Higher rate of cracking was observed for
both catalysts, enhancing the formation
of aromatics

243
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different amounts of coke.249 Li et al.249 studied the performance
of alkali metals and alkaline earth metals during the pyrolysis of
rice husk. The experiments were carried out by Py-GC/MS and
Py-SVUV-PIMS at 550 °C. Prior to the experiment, Na+ (416.67
mmol g−1), K+ (30.58 mmol g−1), Ca2+ (16.18 mmol g−1) and Mg2+

(10.06 mmol g−1) were loaded on the feedstock. The results
indicated that alkali metals had a tendency for the fragmenta-
tion and ring-ssion of sugar units and their presence resulted
in the formation of a higher amount of aldehydes, ketones and
acids. In addition, the content of phenolics was enhanced by
using alkali metals due to the higher rate of secondary
decomposition reactions of lignin. Larger phenolics were
further polymerized and coke with the structure of aromatics
was formed. On the other hand, alkali earth metals were more
active for the destruction of cellulose and hemicellulose and as
a result, anhydrosugars and furfural were formed. The coke was
produced mainly from the polymerization of anhydrosugars.

A Ni–Al nanosheet catalyst was used by Yang et al.250 to
enhance the content of H2 during the pyrolysis of rice husk in
a two-stage xed-bed reactor at 600 °C for the rst stage
(pyrolysis) and 500–800 °C for the second stage (catalytic
reforming). The catalyst and the increase of the temperature led
to the signicant increase of the H2 content in the gas phase. In
addition, the yield of the gas enhanced remarkably by the
catalyst, which showed the increase of the rate of the secondary
4776 | Sustainable Energy Fuels, 2023, 7, 4758–4804
cracking and reforming reactions. For instance, the yield of H2

in the non-catalytic and catalytic processes was 1 and 14 mmol
g−1 of biomass, respectively.

2.2.3.3. Noble metals. Noble metals have been used for the
pyrolysis of biomass in recent years.250,251 The reason for their
application was the low amount of coke and the high rate of
deoxygenation reaction compared to the other groups of cata-
lysts.19,250,251 However, their high price and the difficulties in
their regeneration prevented their uses in large scale opera-
tions. Pd/C, Pt/C and Ru/C were the common noble metal based
catalysts, which have been used in the pyrolysis of biomass. The
summary of the results of biomass pyrolysis in the presence of
different noble metals is shown in Table 6.252–256 For instance, in
the study by Lazdovica et al.,252 wheat straw was pyrolyzed in TG-
FTIR over Pt/C and Pd/C at 700 °C. Pt/C showed a higher
tendency for deoxygenation, while Pd/C was active for cracking
and aromatization reactions. Wang et al.257 investigated the
effect of the Pd/C catalyst in the pyrolysis of larch sawdust in
uidized-bed and xed-bed catalytic reactors at 550 and 450 °C,
respectively. Pd/C showed relatively high activity for cracking
and decarboxylation reactions. As a result, the content of
phenolic compounds in the bio-oil enhanced from 19.69 to
25.03 wt%, while the amount of carboxylic acids in the bio-oil
reduced from 7.83 to 4.44 wt%. The study by Lu et al.253 indi-
cated that Ru and Pd had different effects on the upgrading of
This journal is © The Royal Society of Chemistry 2023
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Table 6 The summary of the results obtained by the use of noble metal based catalysts during the pyrolysis of biomass. Reprinted from ref. 3
with permission from the Royal Society of Chemistry

Catalyst Process and reactor T (°C) Feedstock Results Ref.

Pt/C, Pd/C In situ, TGA-FTIR 700 Wheat straw Both catalysts enhanced the
deoxygenation, but more aromatics and
olens were formed over Pd/C, while
more methane and carbon dioxide were
formed over Pt/C

252

ZSM-5, Pd/C, MCM-41, Pt/C In situ, TGA-FTIR 700 Wheat bran Noble metal catalysts enhanced the
formation of aromatics, while zeolites
enhanced the production of aliphatics
and olens

254

TiO2 (rutile), TiO2 (anatase), ZrO2 & TiO2,
etc.

Ex situ, Py-GC/MS 500 Poplar wood Pd/CeTiO2 enhanced phenolics
formation, while ZrO2 or TiO2 reduced
the production of phenols, acids and
sugars, but enhanced the formation of
linear ketones and cyclopentanones

253

W2C/AC, W2N/AC, Mo2C/AC, Mo2N/AC Ex situ, Py-GC/MS 600 Pine wood Tungsten-based catalysts enhanced the
formation of monomeric phenolics while
decreasing the production of
anhydrosugars and linear aldehydes

255

Mo2N, W2N, MoP and WP supported on
Hb, HY and HZSM-5

Ex situ, Py-GC/MS 450–850 Pine wood Modication of the zeolites enhanced the
cracking and deoxygenation, producing
more monoaromatics

256
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volatiles during the pyrolysis of poplar wood in a pyrolysis-gas
chromatography/mass spectrometry (Py-GC/MS) system at
500 °C. For this aim, Pd/CeTiO2, Ru/CeTiO2, Pd/CeZrO2 & TiO2

and Ru/CeZrO2 & TiO2 were selected as catalysts. Pd/CeTiO2 had
the highest activity to produce phenolics (phenolic content in
the bio-oil during the non-catalytic pyrolysis and in the pres-
ence of Pd/CeTiO2 was 25.6 and 37.2 area%, respectively). The
presence of ZrO2 in the catalyst formulation led to the further
destruction of sugar and the increase of the rate of deoxygen-
ation and ketonization reactions.

The combination of Pt and Ni over Al2O3 showed a high
tendency for the hydrodeoxygenation reaction and reduced the
formation of coke signicantly in the study by Zheng et al.19

Pine sawdust was selected as feedstock and the reaction was
conducted in a Py-GC × GC/MS at 450 °C for pyrolysis and 500 °
C for the catalytic part. The Pt to Ni mass ratio was 0 : 1, 2 : 1, 1 :
1, 1 : 2 and 1 : 0. The loading of Pt over Ni/Al2O3 enhanced the
rate of hydrogenation. As a result, the polymerization of oxygen-
Table 7 The summary of the results obtained by the use of bimetallic
permission from the Royal Society of Chemistry

Catalyst Process and reactor T (°C

Ni/Ca-promoted Fe Ex situ, xed-bed 600–7

Ni/cordierite, Co/cordierite, Ni–Co/
cordierite

Ex situ, xed-bed 800

Cu/zeolite, Ni/zeolite and CuNi/zeolite Ex situ 500

This journal is © The Royal Society of Chemistry 2023
containing species reduced and less coke was formed. By the
increase of the Pt amount in the catalyst, the yield of coke
decreased. As an example, the yield of coke was 15 wt% for Ni/
Al2O3, while it reduced to 7 wt% for Pt–Ni/Al2O3 (the Pt to Ni
mass ratio was 2 : 1).

2.2.3.4. Bimetallics. Bimetallics were used in the pyrolysis of
biomass to reduce the amount of coke and to enhance the rate
of deoxygenation, aromatization, etc. reactions.258–261 The
correct selection of metals can improve the fuel properties of
the bio-oil. The main bimetallics used in the pyrolysis of
biomass were Ni–Ca, Ni–Co and Ni–Cu. Ni was selected as the
main component of bimetallics due to its high tendency for the
deoxygenation reaction.262–264 However, Ni had high activity for
cracking and coking reactions, which led to the addition of the
secondmetal to improve its performance.262–264 The results from
the literature, which are shown in Table 7,243,262,263 indicated that
the addition of Ca could reduce the rate of cracking reaction of
Ni, while enhancing the rate of aromatization reaction.262 The
catalysts during the pyrolysis of biomass. Reprinted from ref. 3 with

) Feedstock Results Ref.

50 Wheat straw Iron addition enhanced the production
of hydrocarbon and hydrogen, while
suppressed coking

262

Sawdust The catalysts showed a high tendency for
the destruction of tar, especially over Ni–
Co/cordierite

263

Pine wood Cu/zeolite produced a higher amount of
aliphatics, but Ni/zeolite produced both
aliphatics and aromatics. CuNi/zeolite
had a higher rate of deoxygenation

228
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presence of Co increased the rate of reforming reaction, while
reducing the rate of cracking reaction by Ni.263 Cu was very
active to increase the rate of dehydration, decarboxylation and
decarbonylation reactions.264 Lu et al.262 studied the pyrolysis of
wheat straw over a Ni/Ca-promoted Fe catalyst in a xed-bed
reactor. The reaction was conducted at 600–750 °C. Ca led to
the quick formation of coke. Ni was active for cracking and
gasication reactions and Fe was active for breaking C–O and
C–C bonds. By the combining of Ni, Ca and Fe, the formation of
coke and char slightly decreased, while the content of small
aromatics such as benzene, toluene, xylene, etc. increased. In
another study, the combination of Ni and Co was used as
a catalyst by Lu et al.263 to pyrolyze sawdust in a xed-bed reactor
at 800 °C in an ex situ process. Ni/cordierite, Co/cordierite and
Ni–Co/cordierite were the catalysts. The results indicated that
Ni3–Co1/cordierite enhanced the rate of reforming reaction and
the highest amount of conversion for tar (89%) was obtained in
its presence. It also increased the amount of monoaromatics
such as benzene, toluene, etc. inside the bio-oil. Kumar et al.264

investigated the effect of Cu/zeolite, Ni/zeolite and CuNi/zeolite
catalysts during the pyrolysis of pine wood at 500 °C in an ex situ
process. The CuNi/zeolite catalyst was very active for dehydra-
tion, decarboxylation, and decarbonylation reactions, while Ni/
zeolite was active for cracking and Cu/zeolite led to the forma-
tion of a high amount of aliphatics in the bio-oil.

