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A B S T R A C T   

Oil palm biomass (OPB) represents major portion of the lignocellulosic waste in Malaysia that can be converted 
into bio-oil. This review aims to provide important insights in OPB-derived bio-oil production by first discussing 
the chemical compositions of different OPB and their effects to the bio-oil yield and quality obtained from py-
rolysis process, followed by discussing the addition of plastics and catalysts into the pyrolysis for bio-oil 
upgrading, and lastly summarizing the existing technoeconomic and environmental studies and the potential 
use of process integration and intensification in this topic. Polypropene (PP), low density polyethylene (LDPE), 
and high density polyethylene (HDPE) have been commonly used in co-pyrolysis of OPB, which can effectively 
increase the heating value of bio-oil up to 80 % that of diesel. Likewise, acidic, basic, and neutral catalysts have 
been applied to increase the amount of hydrocarbon and phenol in the bio-oil, further improving the heating 
value to be comparable to diesel. The bio-oil production from OPB is currently still limited to demonstration scale 
despite the favorable environmental compatibility and technoeconomic feasibility shown by studies focused on 
empty fruit bunch (EFB). Several promising advanced pyrolysis processes that integrate other processes such as 
anaerobic digestion, hydrogen production process, and heat and power generation units as well as the advanced 
reactor designs are also overviewed here as future innovation of the bio-oil production from OPB, which may 
play more significant role as the technology matures.   

1. Introduction 

Oil palm biomass, which is one of the most abundant lignocellulosic 
biomass in Malaysia, represents an alternative energy resource that can 
be exploited to reduce the dependency on fossil fuel whilst fulfilling the 
increasing energy demand [1]. The palm oil industry is currently one of 
the major contributors to the Malaysian economy, which generates more 
than 311 million tons of lignocellulosic biomass wastes annually from 

palm oil plantation and milling activities (Fig. 1). The oil palm biomass 
is nonetheless presently underutilized despite its potential to be con-
verted to fuel and other value-added products [2]. The current appli-
cations of the oil palm biomass are listed in Table 1. 

The conversion of oil palm biomass into valuable biofuels can be 
achieved through biochemical, chemical, and thermochemical pro-
cesses. Compared to chemical and biochemical approaches, the ther-
mochemical process provides higher flexibility in the feedstock 
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selection, operating condition, and product distribution [3]. For the 
production of bio-oil from oil palm biomass, pyrolysis would be the 
more promising option among the available thermochemical processes 
(gasification, liquefaction, and pyrolysis) given its high flexibility of 
feedstock selection (regardless of types, physical shape, and physico-
chemical properties), operability at broad temperature range and at-
mospheric pressure, and production of three different types of products 
(solid, liquid, and gas). The distribution of solid, liquid, and gaseous 
products is highly dependent on the operating condition applied during 
the pyrolysis process. 

Bio-oil, the liquid product from the pyrolysis, is one of the most 
attractive biofuels (e.g., bio-diesel, bio-ethanol, and bio-oil) in the near 
future given its carbon–neutral property [4]. Lower sulfur dioxide and 
nitrogen dioxide emissions are generated from the use of bio-oil as 
compared to traditional fossil fuels. Storing and transporting bio-oil is 
easier relative to biochar and biogas given its compatibility with most of 
the existing equipment, pumping systems, and safety requirements 
[3,5]. 

To date, several reviews related to bio-oil production from pyrolysis 
and co-pyrolysis of biomass have been published. These reviews mainly 
present the available pyrolysis and bio-oil upgrading models [15–17], as 
well as parametric studies for bio-oil production during pyrolysis 
[18–19]. Abnisa et al. [20] and Zhang et al. [21] extended the para-
metric analysis to include catalytic and non-catalytic co-pyrolysis of 
biomass with polymers. Zhang et al. [22] analyzed the importance of 
catalysts in the pyrolysis and co-pyrolysis of biomass and the 

optimization of product distribution. Although these reviews provide a 
holistic overview of the pyrolysis and co-pyrolysis of biomass to produce 
bio-oil, they do not focus on oil palm biomass and tend to lean towards 
biomass that is more abundantly available within their geographical 
regions. Aside from that, several reviews have focused solely on the 
pyrolysis of oil palm biomass without covering the main process pa-
rameters and operating conditions [23] or are limited to a single type of 
oil palm biomass, e.g., EFB [9,24] or PKS [25]. This review thus aims to 
provide a more concise overview on pyrolysis and co-pyrolysis of all 
types of oil palm biomass as well as a thorough analysis of the main 
process parameters that affect bio-oil production. The present and pro-
jected feasibility of the bio-oil production from oil palm biomass are also 
discussed. To provide an integrated picture on this topic, the following 
discussions are made on bio-oil production through pyrolysis, followed 
by the characterization of oil palm biomass and the available upgrading 
routes to enhance the fuel properties of the bio-oil from biomass mate-
rial. Additionally, the existing challenges surrounding oil palm biomass 
pyrolysis are covered and promising directions for bio-oil production 
from oil palm biomass are also proposed and discussed. 

2. Lignocellulosic properties of oil palm biomass 

Oil palm biomass is rendered favorable as the feedstock for bio-oil 
production through pyrolysis given its abundant availability and the 
presence of numerous research studies on this topic. The types of oil 
palm biomass that can be converted into bio-oil include EFB, PKS, MF, 
OPT, OPF, and oil palm leaf (Fig. 2) [23]. 

Oil palm biomass consists of 20 to 59 wt.% of cellulose, 20 to 40 wt.% 
of hemicellulose, and 18 to 50 wt.% lignin (Table 2). Compared to fossil 
fuels, oil palm biomass tends to have lower nitrogen content (<1 wt.%), 
sulfur content (<0.2 wt.%), and higher oxygen content (40–50 wt.%) 
(Table 3). The variation in the biomass physicochemical properties will 

Fig. 1. Production of oil palm biomass in Malaysia in 2020. (The availability of 
oil palm biomass is calculated based on the standard biomass to fresh fruit 
bunch extraction rate, where data for oil palm planted area and the fresh fruit 
bunch processed by mills is obtained from the online reports of the Malaysian 
Palm Oil Board) [6–8]. 

Table 1 
Current applications of oil palm biomass.  

Oil palm biomass Applications Ref. 

Empty Fruit 
Bunch (EFB) 

Boiler fuel, ash as the fertilizer, carbon 
source for bioplastic production 

[5,8–10] 

Mesocarp Fiber 
(MF) 

Boiler fuel, fillers in thermoplastics, board 
production 

[1,5,8,10] 

Oil Palm Trunk 
(OPT) 

Plywood, particleboard panel, syngas 
production through gasification 

[5,8,11–13] 

Palm Kernel Shell 
(PKS) 

Boiler fuel, adsorbents for wastewater 
treatment 

[5,8,10] 

Oil Palm Frond 
(OPF) 

Particleboard panel, pulp, roof tiles, 
roughage source for ruminants 

[1,8,10,12,14]  

Fig. 2. Oil palm biomass from palm oil mills and plantations. (a) Empty fruit 
bunch [37], (b) mesocarp fiber [38], (c) oil palm trunk [39], (d) palm kernel 
shell [40], (e) oil palm frond [41], and (f) oil palm leaf [42]. 
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affect the quality of the bio-oil during pyrolysis. 
To achieve a high bio-oil production efficiency, higher cellulose 

content of oil palm biomass is desirable since their decomposition pro-
duces higher volatiles, which can be condensed into bio-oil during py-
rolysis [19]. Among the oil palm biomass, the cellulose content of EFB is 
the highest (59.70 wt.%), followed by MF (40 wt.%), OPT (34.50 wt.%), 
OPF (30.40 wt.%), and PKS being the lowest (20.80 wt.%). Palamanit 
et al. [29] stated that OPF contributes to higher bio-oil yield (45.99 wt. 
%) than PKS (36 wt.%) during the pyrolysis at 500 ◦C given its higher 
cellulose content. 