The combination of Ni and Cu reduced the formation of coke
and enhanced the quality of bio-oil.261 Zheng et al.261 used Ni–
Cu/HZSM-5 during the pyrolysis of pine wood in a Py-GC × GC/
MS at 500 °C. The Ni–Cu loading amount over HZSM-5 was
Table 8 The summary of the results obtained by the use of the FCC
permission from the Royal Society of Chemistry

Catalyst Process and reactor

Modied FCC catalysts with alkali and
acid treatment

Ex situ, xed-bed

Commercial equilibrium FCC catalyst Ex situ, xed-bed

Spent FCC In situ, uidized-bed

Commercial FCC catalyst Ex situ, xed-bed

FCC-L, FCC-H and their steamed form Ex situ, bubbling uidized-bed

Fresh and spent FCC catalyst In situ, uidized-bed

4778 | Sustainable Energy Fuels, 2023, 7, 4758–4804
10 wt% and the mass ratio of Ni : Cu was selected as 1 : 2, 2 : 2
and 2 : 1. The combination of Ni and Cu enhanced the rate of
deoxygenation reaction and a higher content of aliphatics was
produced. The higher loading ratio of Ni to Cu led to the
formation of alkanes, aliphatics and aromatics due to higher
rates of decarbonylation, decarboxylation and aromatization
reactions. However, the higher content of Cu in the catalyst
resulted in the production of more olens and phenolics
because of higher rates of dehydration and demethylation
reactions. Compared to Ni/HZSM-5 and Cu/HZSM-5, the yield of
coke reduced by 28.87–30.12% and the content of aliphatics in
the bio-oil increased by 29.86%.

2.2.3.5. Fluid catalytic cracking (FCC) catalyst. The FCC
catalyst contains a crystalline Y-zeolite, matrix, binder and ller
in its structure and it is mainly used for the cracking of heavy
fractions inside crude petroleum to obtain gasoline or
diesel.265–269 The use of the FCC catalyst in the pyrolysis of
biomass has been investigated by several research teams (Table
8).270–274 Bertero et al.270 investigated the pyrolysis of pine
sawdust at 500 °C. The reactor type was xed-bed and the
reaction was conducted in an ex situ process with FCC (100–120
mm) as a catalyst. The yield of hydrocarbons in the bio-oil
increased up to 25% in the presence of the catalyst. Due to
the high tendency of the FCC catalyst for the deoxygenation
reaction, the yield of oxygen-containing compounds decreased
up to 55%. A high amount of coke (yield of 11.1 wt%) was
formed on the surface of the catalyst. This indicated that coke
formation was the main disadvantage for the FCC catalyst. In
the study by Zhang et al.,203 the FCC catalyst showed high
catalyst during the pyrolysis of biomass. Reprinted from ref. 3 with

T (°C) Feedstock Results Ref.

550 Pine sawdust Alkali modied FCC showed a higher rate
of deoxygenation and lower coke yield.
Acid treated FCC catalyst enhanced the
formation of aromatics and gasoline
range compounds

272

500 Pine sawdust Catalyst increased the yield of
hydrocarbons by 25% and decreased the
content of oxygen-containing
compounds by 55%. Coke yield was
20 wt%

270

550 Rice husk Catalyst showed a high tendency to
produce monoaromatics, while a high
amount of coke (26.3 wt%) was also
formed

203

500 Spruce wood Coke yield reached 42.08 wt% and
phenolics, furans and ketones were the
main compounds in the products

271

465 Poplar wood Steam treatment of the FCC catalyst
enhanced the activity for cracking.
Higher content of zeolite in FCC-H also
led to a higher rate of cracking

273

400 Corncob High rate of cracking and deoxygenation
was seen for both catalysts. Phenolics,
furan and ketones were the main
compounds in the bio-oil

274

This journal is © The Royal Society of Chemistry 2023
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activity to produce monoaromatics. Rice husk (0.1–0.3 mm) and
a uidized-bed reactor working at 550 °C were selected to
conduct the experiment. The FCC catalyst with a particle size of
0.063–0.154 mm was used. The biomass feeding rate to the
reactor was 44 g h−1 and it continued for 30 min. The FCC
catalyst led to the formation of a high amount of aromatics
(carbon yield was 8 wt%) and olens (carbon yield was 7 wt%) in
the bio-oil. The yield of coke was measured to be 26.3 wt%.
Adam et al.271 studied the pyrolysis of spruce wood in a xed-bed
reactor at 500 °C. The process was performed in an ex situ form
and catalyst : biomass mass ratio was selected as 0.46. A high
yield of organics (19.52 wt% on feed biomass basis) was ob-
tained in the presence of the catalyst, but the yield of coke was
very high (42.08 wt% based on feed biomass).

The FCC catalyst deactivates quickly due to the formation of
coke.275 Socci et al.275 investigated the effect of the FCC catalyst
in the pyrolysis of beech wood in a Frontier Labs single-shot
tandem micropyrolysis system at 500 °C. The catalyst
enhanced slightly the yields of CO (from 3.1 to 4.1 wt%) and CO2

(from 3.1 to 3.8 wt%) due to the increase of the rate of decar-
bonylation and decarboxylation reactions, respectively. The
content of furans and phenolics in the bio-oil increased, while
the content of anhydrosugars decreased, which indicated
a higher rate of feedstock decomposition reaction in the pres-
ence of the FCC catalyst. The yield of char/coke enhanced from
19.8 to 29.5 wt%, which demonstrated the high tendency of FCC
for deactivation through the formation of coke.

2.2.3.6. Red mud. Red mud contains metal oxides such as
CaO, Na2O, SiO2, TiO2, Fe2O3, Al2O3, etc., which led to its
application in the pyrolysis process.276 However, it did not show
a high tendency for pyrolysis reactions.277–281 In Table 9,282–286 the
summary of the results obtained by the use of red mud in the
pyrolysis of biomass is shown. The pyrolysis of pinyon juniper
in a bubbling uidized-bed reactor was carried out at 450 °C by
Agblevor et al.282 Red mud was used in the in situ form and the
feeding rate of biomass was selected as 0.93 kg h−1. Bio-oil with
a yield of 43.53 wt% and a high heating value of 28 MJ kg−1 was
produced. The pH of bio-oil was 3.3, which indicated the low
rate of deoxygenation reaction. Duman et al.283 studied the
Table 9 The summary of the results obtained by the use of the red mu
permission from the Royal Society of Chemistry

Catalyst Process and reactor T (°C)

Sepiolite, bentonite and
attapulgite, red mud

In situ, auger reactor 400–500

Red mud In situ, bubbling uidized-bed 450

Red mud In situ, uidized-bed 450

Red mud In situ, uidized-bed 400–450

Red mud Ex situ, xed-bed 300–600

This journal is © The Royal Society of Chemistry 2023
pyrolysis of sun ower cake. Two-stage xed-bed reactors were
used at 300–600 °C. Red mud, which was loaded in the second
reactor, did not change the yield of bio-oil. However, it reduced
slightly the content of pyrolytic lignin and increased the amount
of extractives in the bio-oil. As a result, a higher amount of
phenolics was formed in the bio-oil. At all the temperatures
used, the yield of coke was below 1 wt%. Santosa et al.284 pyro-
lyzed a mixture of pinyon juniper, pine, and forest waste at 400–
400 °C. Their results showed that the yield of bio-oil was 22 wt%
at 450 °C and 38 wt% at 400 °C in the presence of red mud. Red
mud as a catalyst did not increase the rate of deoxygenation
reaction and also the hydrogen to carbon ratio was not changed
by red mud.

Mixed food waste was pyrolyzed by Ly et al.281 in a bubbling
uidized-bed reactor at 400–550 °C. Red mud (100 g) with
a particle size of 150–212 mm was used as the bed material. The
feeding rate was 100 g h−1. The yield of bio-oil slightly increased
by the increase of the temperature, which was because of the
slightly higher rate of the cracking reaction. By the change of
the temperature from 450 to 550 °C, the oxygen content in the
bio-oil reduced due to the higher rate of deoxygenation reaction,
which led to the increase of the HHV of bio-oil from 31.24 to
34.07 MJ kg−1. The content of H2 and CO increased in the gas
phase, which indicated a higher rate of decarbonylation and
dehydrogenation reactions at 550 °C.

2.2.4. Economic analysis and potential to compete with
other technologies. Different soware tools such as Aspen Plus,
Chamcad, Pyrol Hysys, etc. were used to evaluate the benets of
using pyrolysis to convert biomass to different types of fuels.287

The main aim of the pyrolysis process is to obtain engine fuel.
However, due to the difficulties and the high expenses of
upgrading, the production of biochar and chemicals has also
been investigated in the literature. Based on the production of
engine fuel, there have been several economic studies. For
instance, Khan et al.288 conducted the techno-economic analysis
of olive mill wastewater sludge catalytic pyrolysis including two
different cooling mechanisms. The economic analysis was
performed based on a plant with a 100 tonnes per day biomass
feeding rate. Red mud was selected as the catalyst and the
d catalyst during the pyrolysis of biomass. Reprinted from ref. 3 with

Feedstock Results Ref.