Kim et al. [26] and Bensidhom et al. [43] compared the thermal 
decomposition behavior oil palm biomass and other types of lignocel-
lulosic biomass in the studies. Kim et al. [26] revealed that the pyrolysis 
of EFB can produce higher bio-oil yield (53.97 wt.%) as compared to PKS 
(51.96 wt.%) and Jatropha seedshell cake (47.78 wt.%) at a pyrolysis 
temperature of 478 ◦C. Similar results were obtained from another study 
conducted by Bensidhom et al. [43] as higher bio-oil yield was obtained 
from the pyrolysis of EFB (26 wt.%) and Date Palm Rachis (26 wt.%) 
with higher cellulose content as compared to Date Palm Glaich (25 wt. 
%) and Date Palm Leaflets (17.03 wt.%). 

Excessive moisture content in feedstock prior to pyrolysis can result 
in energy penalty as more heat is required to evaporate water from the 
biomass during processing. According to literature, the moisture content 
of the biomass feedstock should be maintained at 10 wt.% or below 
[15,20]. For oil palm biomass, the moisture content generally lies within 
the recommended limit of 10 wt.% (Table 3). High moisture content in 
biomass can also lead to high water content in bio-oil that dampens its 
energy content (i.e., heating value). 

Ash content (i.e., mineral) in oil palm biomass comes from natural 
life cycle of the plant (i.e., from the soil and fertilizer that forms the 
essential plant nutrients) (Table 3). In the production of bio-oil, high ash 
content is undesirable. Patwardhan [44] reported that the presence of 
NaCl and KCl in the biomass enhanced the formation of glycolaldehyde 
from cellulose decomposition but reduced the production of levoglu-
cosan. In contrast, MgCl2 and CaCl2 performed well in dehydration re-
actions during biomass decomposition to enhance the formation of 
furans and levoglucosan. Lignin decomposition, on the other hand, is not 
significantly affected by the minerals. 

According to Mohammed et al. [45], higher bio-oil yield of 34.23 wt. 

% was obtained from the pyrolysis of OPF at 600 ◦C as compared to EFB 
(30.23 wt.%) and OPT (29.56 wt.%). This is due to the lower ash content 
of OPF (3.61 wt.%) as compared to EFB (4.76 wt.%) and OPT (6.51 wt. 
%). Additionally, they compared the ash content of OPT samples 
collected from various elevations and they similarly concluded that 
samples with lower ash content result in a higher bio-oil yield. Fukuda 
[46] investigated the pyrolysis of EFB (2.1 wt.%), rice husk (31.2 wt.%), 
rice straw (14.9 wt.%), rubber wood (6.1 wt.%), eucalyptus wood (2.4 
wt.%), and Teng wood (<0.1 wt.%) with different ash content at 450 to 
550 ◦C. It has been concluded that higher bio-oil yield obtained from 
EFB (55.2 wt.%), eucalyptus wood (61.2 wt.%), and Teng wood (58.2 
wt.%) as compared to rubber wood (51.6 wt.%), rice husk (49.4 wt.%), 
and rice straw (49.1 wt.%) given their lower ash content [46]. 

Besides, the effects of pre-treatment on the properties of oil palm 
biomass had been studied. The treated EFB with 10 and 20 wt.% HNO3 
contain lower ash content (1.27 and 1.17 wt.%) as compared to the 
untreated EFB (8.24 wt.%). The bio-oil yield increased from 43.25 to 
69.01 wt.% and 66.46 wt.%, respectively when acid-treated EFB with 10 
and 20 wt.% HNO3 were used in the pyrolysis at 500 ◦C [47]. This is due 
to the reduction of inorganic materials such as potassium, sodium, and 
magnesium, which promotes the production of biochar and biogas 
instead of bio-oil [47–48]. Besides, deionized water washing pre- 
treatment was used to reduce the ash content of EFB from 5.19 to 
2.48 wt.% [48]. The bio-oil yield increased when EFB was pre-treated 
with distilled water and H2SO4 [49]. Lim et al. [50] modified EFB by 
impregnating it with red mud, red mud extract, acidified washed red 
mud, acidified washed red mud extract, and FeSO4 and pre-treated EFB 
with acid water and deionized water. They observed that the ash content 
of EFB was reduced from 7 wt.% to the lowest value of 1.5 wt.% after the 
modification and pre-treatment. 