Pine wood chip Red mud catalyzed the formation of less
oxygen-containing compounds, but more
aromatics and phenolics

285

Pinyon juniper Red mud catalyzed the formation of the
bio-oil of low pH (3.3), higher heating
value (28 MJ kg−1) and lower viscosity
(<100 cP)

282

Pinyon juniper The minerals such as potassium,
calcium, magnesium, and phosphorus
enhanced the catalytic activity of redmud

286

Pinyon juniper The red mud had low catalytic activity for
deoxygenation of volatiles

284

Sun ower cake Red mud showed reasonable activity for
deoxygenation

283
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reaction was conducted at 400–500 °C. The economic life time
of the pyrolysis plant was considered as 20 years in the calcu-
lations. The production cost of the bio-oil was different based
on the conditions used (1.78–6.19 Euros per gasoline gallon
equivalent meaning 0.47–1.64 Euros per gasoline liter equiva-
lent), which was relatively high, and by adding the trans-
portation and other costs, it increased considerably. Therefore,
the price of the bio-oil was not comparable with the price of
gasoline at petrol stations. Brigagao et al.289 used Aspen Hysys
soware to estimate the price of bio-oil produced from the
pyrolysis of corncobs at 550 °C. The corncob feeding rate was
82.88 tons per h. By considering 23 years as the life time of the
plant, the estimated price of bio-oil was 1.47 USD per gasoline-
gallon-equivalent bio-oil. Wang et al.290 studied the economy
aspect for the pyrolysis of rice husk at 400–450 °C to obtain bio-
oil. Their estimated selling price for the bio-oil was 0.55 USD per
liter of the bio-oil. The plant life time was considered as 10 years
in their calculations. Carrasco et al.291 simulated the production
of bio-oil from the pyrolysis of marine forest residue with
a feeding rate of 2000 dry metric tons per day at 500 °C. Aspen
Plus was used for this aim. By considering 30 years for the life
time of the plant, the selling price of the bio-oil was calculated
to be 6.25 USD per gallon. These estimations showed that
depending on the parameters such as the feedstock type,
process conditions, the costs in the area where the plant is
going to be installed, assumptions for the prices and process
parameters, the nal selling price of the bio-oil could change
remarkably.

2.2.5. Environmental analysis and potential to compete
with other technologies. Biomass pyrolysis can emit several
contaminants such as CO2, CO, SO2, CH4, N2O, particulate
matters, etc., into the environment.292–294 The highest abun-
dance of pollution belongs to CO2, which results in greenhouse
gas emission. Vienescu et al.295 conducted LCA analysis of corn
stover pyrolysis. The feeding rate was considered as 2000 metric
tons per day and the pyrolysis was performed at 500 °C. The
calculated g CO2 per kg of pyrolysis oil was 800. In another study
by Chan et al.,296 the LCA analysis of Malaysian oil palm empty
fruit bunch pyrolysis (at 450 °C) was performed. From their
calculations, for the production of every kilogram of bio-oil,
8.27 kg of CO2 equivalent was produced. Iribarren et al.297 esti-
mated the CO2 emission amount to be 1.03 tons CO2 equivalent
per ton of bio-oil used, while from the combustion of an
Table 10 The summary of demonstration/commercial size plants for bi

Year Country Company

1996 Canada Red Arrows – Ensyn
2000 Canada Pyrovac
2005 Malaysia Genting
2013 Finland Fortum – VALMET
2014 Netherlands BTG-BTL/EMPYRO
2014 USA KiOR
2015 Netherlands EMPYRO
2015 Finland UPM
2017 Canada AE Cote-Nord Bioenergy/Ensyn
2021 Sweden Pyrocell

4780 | Sustainable Energy Fuels, 2023, 7, 4758–4804
equivalent amount of fossil fuels (0.57 tons of diesel and 0.43
tons of gasoline), 3.72 tons of CO2 equivalent was produced.
Considering the calculation of Ning et al.,298 by using bio-oil and
biochar instead of fuel oil and coal, the decline of CO2 emission
would be 2835 kg CO2 per m

3 of pyrolysis oil. They considered
Cryptomeria residue as feedstock and the bio-oil production rate
was assumed to be 10 000 tons. Additionally, the rate of biomass
feeding was 2990 kg h−1. The LCA assessment of crop straw
pyrolysis at 550 °C was performed by Yang et al.299 Their results
indicated that CO2 emission was 0.62 kg CO2 equivalent per kg
of crop straw.

In the study by Brassard et al.,294 the pyrolysis of the 1427 kg
forest residue was considered. The obtained gas was combusted
to produce the energy for the pyrolyzer. Bio-oil was considered
as a fuel for the boilers. Vinegar and biochar were utilized in
crop cultivation and in the eld, respectively. Compared to the
scenario of leaving the forest residue in the eld to decay, its
pyrolysis led to the decrease of CO2 production by 906.4 kg CO2e
per Mg dry biomass.

2.2.6. Commercialization status. So far, there have been
many efforts to commercialize the pyrolysis of biomass. As
a result, several pyrolysis plants were built up with different
sizes. The summary of details for some of these plants are
presented in Table 10.43 The common issue on the pyrolysis of
biomass is the possibility to extend the duration of operation
and also the low quality of the bio-oil. For improving the bio-oil
quality, a catalyst was used. However, the deactivation of the
catalyst and the low quality of the upgraded bio-oil were the
main obstacles. Therefore, hydrotreatment of bio-oil, which was
designed based on the available technologies for the crude
petroleum hydrotreater system, was studied. The quick deacti-
vation of the catalyst and the high cost of the hydrotreatment
process prevented this process from moving to the commer-
cialization stage. In summary, the process development steps
for the biomass pyrolysis technology are explained in the
coming paragraph.

Ensyn company built up one of the initial largest biomass
pyrolyzers in 1984. Joint companies of Red Arrows and Ensyn
developed a uidized-bed reactor with a large scale of feeding of
biomass during 1985 to 1989. In 1996, they could build up
a pyrolysis plant with a biomass feeding rate of 1667 kg h−1. In
2000, Pyrovac a Canadian company developed a vacuum pyro-
lyzer with a feeding capacity of 3500 kg h−1. Genting and BTG
omass pyrolysis

Feeding rate (kg h−1) Reactor type

1667 Fluidised bed/riser
3500 Vacuum stirred bed
2000 Rotating cone
10 000 Fluidised bed/riser
5000 Rotating cone
21 000 Catalytic pyrolysis
36 000 tons per year Rotating cone
11 574 Circulating bed
9000 Fluidised bed/riser
40 000 tons per year dry biomass Rotating cone

This journal is © The Royal Society of Chemistry 2023
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companies developed a pyrolysis plant in Malaysia in 2005
using a rotating cone reactor. In 2013, Fortum/Valmet company
constructed a pyrolysis plant with a 10 000 kh per h biomass
feeding rate in Finland. In 2014, BTG-BTL/EMPYRO in the
Netherlands developed a rotating pyrolysis plant with a capacity
of 5000 kg h−1 biomass feeding rate. KiOR company in USA
built up a pyrolyzer with a feeding rate of 21 000 kg h−1 to
produce bio-oil in 2014. UPM company, which is located in
Finland, built up a biorenery based on the pyrolysis with the
biodiesel production rate of 11 574 kg h−1 in 2015. In 2017, AE
Cote-Nord Bioenergy/Ensyn companies developed a biomass
pyrolysis system (biomass feeding rate was 9000 kg h−1). From
2015, Empyro in the Netherlands started the construction of
a pyrolysis plant with 36 000 tons per year biomass feeding
capacity. In 2021, Pyrocell company in Sweden developed
a pyrolysis plant with a capacity of 40 000 tons per year of dry
wood feeding rate. It should be mentioned that there are several
other pyrolysis plants with different sizes, which are under
construction in different countries, and are not included here
due to the lack of information.
2.3 Hydrothermal liquefaction

2.3.1. Products. The products from the hydrothermal
liquefaction of biomass are bio-oil, aqueous phase, gas phase
and hydrochar.300–302 Bio-oil from the hydrothermal liquefaction
has 70–95% of the energy content of biomass.302–305 It is full of
heavy compounds containing oxygen, which require upgrad-
ing.303 Hydrodeoxygenation is used as the main upgrading
method to improve the quality of the bio-oil from the lique-
faction of biomass.302 However, still the formation of coke is one
of the main obstacles for this process. Depending on the
process conditions such as temperature, pressure, feedstock
type, residence time, catalyst type, etc. different yields of bio-oil
can be obtained from the liquefaction of biomass.303–305 The gas
phase with a yield of 5–10 wt%, which includes CO2 as the main
component, CO, CH4, etc. is obtained from the HTL of
biomass.302 Decarboxylation and water–gas shi reactions are
the main reactions to form CO2.302 Hydrochar is another
byproduct of biomass HTL, which includes a high content of
carbon, hydrogen, nitrogen and ash. Hydrochar contains a low
intensity of aromatic structures, low thermal recalcitrance, low
surface area and poor porosity.302 The main applications of
hydrochar are heat production, soil amendment, as an adsor-
bent and carbon material for fuel cells, etc.

2.3.2. Reactors. Different types of reactors including batch
and continuous ones have been used for the HTL treatment of
biomass.306 The type of reactor can change the yields and
compositions of the products.306 Below, the summary of the
performance for each reactor is given.

2.3.2.1. Batch reactors. Batch reactors are used in HTL for
lab scale studies. They are cylindrical autoclaves or a straight
tubing, which are mainly made from stainless steel, Hastelloy C-
22 or Inconel-625 with a volume of 100–1000 mL. The feedstock,
water and catalyst are loaded into the reactor prior to the
experiment. The heating of the batch reactor is provided from
a coil, furnace or sand bath. The operation of the batch reactor
This journal is © The Royal Society of Chemistry 2023
is simple, which makes it an appropriate candidate to study the
fundamentals of the HTL process. However, the long duration
of operation and also difficulties in loading the feedstock when
the reactor is under the selected operating conditions are the
main drawbacks of the batch systems. The loading of the
feedstock prior to the heating up is also another issue, which
increases the residence time of the solid product inside the
reactor (staying inside the reactor during the heating up and
cooling down). This inuences the yields and also the proper-
ties of the products. Improper mixing of feedstock during the
HTL process makes the temperature distribution not homoge-
neous at all points, which results in different process conditions
inside the reactor. Different species of marine macroalgae
including Derbesia tenuissima (Crouan), Ulva ohnoi (Hiraoka
and Shimada), Chaetomorpha linum (Kutzing), Cladophora coe-
lothrix (Kutzing) and two species of freshwater macroalgae
(Cladophora vagabunda (Hoek) and Oedogonium sp.) were
selected by Neveux et al.306 as feedstock for the HTL process. The
experiments were conducted in a batch reactor at 350 °C and
140–170 bar. Oedogonium had the highest yield of bio-oil
(26.2 wt%) and Chaetomorpha showed the lowest yield of bio-
oil (9.7 wt%). The HHV of bio-oil was similar for all the types
of feedstock used and it was in the range of 33–34 MJ kg−1. The
possibility of the conversion of tobacco processing waste to bio-
oil through the HTL process was studied by Saengsuriwong
et al.307 The reaction was performed in a batch reactor at 280–
340 °C and 22 MPa. The highest yield of bio-oil (52 wt%) was
obtained at 310 °C with a HHV of 31.9 MJ kg−1 for the heavy
fraction of the bio-oil and 28.4 MJ kg−1 for the light fraction of
the bio-oil. Hossain et al.308 studied the HTL of Scenedesmus sp.
microalgae in a batch reactor at 280–350 °C and 2 bar. The
maximum yield of bio-oil (33.6 wt%) and the highest HHV of the
bio-oil (29.8 MJ kg−1) were obtained at 350 °C.

Stirring was used inside the batch reactor to enhance the
efficiency of the HTL process. Prestigiacomo et al.309 investi-
gated the HTL processing of municipal sludge in a stirred batch
reactor at 350 and 400 °C under a pressure of 0.2 MPa. The
stirring rate during the HTL process was 170 rpm. The yield of
bio-oil was measured to be 40 wt% at 350 °C and 32 wt% at 400 °
C. The results indicated that with stirring, the yield of bio-oil
was 39 wt% at 350 °C and 42 wt% at 400 °C, which meant
that at high temperature, the stirring enhanced the rate of
cracking, while at low temperature, it did not change the rate of
cracking signicantly. The HHV of the bio-oil did not change by
stirring at 350 °C (it was 40.0 MJ kg−1 for the static and 39.9 MJ
kg−1 for the stirring experiments). However, stirring at 400 °C
slightly increased the HHV of bio-oil from 34.5 to 36.7 MJ kg−1,
which was due to the partial deoxygenation of heavy species. In
conclusion, the batch HTL process is simple and can be used for
the various types of feedstocks with variable moisture contents.
However, the batch operation includes several drawbacks such
as thermal transience (changing the operating conditions),
difficulties in decoupling temperature and pressure (pressure of
the reactor changes by the change of reactor temperature due to
the presence of water, volatiles, etc.), difficulties in complete
mixing, etc.
Sustainable Energy Fuels, 2023, 7, 4758–4804 | 4781
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Pine wood sawdust was converted to bio-oil by Zhao et al.310

through the HTL process (biomass/water mass ratio was 1 : 10)
in an autoclave at 300 °C and 2 MPa. The catalyst loading
amount (catalyst : biomass mass ratio) was 10 wt%. Fe2O3 and
Fe3O4 were used as catalysts. Fe2O3 did not change the yields of
the products signicantly, while Fe3O4 reduced the yield of char
and increased the yield of the gas phase, which showed a higher
rate of cracking reaction. The reason was that in Fe2O3, Fe had
the maximum oxidation state (+3) and did not participate in the
HTL reactions. The performance of other catalysts including
Na2CO3, NaOH, FeSO4, MgO, Ru/C and FeS was also investi-
gated under the same operating conditions. Na2CO3 resulted in
the highest yield of bio-oil (38 wt%), while the lowest yield of the
bio-oil (23 wt%) belonged to MgO (the yield of the bio-oil in the
absence of the catalyst was 23 wt%). The highest HHV of the bio-
oil was related to FeS (29.05 MJ kg−1), which was due to the
lower content of oxygen in the bio-oil. The bio-oil samples
produced in the presence of the other catalysts had a similar
HHV of almost 27 MJ kg−1.

2.3.2.2. Continuous reactors. Due to the low production rate
and difficulties in the control of operating conditions at
a constant amount in the batch reactor, continuous operation
was considered for the HTL process. Barreiro et al.311 conducted
the liquefaction of microalgae species including Nanno-
chloropsis gaditana (N. gaditana, marine) and Scenedesmus
almeriensis (S. almeriensis, freshwater) at 20 MPa and 350 °C in
a continuous stirred-tank reactor. The yield of bio-oil was the
highest (54.8 wt%) for N. gaditana and also it had the highest
HHV (37.3 MJ kg−1). The reason for this was the higher content
of C (47.6 wt% for N. gaditana versus 38.0 wt% for S. almeriensis)
and also the lower content of O (25.1 wt% versus 30.4 wt%) for N.
gaditana. Continuous hydrothermal liquefaction of Chlorella
vulgaris and Nannochloropsis gaditana was performed by Guo
et al.312 in a continuously stirred tank reactor at 24 MPa and
350 °C. The highest amount of bio-oil yield (36.2 wt%) belonged
to Chlorella vulgaris, while the yield of bio-oil was 31.5 wt% for
Nannochloropsis gaditana under the same conditions of opera-
tion. However, the HHV was slightly lower for Chlorella vulgaris
bio-oil (35.12 MJ kg−1) compared to the HHV of Nannochloropsis
gaditana bio-oil (36.23 MJ kg−1). The higher amount of oxygen
in the bio-oil produced from Chlorella vulgaris led to the decline
of the HHV in comparison with the bio-oil produced from
Nannochloropsis gaditana. Anastasakis et al.313 determined the
HTL of microalgae Spirulina in a continuous tube reactor at 220
bar and 350 °C. Bio-oil with an average yield of 32.9 wt% and
a HHV of 33.2 MJ kg−1 was produced. Patel et al.314 measured
the yield and HHV of bio-oil produced from the HTL of Nan-
nochloropsis sp. microalgae. The reaction was carried out in
a quartz lined continuous plug ow reactor at 300–380 °C. The
highest yield of bio-oil (35 wt%) was obtained at 380 °C and 30
seconds (the retention time of feedstock inside the reactor).
Additionally, the highest HHV (39.27 MJ kg−1) was obtained at
380 °C and a retention time of 4 min. The decline of the
retention time to 0.5 min at 380 °C reduced the HHV of bio-oil
to 37.61 MJ kg−1. The higher HHV of bio-oil at 380 °C was
related to its higher carbon content compared to the bio-oil
obtained at 300 °C. Different conditions (biomass loading
4782 | Sustainable Energy Fuels, 2023, 7, 4758–4804
range 1–10 wt%, temperature 250–350 °C, residence times 3–
5 min and pressures 150–200 bar) were selected by Jazrawi
et al.315 during the continuous HTL of Chlorella and Spirulina
strains. The highest yield of bio-oil (41.7 wt%) and the highest
HHV (33.8 MJ kg−1) of bio-oil were obtained from the process-
ing of Chlorella with a solid loading of 10 wt%, 350 °C and
a residence time of 3 min. Elliott et al.316 studied the HTL of
grape pomace in a stirred-tank reactor. The reaction was carried
out at 350 °C and 20 MPa. The yield of bio-oil was measured to
be 39 wt% and its HHV was 38.3 MJ kg−1. The results from the
continuous HTL of biomass indicated that the HTL of biomass
could be performed in a continuous reactor. However, for the
scale up of the reactor, the process requires further optimiza-
tion, especially in pumping, ltration and oil-aqueous phase
separation systems.

A plug ow reactor was used by Aierzhati et al.317 for the HTL
of food waste collected from a dining hall at 300 °C and
10.7 MPa. The reactor volume was 35 L and the feeding rate was
0.15 Gal per min. The yield of bio-oil was 29.5 wt% and it had
a HHV of 36.5 MJ kg−1, while the HHV of the feedstock was 24.5
MJ kg−1. Fatty acids were the main species in the bio-oil, which
stemmed from the destruction of proteins in the structure of
the food waste.

2.3.3. Catalysts. Due to the low quality of the bio-oil ob-
tained from the HTL of bio-oil and the high pressure of the HTL
process, the use of a suitable catalyst can reduce the cost of
operation and improve the quality of bio-oil. So far, many
groups of catalysts, including alkaline earth metals, transition
metals, zeolites, etc. have been used for upgrading the bio-oil
from the HTL process.318–321

2.3.3.1. Alkaline earth metals. Alkaline earth metals are
active for the decomposition of carbohydrates. Ca andMg based
catalysts are the most commonly studied catalysts from alkaline
earth metals for the HTL of biomass.36 The use of alkaline earth
metals during the HTL of biomass enhances the yield of bio-oil,
while it decreases the quality of the bio-oil because of the
increase of oxygen-containing species inside the bio-oil. As
a result, the HHV of bio-oil decreases. In Table 11,322–327 the
summary of the recent studies in this eld is shown. Tekin
et al.322 studied the HTL of beech wood in an autoclave at 250 °C
and 4 MPa, 300 °C and 8.5 MPa and 350 °C and 16.5 MPa in the
presence of natural calcium borate mineral and colemanite, as
the catalyst. The bio-oil samples produced under different
conditions had two phases. The highest yield of the light phase
(11.1 wt%) and the highest yield of the heavy phase (29.8 wt%)
were obtained at 300 °C and 8.5 MPa. The yield of bio-oil was
22.0 wt% compared to the yield of bio-oil in the presence of the
catalyst (40.9 wt%) at 300 °C and 8.5 MPa and it had two phases.
The HHV of both light and heavy bio-oils did not change
remarkably in the presence of colemanite. For example, the
HHV of the light bio-oil was 22.86 MJ kg−1 in the absence of the
catalyst and it was 21.21 MJ kg−1 in the presence of the catalyst
at 300 °C. In addition, the HHV of the heavy bio-oil was 24.38 MJ
kg−1 in the absence of the catalyst and it was 25.21 MJ kg−1 in
the presence of the catalyst at 300 °C. This indicated that the
catalyst did not change the quality of the bio-oil signicantly.
Tymchyshyn et al.323 studied the HTL of sawdust and cornstalks
This journal is © The Royal Society of Chemistry 2023
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Table 11 The summary of the results obtained by the use of alkaline earth metals during the HTL of biomass

Catalyst Process and reactor T (°C), P (MPa) Feedstock Results Ref.