Torrefaction is one of the pre-treatment methods that can be 
considered to improve the properties of raw oil palm biomass (i.e., in-
crease energy content and reduce oxygen content and moisture content), 
which eventually enhances the bio-oil production. Dai et al. [51] re-
ported that bio-oil quality has been improved when torrefied biomass 
was used during the pyrolysis (based on the review on several studies 
with different biomass feedstock). The increase in heating value, re-
ductions in acidity, O/C ratio, and water content of the bio-oil produced 
from the torrefied biomass were observed. However, bio-oil yield 

Table 2 
Chemical composition of oil palm biomass.  

Oil palm biomass Cellulose, wt.% Hemicellulose, wt.% Lignin, wt.% Extractives, wt.% Ash, wt.% Ref. 

EFB  59.70  22.10  18.20  - - [26] 
MF  40.00  20.00  30.00  9.00 - [27] 
OPT  34.50  31.80  25.70  3.70 4.30 [28] 
PKS  20.80  22.70  50.70  4.80 1.00 [28] 
OPF  30.40  40.40  21.70  1.70 5.80 [29]  

Table 3 
Ultimate and proximate analyses of oil palm biomass and plastics.  

Feedstocks Ultimate analysis, wt.% Proximate analysis, wt.% HHV, MJ kg− 1 Ref. 

C H O N S Cl Moisture content Volatile content Fixed carbon Ash 

EFB 51.77 7.04 40.31 0.72 0.16 - 7.38 76.41 11.57 4.64 18.74 [26] 
MF 45.02 6.15 47.89 0.94 - - 8.60 78.00 7.60 5.80 17.00 [30] 
OPT 43.68a 6.07a 49.84a 0.40a 0.0a - 7.60b 74.06a 14.92a 3.42a 16.11 [29] 
PKS 44.56c 5.22c 49.77c 0.40c 0.05c - 9.40b 82.50b 1.40b 6.70b 15.60 [31] 
OPF 43.44a 6.08a 50.28a 0.19a 0.01a - 7.50b 73.06a 16.55a 2.89a 15.81 [29] 
HDPE 85.50c 14.20c 0.00c 0.00c 0.30c 0.00c 0.00a 99.40a 0.00a 0.60a - [32] 
LDPE 85.50c 14.30c 0.00c 0.00c 0.20c 0.00c 0.00d 99.70d 0.00d 0.30d 46.60 [32–33] 
PP 85.80d 14.20d 0.00d 0.00d 0.00d 0.00d 0.00d 80.00d 20.00d 0.00d 46.40 [33–34] 
PS 92.20d 7.80d 0.00d 0.00d 0.00d 0.00d 0.00d 99.50d 0.50d 0.00d 42.10 [33–34] 
PET 64.22 4.65 30.53 0.05 0.55 0.00 0.00 88.61 11.39 0.00 - [35] 
PVC 31.67 4.32 0.00 0.00 1.89 62.12 0.00 98.50 0.00 1.50 - [36] 

Note: adry basis; bwet basis; cash free basis; dair-dried basis. 
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reduces as the torrefaction enhances the cross-linking reactions of 
biomass during pyrolysis, which increases the solid biochar formation. 
Dai et al. [51] also pointed out that the integration of torrefaction and 
pyrolysis can potentially improve the energy efficiency of the whole 
system. 

Sukiran et al. [52] reported that the energy content (calorie value) of 
oil palm biomass (i.e., EFB, OPF, and OPT) can be increased by 
12.21–22.20 % and the oxygen content can be reduced by 31.52–36.66 
% after the torrefaction at 200–300 ◦C. Given the limited studies on the 
torrefied oil palm biomass for bio-oil production, intensive research 
studies should be conducted to confirm the potential of applying tor-
refaction as the pre-treatment method for bio-oil production. 