CaO Batch 395, 25 Malaysian oil palm Catalyst was instable and did not
increase the yield of bio-oil

325

Colemanite Stirred batch 300, 2 Birchwood sawdust Total bio-crude yield improved 326
MgO Stirred batch 300, 2 Birchwood sawdust Quick deactivation of the catalyst due to

the formation of coke and low
improvement of bio-oil quality

326

MgMnO2 Autoclave 270, — Bagasse The yield of water soluble organic
compound formation and bio-oil
increased due to aldol condensation and
lignin depolymerization, respectively

327

Hydrotalcite Stirred batch 300, 2 Increase of bio-oil yield, but the quality of
bio-oil did not improve due to low
tendency of the catalyst for
deoxygenation

326

Natural calcium borate
mineral and colemanite

Autoclave 250, 4; 300,
8.5 and 350, 16.5

Beech wood Bio-oil yield decreased and its HHV did
not change

322

Ba(OH)2 and Rb2CO3 Batch micro-reactor 250–350, 2 Sawdust and cornstalks Rb2CO3 led to a lower yield of bio-oil due
to a higher cracking rate. Both catalysts
improved the quality of the bio-oil
through deoxygenation

323

Ca(OH)2 Autoclave 240–320, 5 Micro algae, Scenedesmus
obliquus

Yield of bio-oil reduced due to cracking,
but the heating value of bio-oil increased
due to deoxygenation

324

Review Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
/1

1/
20

26
 5

:3
9:

42
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
in a batch micro-reactor at 250–350 °C and 2 MPa in the pres-
ence of Ba(OH)2 and Rb2CO3 catalysts. The highest yield of bio-
oil (32 wt% and the same for both feedstock materials) was
obtained at 250 °C in the absence of the catalyst. The increase of
the temperature declined the yield of bio-oil with a slightly
higher rate for cornstalks. Both catalysts enhanced the yield of
bio-oil depending on the feedstock type. The yield of bio-oil was
higher for sawdust compared to cornstalks in the presence of
both catalysts. For instance, the yield of the bio-oil was 41 wt%
for the bio-oil produced from the HTL of sawdust in the pres-
ence of the Rb2CO3 catalyst. In addition, the lowest yield of bio-
oil (33 wt%) during the catalytic process belonged to cornstalks
in the presence of Rb2CO3 (the reaction temperature was 300 °
C). Both catalysts, especially Rb2CO3, resulted in a lower content
of phenolics in the bio-oil due to the hydrogenation or hydro-
cracking and converting them to cyclic or linear compounds.
Arun et al.324 conducted the HTL of microalgae Scenedesmus
obliquus in an autoclave with Ca(OH)2 as the catalyst. The
reaction was performed at 240–320 °C and 5 MPa. The highest
yield of bio-oil (39.6 wt%) with a caloric value of 35.01 MJ kg−1

was obtained at 300 °C. At a low loading of the catalyst
(<0.6 wt%), the presence of Ca(OH)2 increased the yield of bio-
oil, while with the increase of the catalyst loading amount, the
yield of bio-oil reduced due to more cracking, but its caloric
value enhanced because of the higher deoxygenation amount of
the bio-oil.

Mg(ClO4)2 was selected by Alper et al.328 as a catalyst for the
HTL process of teak wood in a benchtop Parr reactor at 250–
350 °C and 5 MPa. The loading amount of the catalyst was 2–10
mmol/15 g wood. The presence of the catalyst reduced the yield
of the bio-oil. Additionally, by the increase of the catalyst to
This journal is © The Royal Society of Chemistry 2023
feedstock ratio, the yield of the bio-oil declined. The reason for
this was the increase of the rate of cracking reactions by
Mg(ClO4)2. The catalyst resulted in a higher amount of naphtha
in the bio-oil and by the increase of the catalyst to feedstock
ratio, the amount of naphtha enhanced in the bio-oil. Mg(ClO4)2
enhanced the rate of deoxygenation and HHV of the bio-oil. The
increase of the reaction temperature improved the quality of
bio-oil. However, the yield of the bio-oil was reduced by the
increase of the temperature due to the higher rate of the
cracking reaction at higher temperature. For instance, in non-
catalytic HTL, the yield of the bio-oil reduced from 44 to
37 wt% by the increase of the temperature from 250 to 350 °C.
The HHV of the bio-oil produced in the absence of the catalyst
was 14.95 MJ kg−1. By the loading of 10 mmol Mg(ClO4)2, the
HHV of the bio-oil increased to 29.22 MJ kg−1.

2.3.3.2. Transition metals. The effect of transition metals on
the HTL of biomass has been widely studied in the literature36

due to their high performance for cracking and upgrading
reactions such as deoxygenation, hydrogenation, hydro-
cracking, gasication, etc.36 Some of these metals, which have
been used during the HTL of biomass, are zinc, copper, iron,
nickel, cobalt, manganese, palladium and ruthenium.36 In
Table 12,329–342 more details of their performance are shown. Lu
et al.262 performed the HTL of microalgae Nannochloropsis
(NAS) over M/TiO2 (M = Fe, Co, Ni, Mo, and Mn) catalysts. The
reaction was carried out in a batch reactor at 6–8 MPa and 270 °
C. Ni led to the highest yield of bio-oil (42.4 wt% versus 30.1 wt%
for the blank experiment). The lowest yield of bio-oil (29.1 at%)
was obtained in the presence of Fe. The reason for this was the
acceleration of the cracking reaction by Ni and the acceleration
of the polymerization reaction by Fe. The HHV of bio-oil was in
Sustainable Energy Fuels, 2023, 7, 4758–4804 | 4783
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Table 12 The summary of the results obtained by the use of transition metals during the HTL of biomass

Catalyst Process and reactor T (°C), P (MPa) Feedstock Results Ref.

Ni metal Tubular micro-reactor 280–330, — Oak wood Yield of bio-oil decreased. Hydrogenation
rate increased and bio-oil HHV enhanced

333

RANEY® Nickel Autoclave 340–350, 6.6 and 10.3 Poplar Catalyst was stable for 14 h and oil
quality was improved by the catalyst

334

6% Ni/HZSM-5 Autoclave 300, 0.17 Pine sawdust Bo-oil yield and quality enhanced 330
Ni/CeO2 Micro-autoclave 230–310, 0.5–2.5 Rice straw Bo-oil yield and quality enhanced due to

the deoxygenation reaction
335

Ni/Si–Al Tubular 300 and 350, — Sorghum bagasse Increase of the hydrogenation reaction
rate led to the enhancement of the bio-oil
yield and quality

336

K2O promoted Cu/
g-Al2O3–MgO

Batch 360, 0.5 Bagasse Bio-oil yield and ether and alcohol
contents increased

337

Co/HZSM5 Autoclave 300, 0.07 Pine sawdust Bio-oil yield and quality increased due to
the high rate of hydrotreatment reaction

338

CuZnAl Autoclave 300, 1.2 Rice straw The production of phenol monomers
increased

339

FeS Batch 300, 2 Pulp/paper-mill sludge
and waste newspaper

Bio-oil yield increased, but the quality
did not change

340

Raw iron ores Autoclave 280–360, — Paulownia Bio-oil yield and quality increased due to
the high rate of cracking of large phenols

341

Fe Tubular microreactor 260–320, — Oak wood Bio-oil yield and quality improved 342
M/TiO2 (M = Fe,
Co, Ni, Mo, and Mn)

Batch 270, 6.8 Microalgae
Nannochloropsis

Ni and Fe led to the highest and lowest
yield of bio-oil, correspondingly. The
HHV of bio-oil reduced due to the higher
amount of oxygen-containing species in
the bio-oil

329

Ni/HZSM-5 Autoclave 300, 11.5–13.1 Pine sawdust The yield and HHV of bio-oil increased 330
(Co,Ni)–Fe oxide Batch 300, 10.3 Pine wood our The yield and HHV of bio-oil improved 331
Ni, Co, Fe and Zn Tubular micro-reactor 330, — Oak wood The yield of bio-oil increased and the

highest and lowest yields belonged to Fe
and Zn, correspondingly. The HHV of
bio-oil slightly increased with the highest
increase for Fe due to the higher
deoxygenation rate

332
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the range of 33–36 MJ kg−1 (the highest was 35.65 MJ kg−1 for
the bio-oil from the blank experiment and the lowest was 33.24
MJ kg−1 for Mn). The hydrothermal liquefaction of pine sawdust
was performed in an autoclave by Xu et al.91 in the presence of
Ni/HZSM-5 (Ni loading of 5 and 10 wt%) at 300 °C and 1680–
1900 psig. The results showed that the presence of the catalyst
slightly increased the yield of bio-oil and loadingmore Ni on the
surface of the catalyst led to the increase of bio-oil yield (the
yield of bio-oil was 58 wt% for the blank experiment, 61 wt% for
Ni/HZSM-5 with 5 wt% Ni loading and 63 wt% for Ni/HZSM-5
with 10 wt% Ni loading). This indicated the tendency of Ni to
increase the rate of cracking reaction. The HHV of the bio-oil
increased in the presence of the catalyst. However, the
content of Ni did not show any inuence on the HHV of bio-oil.
The reason for this was the release of more heavy species by the
catalyst to the bio-oil. The catalyst increased the rate of deoxy-
genation from the bio-oil, but the Ni loading amount did not
reduce the oxygen content in the bio-oil. Amar et al.331 used pine
wood our as feedstock for the HTL in a batch reactor at 300 °C
and 1500 psi. (Co,Ni)–Fe oxide was selected as the catalyst. The
yield of bio-oil enhanced from 18 wt% in the absence of the
4784 | Sustainable Energy Fuels, 2023, 7, 4758–4804
catalyst to 26 wt% in the presence of the catalyst. The bio-oil
obtained included two phases and the HHV of the light phase
was 27.19 MJ kg−1 and the HHV of the heavy phase was 31.83 MJ
kg−1. Tai et al.332 performed the hydrothermal liquefaction of
oak wood in a tubular micro-reactor at 330 °C. Ni, Co, Fe and Zn
were used as the catalysts. All the catalysts used enhanced the
yield of bio-oil. For instance, the highest yield of bio-oil
(44 wt%) was obtained by the use of Fe, while the lowest yield
(30 wt%) belonged to Zn (the yield of bio-oil in the absence of
the catalyst was 27 wt%). The HHV of the bio-oil also enhanced
slightly by the use of the catalyst (the HHV of the bio-oil for the
blank experiment was 28.75 MJ kg−1 and the highest HHV
(30.61 MJ kg−1) belonged to the experiment with Fe as the
catalyst). This indicated the higher rate of cracking and deoxy-
genation of the Fe catalyst.

Brachychiton populneus biomass seeds and a mixture of seeds
and shells were converted to bio-oil through the HTL process by
Eladnani et al.343 Ni/Al2O3 was selected as the catalyst and the
reaction was conducted in a tubular micro-reactor at 240–330 °C
and 15 MPa. The catalyst : biomass mass ratio was 1 : 10. The
highest yield of bio-oil (57.18 wt% for seeds and 48.23 wt% for
This journal is © The Royal Society of Chemistry 2023
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the mixture of seeds and shells) was obtained at 330 °C. Addi-
tionally, the HHV of the bio-oil enhanced from 25.14 MJ kg−1 in
the absence of the catalyst to 38.04 MJ kg−1 by the use of the
catalyst at 330 °C. This showed that Ni/Al2O3 had a high
tendency for the cracking and deoxygenation of large species
such as fatty acids and sugars.

2.3.3.3. Zeolites. Zeolites are cheap, have a high surface
area, can be modied easily and are active for cracking and
deoxygenation reactions.36,344 Therefore, they have been used in
the HTL process.36 In Table 13,230,330,345–350 the results of the use
of different zeolites during the HTL process of biomass are
shown. Zhang et al.345 conducted the HTL of Euglena sp.
microalgae in a batch reactor at 280 °C. Different types of
zeolites including HZSM-22, HZSM-5, H beta, MCM-22 and
SAPO-11 were used. All the catalysts used enhanced the
contents of carbon and hydrogen in the bio-oil, while reducing
the amounts of oxygen and nitrogen. The HHV of the bio-oil was
enhanced by the use of the catalyst. The HHV of the bio-oil was
33.99 MJ kg−1 for the experiment without the catalyst and the
highest HHV of bio-oil (37.08 MJ kg−1) belonged to the experi-
ment with H beta. H beta showed the highest rate of deoxy-
genation and led to the highest content of carbon in the bio-oil.
The HTL of microalga Nannochloropsis sp. was performed by
Duan et al.346 in a batch reactor at 350 °C and 3500 kPa. The
catalyst was zeolite (aluminum silicate). The yield of bio-oil in
the absence of the catalyst was 36 wt%, while the presence of the
catalyst increased it to 47 wt%. Interestingly, the HHV of the
bio-oil was slightly decreased by adding the catalyst to the
reaction (it was 38.5 MJ kg−1 for the bio-oil from the non-
catalytic experiment and 35.4 MJ kg−1 for the bio-oil from the
catalytic experiment). The decline of carbon content and the
increase of hydrogen content by the catalyst led to the formation
of the bio-oil with a low HHV in the presence of zeolite. Cheng
et al.347 conducted the HTL of pine sawdust in an autoclave at
Table 13 The summary of the results obtained by the use of zeolites du

Catalyst Process and reactor T (°C), P (MPa) Feedst

HZSM-5 Autoclave 300, 0.17 Pine s

ZSM-5 Autoclave 285, — Sugarc

HZSM-22, HZSM-5, H beta,
MCM-22 and SAPO-11

Batch 280, — Euglen

Zeolite (aluminum silicate) Batch 350, 3.5 Microa

HZSM-5 Autoclave 300, 0.7 Pine s

ZSM-5, Y-zeolite and
mordenite

Autoclave 270–300, 7 Ulva p

HZSM-5 Autoclave 300, — Chlore

This journal is © The Royal Society of Chemistry 2023
300 °C and 100 psig over HZSM-5. The yield of bio-oil increased
from 58 to 68 wt% by the catalyst showing the enhancement of
the cracking of feedstock by HZSM-5. The HHV of the bio-oil
increased from 23.12 MJ kg−1 (non-catalytic experiment) to
27.51 MJ kg−1 (catalytic experiment) because of the increase of
the carbon content in the bio-oil, which showed the higher rate
of deoxygenation reaction over HZSM-5 compared to the
experiment without the catalyst. The content of the species such
as furans, phenols, acids, ketones, and alcohols in the bio-oil
reduced, while the amount of hydrocarbons was enhanced by
the catalyst. Ma et al.348 performed the hydrothermal liquefac-
tion of Ulva prolifera macroalgae in an autoclave at 260–300 °C
and 70 bar. ZSM-5, Y-zeolite and mordenite were selected as
catalysts. The results indicated that the catalyst loading amount
inuenced the yield of the bio-oil. The catalyst to feedstock
mass ratio percentage was selected as 10, 15 and 20 wt%. As an
example, for ZSM-5, the yield of the bio-oil was 29 wt% at
15 wt% loading of the catalyst (reaction temperature was kept at
280 °C), while under the same conditions of the operation, the
yield of bio-oil was 24 wt% for Y-zeolite and it was 32 wt% for
mordenite at a catalyst loading of 15 wt%. It should be noted
that the yield of bio-oil for the non-catalytic experiment was
17 wt% showing the increase of the cracking of the feedstock by
the catalyst used. ZSM-5 increased the HHV of the bio-oil more
than the other catalysts. The HHV of the bio-oil from the non-
catalytic process was 21.2 MJ kg−1 and the HHV of the bio-oil
produced in the presence of ZSM-5 was 34.8 MJ kg−1. This
indicated that ZSM-5 had a higher tendency for deoxygenation
and the production of more hydrocarbons. The HTL of Chlorella
pyrenoidosa was carried out by Xu et al.349 in an autoclave at
300 °C over HZSM-5. The catalyst led to a slight increase of the
yield of bio-oil (from 32 wt% for non-catalytic to 34 wt% in the
presence of HZSM-5) showing the low increase of the rate for the
ring the HTL of biomass

ock Results Ref.

awdust Improvement of bio-oil quality due to
dehydration, cracking and
oligomerization reactions

330

ane bagasse Improvement of bio-oil quality due to
esterication and decarburization
reactions

350

a sp. microalgae Increase of the HHV of bio-oil and the
highest increase belonged to H-beta

345

lga Nannochloropsis sp. Increase of the bio-oil yield and slight
decrease of the bio-oil HHV

346

awdust Increase of the bio-oil yield and HHV due
to a high rate of cracking and
deoxygenation

347

rolifera macroalgae Mordenite resulted in the highest yield of
bio-oil due to its high cracking tendency
and ZSM-5 led to the highest HHV
because of high deoxygenation rate

348

lla pyrenoidosa Slight increase of the bio-oil yield and
HHV

349
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cracking reaction. HZSM-5 resulted in the increase of the HHV
of the bio-oil from 19.79 to 22.82 MJ kg−1.

2.3.4. Economic analysis and potential to compete with
other technologies. The hydrothermal liquefaction of biomass
has advantages over other thermochemical treatments of
biomass such as high energy density of the bio-oil, short reac-
tion duration time, ability to use different feedstock materials,
etc.351–354 Therefore, so far many researchers have studied the
possibility of the commercialization of the HTL process of
biomass. Zhu et al.355 considered the production of biofuel
through the HTL of woody biomass followed by the upgrading
of the bio-oil through hydrotreatment. The capacity of the plant
was considered as 2000 metric tons of dry biomass feeding per
day. The temperature and pressure for the HTL process were
336 °C and 16.6 MPa. The hydrotreatment conditions were 376 °
C and 10.5 MPa. The life time of the plant was 20 years. Their
results indicated that the production rate of biofuel would be
69.9 million gallon gasoline-equivalent with a minimum selling
price of fuel of $2.52 per gallon gasoline-equivalent, which was
comparable with the price of gasoline. The economic study of
wastewater-based algal biofuel production through HTL and
hydroprocessing technology was carried out by Ranganathan
et al.356 The minimum selling price of the hydrocarbon fuel was
estimated to be $4.3 per gallon gasoline-equivalent. The algae
slurry ow rate was assumed to be 3175.3 tons per day. HTL was
performed at 350 °C and 20 MPa and the hydroprocessing
temperature and pressure were 400 °C and 10 MPa. The plant
lifespan was considered as 20 years. Pedersen et al.357 used an
Aspen Plus process model to estimate the nal price of biofuel
produced from the HTL of wood followed by hydrotreatment.
The plant capacity was 1000 tonnes organic matter per day. HTL
process conditions were selected as 400 °C and 300 bar and the
hydroprocessing conditions were 360 °C and 77.5 bar. The life
time of the plant was considered as 20 years. The minimum
selling price of the biofuel was calculated to be $0.82 per liter of
gasoline equivalent. A process model was developed using
Aspen Plus by Chen et al.358 to estimate the price of the biofuel
obtained from the HTL of microalgae at 350 °C and 20MPa. The
plant life time was considered 30 years. The selling price of the
bio-oil obtained was $0.45 per liter gasoline equivalent. Kumar
et al.359 estimated that by considering the production of H2 in
the plant, the price of the biofuel could be reduced to $0.68 per
liter gasoline equivalent. They considered whole tree chips as
the feedstock and the process conditions for the HTL were
selected as 355 °C and 20.3 MPa. The process parameters for
upgrading by the hydrotreatment process were 400 °C and
14 MPa. The plant capacity was considered 4000 dry tons per
day and its life time was 20 years. It should be noted that the
price of the biofuel could increase to $0.82 per liter gasoline
equivalent without the production of hydrogen in the plant.