Due to the inherent poor heat conductivity of biomass, particle size 
reduction can increase the heat transfer efficiency and thus enhance the 
biomass decomposition during pyrolysis [19–20]. However, excessive 
heat transfer promotes further cracking of primary volatiles into gaseous 
products (i.e., lowering bio-oil yield) [19,31]. Thus, the optimum par-
ticle size range of the biomass for high bio-oil yield is closely related to 
the natural structure of the feedstock and reactor designs. For the lab-
oratory scale studies of pyrolysis, the oil palm biomass was prepared in 
the particle size of less than 2 mm [31,53–55]. Several works have 
demonstrated that the bio-oil yield from the pyrolysis of EFB and PKS 
was maximized when an appropriate small particle size range (<0.50 
mm for EFB and 0.45 mm to 0.85 mm for PKS) was applied for uniform 
and higher heat transfer in fluid bed reactor [31,53,56], except in the 
work of Ogunkami et al. [57]. In the study of PKS pyrolysis using a fixed 
bed reactor, the bio-oil yield obtained was 15 wt.% when PKS with 5 mm 
particle size was used, which was lower as compared to bio-oil yield 
obtained (28 wt.%) when PKS with 1.18 mm particle size was used. The 
appropriate particle size is closely associated with the types of reactor 
used. According to Bridgwater [15], fluidized bed reactor is mostly used 
in larger scale bio-oil production from biomass, whereby less than 2–3 
mm is the optimum particle size for the pyrolysis process. 

3. Pyrolysis of oil palm biomass 

Based on the pyrolysis studies on different oil palm biomass, bio-oil 
yield increases with temperature increment until a peak temperature 
where the maximum yield is attained. Beyond this maximum tempera-
ture, which differs for different biomass, the bio-oil yield gradually de-
creases with further temperature increase as illustrated in Fig. 3. This is 
attributed to the promotion of secondary reactions of the primary 

volatiles (e.g., acids, alcohols, levoglucosan, and furans) into incon-
densable gases (e.g., methane, carbon dioxide, and carbon monoxide) 
with the additional energy input [58,59]. 

Several works have reported that between 450 and 600 ◦C, a 
maximum bio-oil yield ranging from 35 to 55.20 wt.% can be achieved 
in EFB pyrolysis [46,55,58,60]. Bio-oil yield for PKS can reach up to 
30.90–58 wt.% when pyrolysis is performed between 320 and 600 ◦C 
[57,61,62]. Unlike EFB and PKS, the pyrolysis of OPT, MF, and OPF have 
received limited attention from researchers. The bio-oil yield achieved 
between 400 and 600 ◦C, for OPT, MF, and OPF are about 39–43.50 wt. 
%, 37.98–42.03 wt.%, and 46–47.41 wt.%, respectively 
[29,58,63,27,64–66]. In this temperature range, the formation of valu-
able compounds such as phenols from lignin and levoglucosan and fu-
rans from cellulose are enhanced at 450–600 ◦C and 400 ◦C, respectively 
[67,68]. Beyond 600 ◦C, secondary reactions will trigger the formation 
of the secondary chars and incondensable gases and thus reducing the 
yield of bio-oil. 

Heating rate can also affect the biomass decomposition during py-
rolysis. Higher heating rate allows higher rate of decomposition for oil 
palm biomass and increases the yield of bio-oil [18,19]. Sukiran et al. 
[53] reported that bio-oil yield from the pyrolysis of EFB increases by 40 
% with the increase in heating rate from 10 to 100 ◦C min− 1 in a flu-
idized bed reactor at 500 ◦C. However, Mohamed et al. [69] observed 
that bio-oil yield increased by 7.45 % when the heating rate increased 
from 10 to 20 ◦C min− 1 and decreased by 17.89 % when the heating rate 
increased further to 60 ◦C min− 1 during the pyrolysis of EFB in a fixed 
bed reactor at 500 ◦C. The different trends manifest as the effect of 
heating rate towards bio-oil production depends on the other process 
parameters such as types of reactor, feedstock, and process temperature 
[19]. 

Bio-oil produced from oil palm biomass contains higher oxygen 
content (16–46 wt.%), higher water content (1.2–18 wt.%), lower pH 
(about 3), and lower heating value (18–30 MJ kg− 1) (Table 4), which 
render it unattractive for commercial applications. High oxygen content 
in bio-oil is mainly attributed to the presence of oxygenated compounds. 
As cellulose and hemicellulose are the main constituents of EFB, OPF, 
and MF, the derived bio-oil mainly contains acids and ketones. OPT has 
relatively high cellulose and lignin content, which contribute to the 
formation of acids and phenols as the major compounds in the bio-oil. 
PKS contains higher lignin content and thus contributes to the forma-
tion of phenolic compounds as the major compounds in the bio-oil 
produced (Table 5). 

The heating values of bio-oil from EFB, OPT, and OPF range between 
18–28 MJ kg− 1, which is only around 40–50 % of the heating value of 
petrodiesel (42–46 MJ kg− 1) [75]. When comparing with other oil palm 
biomass, the heating value of bio-oil derived from PKS is higher (30 MJ 
kg− 1) given its higher lignin content. However, the high lignin content in 
PKS also favors the formation of biochar and thus, reduces the desirable 
bio-oil yield. Besides, two studies reported that the effect of temperature 
towards the increment of heating rate of EFB derived oil from 400 to 
600 ◦C is insignificant, whereby the heating value is improved by 6 % or 
less [55,59]. Therefore, it is recommended to add the plastics or/and 
catalysts into the pyrolysis of oil palm biomass to provide significant 
improvement in the properties of bio-oil produced. 

4. Bio-oil upgrading 

Bio-oil upgrading involves the reduction of oxygenated compounds 
in bio-oil through deoxygenation reactions, includes dehydration, 
decarboxylation, and decarbonylation by adding plastics or/and cata-
lysts into the pyrolysis of lignocellulosic biomass [20–22]. Conse-
quently, desirable hydrocarbons are produced as the main products 
while water, carbon dioxide, and carbon monoxide are released as by- 
products. 

Plastics are promising co-feeding materials in co-pyrolysis of oil palm 
biomass as they are rich in carbon and hydrogen (e.g., high hydrogen-to- 

Fig. 3. Bio-oil yield as a function of temperature for the pyrolysis of MF [64], 
OPF [65], OPT [63], PKS [57], and EFB [60]. 
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carbon ratio of about 2) to provide sufficient hydrocarbon pool for the 
reactions with oxygenated compounds in bio-oil [20,76,77]. The most 
widely used types of plastics as the co-feeding material include high 
density polyethylene (HDPE), low density polyethylene (LDPE), poly-
propene (PP), polystyrene (PS), polyethylene terephthalate (PET), and 
polyvinyl chloride (PVC) [77]. The ultimate and proximate analyses of 
the plastics are shown in Table 3. PP, LDPE, and HDPE are more 
promising feedstock for co-pyrolysis with oil palm biomass as they 
contain high hydrogen content (about 14 wt.%). 

In the co-pyrolysis of EFB with PP and HDPE, a contradicting trend 
was reported whereby bio-oil yield reduces with the increase in biochar 
yield [78,79]. As compared to previous studies, the larger particle size of 
1 to 5 cm used in co-pyrolysis of EFB with PP and HDPE might have 
reduced the decomposition efficiency. Another study reported that 
higher bio-oil yield obtained from co-pyrolysis of EFB and OPF with 
LDPE as compared with PP [80]. It was explained that hydrogen from 
the LDPE prohibits the polymerization of biomass to form biochar, and 
thus increasing the weight loss of the feedstock to be converted into bio- 
oil. More studies need to be considered for the effects of operating pa-
rameters, particularly for plastic feedstocks, as limited publications are 
available for co-pyrolysis of oil palm biomass [78,79,81]. 