Masoumi et al.360 studied the economic aspect of microalgae
HTL in methanol and water. To simulate the process, Aspen
Plus and SimaPro soware tools were utilized. The feeding rate
was selected as 200 dry metric tonnes per day. A solvent to
biomass mass ratio of 1 : 5 and a methanol to water ratio of 1 : 3
led to the highest yield of the bio-oil (57.8 wt%). The bio-oil
included 14.5 wt% oxygen and had a HHV of 33.4 MJ kg−1.
4786 | Sustainable Energy Fuels, 2023, 7, 4758–4804
The calculation showed that the minimum selling price of the
fuel obtained would be 2.2 USD per liter. Li et al.361 calculated
the selling price of the fuel produced from the HTL of wet waste
containing lipids, proteins, and carbohydrates with a feeding
capacity of 110 dry-tons per day. Aspen Plus and the economic
model in Microso Excel were used for the simulation and
calculations. The temperature and pressure were considered as
350 °C and 20 MPa. The average fuel selling price was estimated
to be 1.01 USD per liter.

2.3.5. Environmental analysis and potential to compete
with other technologies. CO2 is the main greenhouse gas, which
is produced from the decarboxylation and decarbonylation
reactions during the hydrothermal liquefaction of
biomass.9,10,362–365 It was estimated that the global warming
effect from the HTL process of biomass would be lower (almost
50%) than its amount from biomass pyrolysis. Chan et al.366

studied the life cycle assessment (LCA) of HTL for Malaysian oil
palm empty fruit bunch. The plant operated at 390 °C and
25 MPa. They calculated the CO2 amount to be 2.29 kg CO2

equal per kg of the bio-oil produced. Connelly et al.367 estimated
that in comparison with the petroleum jet fuel, the biofuel ob-
tained from the HTL of algae followed by hydrotreatment
contributed 25% less in global warming potential. Fortier
et al.368 calculated the amount of CO2 produced from the HTL of
microalgae and compared it with CO2 produced from the fossil
fuel based jet fuel. They concluded that the HTL of microalgae
followed by hydrotreatment had 76% less CO2 compared to the
production of conventional jet fuel. Zhang et al.369 calculated
that the amount of CO2 production could be 1.31 kg per 1 kg of
bio-oil produced ignoring syngas, while by considering the
syngas production it could increase to 13.03 kg CO2 per
production of 1 kg of bio-oil. Zoppi et al.362 estimated that by the
use of electricity obtained from the HTL of corn stover (residue)
and lignin-rich stream (waste), the global warming pollution
will reduce by 72%. The CO2 production amount was 56.1 and
58.4 g CO2 eq per MJbiofuel for corn stover (residue) and lignin-
rich stream (waste), respectively. In addition, the use of fuel
produced from the HTL process will produce 37% lower emis-
sion compared to diesel.

2.3.6. Commercialization status. There have been a large
number of research studies on the HTL of biomass and so far,
several HTL plants have been built up on the scale of demon-
stration.28 The summary is shown in Table 14. The scale-up of
this technology has been conducted by a few companies/
research centers. However, the high cost of the process and
also the low quality of the bio-oil prevent their continuous
operation. In addition, mainly, hydrotreatment has been used
to improve the quality of the bio-oil. However, the quick deac-
tivation of the catalysts and high cost of hydrogen hampered the
further progress of this process.

In the 1970s, the Pittsburgh Energy Research Center in the
USA constructed a plant with a capacity of 230–270 kg h−1. The
Lawrence Berkeley Laboratory (USA) developed a pilot plant
with 0.25 kg h−1. In 1982, the Shell Research Institute (NL) built
up a plant with 25 000 tons dry biomass per year processing
capacity. In the 1980s, a German company called HAW devel-
oped a HTL process with a capacity of 5 kg h−1. The EPA's Water
This journal is © The Royal Society of Chemistry 2023
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Table 14 The summary of demonstration/commercial size plants for biomass hydrothermal liquefaction

Year Country Company Feed type Plant size
Process condition
(°C, MPa)

1970s USA Pittsburgh Energy Research
Center

Wood chips 230–270 kg h−1 330–370, 20

1970s USA Lawrence Berkeley Laboratory Wood chips 0.25 kg h−1 330–360, 10–24
1982 The

Netherlands
Shell Research Institute All types of biomass,

domestic, agricultural and
industrial residues, wood

25 000 tons dry
biomass per year

300–350, 12–18

1980s Germany HAW Lignocellulosic biomass (e.g.
wood, straw)

5 kg h−1 350–500, 8

Not
available

USA EPA's Water Engineering
Research Laboratory

Sewage sludge 30 L h−1 300, not known

1990s Japan Organo Corp. Sewage sludge 5 tons of dewatered
sludge per day

300, 10

1998 USA Changing World Technologies
Inc.

Turkey offal and fats 250 tons per day 200–300, 4

2003 Denmark SCF Technologies A/S Dried distiller grains with
solubles

20 L h−1 280–350, 22.5–25

2006 USA University of Illinois Swine manure 0.9–2.0 kg h−1 305, 103
2011–2015 Germany Karlsruhe Institute of

Technology (KIT)
Waste biomass; yeast,
pomace; algae

0.29–0.63; 0.06–0.61;
0.76

330–350, 250;
330–450, 200–250;
350, 200

2012 Denmark CatLiq® process Wet digested grains with
solubles

30 kg h−1 350, 250
SCF Technologies

2015 UK University of Leeds Chlorella 0.6–2.4 350, 185
2015 UK Imperial College London Algae 0.03–0.24 kg h−1 300–380, 180
2013–2016 Australia University of Sydney Algae 24–40 kg h−1 350, 200–250
2016 USA Iowa State University Fungi 3.0–7.5 kg h−1 300–400, 270
2016–2017 Denmark Aalborg University Wood, glycerol wood 20 390–420, 300–350
2017 UK Bath University Wastewater algae 0.18–0.42 302–344, 160
2017 Denmark-

Canada
Hydrofaction™ process Wood 20 kg h−1 390–420, 300–350
Steeper Energy

2013–2018 USA Pacic Northwest National
Laboratories (PNNL)

Algae, macroalgae, grape
pomace, wastewater solids

1.5 kg h−1 350, 200

2014–2018 Sweden Chalmers University of
Technology

Kra-lignin 1–2 kg h−1 350, 250

2015–2018 Denmark Aarhus University Dried digested grains with
soluble wood; sewage sludge,
spirulina

0.36–1.44 kg h−1;
60 kg h−1

250–350, 250; 350,
220

2015–2018 Turkey CatLiq® process Different wastes and residues 15 000 kg h−1

(announced number)
350, 250

Altaca Enerji
2018 The

Netherlands
University of Twente Scenedesmus sp. 0.06–0.33 250–350, 150–300

2018 Australia Cat-HTR™ process Pulp/paper, plastics 10 000 ton per year
(announce number)

Not available, not
availableLicella

2018 Australia Green2black™ process Tires, algae 168 kg h−1 360, 200
Muradel

2018 USA HTP process Sewage sludge Not available 350, 200
Genifuel

2018 Italy W2F process Organic fraction of municipal
solid waste

1–5 kg h−1 250–310, 100
ENI S.p.A.

2018 USA TDP process Turkey waste 8500 kg h−1 200–300,
not availableChanging World Technologies
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Engineering Research Laboratory developed a HTL plant with
30 L h−1 capacity of sewage sludge feeding. In the 1990s, Organo
Corp. in Japan built up a plant with a processing capacity of 5
tons of dewatered sludge per day. Changing World Technolo-
gies Inc. had a plant in the USA in 1998 with 250 tons per day
processing capacity of turkey offal and fats. In 2003, SCF
This journal is © The Royal Society of Chemistry 2023
Technologies A/S in Denmark developed a plant with a capacity
of 20 L h−1 dried distiller grains with solubles. In recent years,
many other companies such as Licella/Ignite Energy Resources
(Australia) and Arbios Biotech (Australia) have built up plants
with commercial sizes.
Sustainable Energy Fuels, 2023, 7, 4758–4804 | 4787
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Fig. 1 Economic analysis of electricity and gasoline equivalent fuel
from different thermochemical processes.120–125,288–291,355–361 (Note)
Based on the studied papers, the highest possible selling price is
considered for the products from gasification, pyrolysis and HTL of
biomass. According to the parameters such as the type of feedstock,
process conditions, the use of different catalysts, etc. the costs pre-
sented can change. (Note) For the gasification part, the data are the
summary of Section 2.1.4 and the biomass types were considered in
this section are woody biomass, dates, dried sludge, food waste,
manure, oil palm biomass, and Canadian pine wood. The gasification
temperature was selected as 850 °C and the reactor type was fluid-
ized-bed operating at atmospheric pressure. (Note) For the pyrolysis
part, the data in the figure are extracted from part 3.2.4, which studied
the use of olivemill wastewater sludge, corncobs, rice husk andmarine
forest residue in continuous feeding reactors (working at atmospheric
pressure), working at 400–550 °C. (Note) For the HTL part, the data are
taken from Section 4.3.4 and woody biomass, algae sludge, whole tree
chips, microalgae and wet waste containing lipid, protein and carbo-
hydrate were selected as feedstock. The reaction was conducted in
continuous reactors working at 336–355 °C and 7.75–20 MPa. (Note)
The range of prices is selected based on the lowest and the highest
prices, which were available in ref. 120–125, 288–291 and 355–361.
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3. Technology status of the
biorefineries based on thermochemical
conversion

Due to the immaturity and condentially of data, many data
have not been published by companies, research institutes
and universities. Therefore, the assessment of the status for
gasication, pyrolysis and hydrothermal liquefaction
processes has been performed based on the available data.
The summary of the data indicates that based on the biomass
type, the developments in biorenery processes are in
different stages. The bioreneries based on starch (corn,
wheat and cassava), sugar crops (sugarcane and sugar beet)
and wood are in the last stage of development.370–376 They are
at a Technology Readiness Level of 9 (TRL-9) showing that the
biorenery technology based on these feedstock materials has
been proven in an operational environment. On the other
hand, bioreneries based on marine feedstock including
microalgae and macroalgae had the lowest TRL (TRL-5–6)
meaning that they are in the technology validation and
demonstration stages. The bioreneries based on other
biomass materials have the technology development status
between these two categories of biomass. The reason for the
lower TRL of bioreneries based on the other types of biomass
could be their low abundance, high price, complexity of the
chemical structure, being more economic in other uses such
as the use of vegetable oil as food, etc.370–376

Gasication is a mature technology, but its use for biomass
is still under optimization. Based on the available data, the
gasication plant based on biomass made by GoBiGas is at TRL-
8 (the system is complete and qualied) and its main product is
biomethane. Biomass pyrolysis technology is not as mature as
biomass gasication technology. It has been commercialized
for tyre feedstock by Alphaco and Reoil Sp. with TRL-9. For the
biomass feedstock, the pyrolysis technology is mainly at the
TRL-7 level (system prototype demonstration is in an opera-
tional environment). The HTL of biomass is not a complete
mature technology. The Pittsburgh Energy Research Centre of
U.S. Bureau of Mines developed one of the initial HTL plants
with a large size with TRL-9. There are also other HTL plants
under construction on the commercial scale in Australia, the
UK, etc., which are at TRL-6–8.370–376
4. Commercial aspects of the
biorefineries based on thermochemical
conversion

There are many commercial barriers such as the cost of biomass
production, difficulties in harvesting and storing, trans-
portation cost and the high cost of operation, especially the cost
of catalyst, etc., which are still the main economic barriers to
produce biofuel with a competitive price of fossil fuels. Some
governments consider subsidies for the use of biofuel. However,
it should be noted that subsidies could be affordable for the low
quantity of biofuel production.
4788 | Sustainable Energy Fuels, 2023, 7, 4758–4804
The summary of the price ranges for the production of
electricity and fuel through gasication, pyrolysis and HTL
processes is shown in Fig. 1.120–125,288–291,355–361 The data indicate
that the highest price of electricity from the combustion of fuel
gas produced from the gasication of biomass could be
approximately 0.06 USD per kW h, which is the same as the
average current price of the electricity in Europe. The average
price of gasoline inmany European countries is close to 1.7 USD
per liter, while the highest selling price of gasoline equivalent
fuel from the pyrolysis and HTL of biomass could be 1.65 and
1.14 USD per liter, respectively. This indicates that by the
further optimization of the thermochemical processing of
biomass, the price of electricity and fuel from these technolo-
gies could be lower than that of fossil based ones.
5. Environmental aspects of the
biorefineries based on thermochemical
conversion

Different types of contaminants can be produced from fossil
fuel reneries such as CO2, NOx, SO2, etc. CO2 as the most
important contaminant can lead to global warming. The use of
bioreneries based on thermochemical conversion can reduce
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 CO2 production amount for different processes.122,127–130,295–298,362,366–369 (Note) The highest possible CO2 production amount is consid-
ered for the products from gasification, pyrolysis and HTL of biomass. (Note) The data in the graph are extracted from the papers, which were
used in this review. (Note) For the gasification part, woody biomass, residue from cotton cultivation and processing, olive foot cake waste,
biomass from corn and biomass from rice, dry pit and wheat straw were the feedstock. The reaction was mainly conduced in a fluidized-bed
reactor at 850 °C and atmospheric pressure. The data in this graph are taken from Section 2.1.5. (Note) For the pyrolysis part, the data were
extracted from 3.2.5. The feedstock was corn stover, Malaysian oil palm empty fruit bunch, crop straw and forest residue. The reactor was
continuous and working at 450–550 °C and atmospheric pressure. (Note) For the HTL part, the data were taken from Section 4.3.5. The
feedstock was Malaysian oil palm empty fruit bunch, algae, microalgae, wood and corn stover. The reactors were continuously working at 350–
390 °C and 20–25 MPa. (Note) The range of CO2 emission is selected based on the lowest and the highest CO2 amounts, which were available in
ref. 122, 127–130, 295–298, 362 and 366–369.
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the content of NOx and SO2 due to the low amount of N and S in
biomass. It can also decrease the amount of CO2 compared to
the use of fossil fuels. In Fig. 2,122,127–130,295–298,362,366–369 the
comparison of the CO2 production amount from different
processes is shown. The data indicated that the CO2 amount for
the production of electricity from biomass gasication is two
times less than that of conventional fossil fuel based electricity
producers. Pyrolysis showed lower CO2 amount production
compared to HTL (7.6 times less). Additionally, the amount of
CO2 produced from the combustion of the same amount of
gasoline and diesel is higher than the CO2 amount from the
combustion of bio-oil (12.4 times less for the bio-oil from
pyrolysis and 1.6 times less for the bio-oil from HTL).

6. Summary and outlooks

The available data and comparisons demonstrated that bio-
reneries based on thermochemical conversion methods can
replace the conventional reneries. The price of biofuel could
be competitive with the price of fossil fuels. Additionally, the
amount of green gas could be depleted by the construction of
bioreneries. However, there are some key points, which
require to be addressed prior to the advancement of bio-
reneries to the next stages.

(1) Gasication

The technology for the gasication of biomass is well devel-
oped. The reactor design and process stages are claried. The
yield of gas and its composition are well-known. However, one
This journal is © The Royal Society of Chemistry 2023
major concern, which still remains, is the formation of tar. Tar
can result in coke formation and consequently the plugging of
the transferring tube lines and instruments can occur. Catalytic
reforming of the tar is considered to convert the tar into gaseous
products. However, the quick deactivation of the catalyst
prevents the use of this process on a large scale. Another issue
for the gasication of biomass is that the high amount of
carbon in the biomass is converted to CO2. This affects the
economic and environmental aspects of the process. Therefore,
the currently available gasication plants or the plants under
construction are required to use a high resistance catalyst
before the coke formation and also decrease the amount of CO2

by converting CO2 to other compounds. This can make the
process techno-economically more feasible. In the available
techno-economic studies, there is a need for considering other
parameters such as the catalyst regeneration and its replace-
ment cost aer the several times of regeneration. Therefore, the
price of the electricity and chemicals produced from the gasi-
cation of biomass can increase slightly. As a result, further
optimization of the process is needed.

(2) Fast pyrolysis

Pyrolysis technology is not as mature as gasication. There are
a few large scale pyrolysis plants. However, the upgrading of the
quality of the bio-oil is the main issue. Hydrotreatment as the
main process for the conversion of the bio-oil to the engine fuel
suffers from the deactivation of the catalyst and also the high
cost of the process, especially hydrogen. Therefore, the
conversion of biomass to biofuel through pyrolysis and
Sustainable Energy Fuels, 2023, 7, 4758–4804 | 4789
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hydrotreatment is not still techno-economically optimized well.
The development of a cheap catalyst, which produce low
amount of coke, could be considered as the main obstacle for
this process. It should be mentioned that pyrolysis leads to the
formation of the lowest amount of CO2 compared to the gasi-
cation and HTL processes. However, the production of water
with a high content of acids and poisonous compounds could
be another issue, which requires further consideration to
prevent the contamination of the environment.

(3) Hydrothermal liquefaction

Biomass hydrothermal liquefaction is a mature technology,
which has been developed on a commercial scale during recent
years. One of the concerns is the catalyst, which can upgrade the
bio-oil into engine fuels. Themain issue for the further progress
of the HTL process is the pumping of a viscous biomass slurry
into the reactor. Another issue is the high amount of CO2

production in comparison with pyrolysis. The cost of the
process is also high due to the use of high pressure. The use of
solvents to reduce the severity of the process conditions is
needed to be considered. Detailed optimization of the process
conditions (temperature and pressure) is necessary to obtain
the optimum conditions. Therefore, even the current large size
plants require further optimization of the process to reduce the
cost and CO2 production.

(4) Overall

Bioreneries are going to play a key role in the world in near
future. At the current time, there are plants based on gasica-
tion, pyrolysis and HTL processes on a large scale. Their
processes are well developed. The standard methods for the
analysis of the products are well known. However, further
modications are required to optimize the processes. All three
technologies need active catalysts, which results in low amount
of coke. The cost of processes is still high for obtaining the
products that can compete economically and technically with
the current fossil based fuels/chemicals. Environmental issues
such as the decline of CO2 production and the treatment of
water obtained from these processes should be considered. The
water produced includes a high amount of acids and other
compounds, which can contaminate easily soil and water
resources. Therefore, further fundamental studies and tech-
nical optimization are necessary to make the technology of
bioreneries, based on thermochemical methods, more
feasible. It is worth mentioning that it is important to judi-
ciously manage the available biomass resources with respect to
their use in other applications such as food for animals. This
can entail the risk of socio-economic, ecological and environ-
mental impacts such as the lack of trees for taking CO2 from the
atmosphere. As a result, there should be the consideration of
the growth of specic types of biomass with the aim of use for
energy production.
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