The presence of plastics in the co-pyrolysis with oil palm biomass 
typically improved the properties of bio-oil produced, i.e., increase the 
carbon content, heating value, and reduce oxygen content. The relevant 
studies showed that the carbon content of bio-oil increased by 6.4 to 16 
% while the oxygen content of bio-oil decreased by 13 to 54 % 
[31,81–83]. The increase in carbon content contributed to the increase 
in heating value by 9–54 %, depending on the types of plastics added 
into the co-pyrolysis of oil palm biomass [81,83]. The heating value of 

the upgraded bio-oil is in the range of 30 to 40 MJ kg− 1, and is relatively 
close to that of petrodiesel (42–46 MJ kg− 1) [79]. The detailed char-
acteristics of bio-oil produced from co-pyrolysis of oil palm biomass with 
plastics are listed in Table 6. 

Compared to commercial liquid fuels (i.e., heavy fuel oil, diesel, and 
gasoline), bio-oils from the pyrolysis of oil palm biomass have higher O/ 
C ratios as revealed by their location on the right spectrum of the van 
Krevelen diagram shown in Fig. 4. Lower O/C ratio (towards the left 
hand side of the diagram) is desirable for liquid fuels since it provides 
higher heating value for applications. The addition of plastics into the 
co-pyrolysis of oil palm biomass clearly improves bio-oil’s fuel 
properties. 

On the other hand, the deoxygenation reactions can also be facili-
tated by the addition of catalysts to increase the selectivity of the desired 
compounds (e.g., hydrocarbons and phenols) in the bio-oil produced 
[21,76,86]. Various types of catalysts have been utilized in the pyrolysis 
of oil palm biomass, which can be categorized into three main categories 
and are listed in Table 7. The difference in the characteristics of the 
catalysts contributes to the variation in the formation of the desired 
products. 

Acidic catalyst such as HZSM-5 with high acidity shows excellent 
catalytic performance for the aromatization. The Lewis and Brønsted 
acid sites in HZSM-5 promote the cracking and scission of C–O and C–C 
bonds of oxygenated compounds via acid catalysis, deoxygenation, 
dehydrogenation, dealkylation, and oligomerization. Cheah et al. [74] 
showed the use of HZSM-5 in the pyrolysis of OPF produced higher ar-
omatics (3.02 GC/MS area%) than graphite nanofiber (0 GC/MS area%) 
at 500 ◦C. As acid site was absent on the graphite nanofiber, desirable 
cracking reactions cannot be conducted to promote the formation of 
aromatics. 

Besides, HZSM-5 also promotes the aromatics formation from the 
conversion of phenols through cracking and H-transfer reactions [87]. 
Ro et al. [87] observed the decrease in phenols from 60.9 to 37.2 GC/MS 
area% and the increase in aromatics from 1.0 to 40.4 GC/MS area%. 
HZSM-5 nonetheless are microporous catalysts. Their small pore size 
may restrict the mass transfer of larger compounds in and out of the 
pores and thus lead to the coke formation. Shafaghat et al. [86] reported 
that MesoMFI, one of the mesoporous catalysts improves the selectivity 
of the aromatic hydrocarbons (i.e., benzene, toluene, xylenes, benzene- 
C3, benzene-C4, and benzene-C5) by increasing aromatic hydrocarbons 
from 0.14 to 15.14 wt.%. For targeted deoxygenation reactions 
involving lignin-derived compounds (i.e., larger molecules), the use of 
MesoMFI can minimize coke formation. 

Compared to HZSM-5, spent FCC with lower acidity is more prom-
ising to promote phenol production. Ro et al. [87] stated that spent FCC 
increases the selectivity of phenols from 60.9 GC/MS area% to 70.2 GC/ 
MS area% through the dealkoxylation of guaiacols and syringols during 
the catalytic pyrolysis of EFB. 

Basic catalysts such as bentonite, dolomite, and olivine show less or 
no efficiency in the aromatization reactions [87]. This is due to different 
structure of the catalysts that have no acid site to promote the cracking 
reactions of EFB. On the other hand, alkali earth metal catalyst such as 
Ca(OH)2 shows promising results in the enhancement of phenol 

Table 4 
Characteristics of bio-oil from oil palm biomass.  

Characteristics EFB derived oil OPT derived oil MF derived oil PKS derived oil OPF derived oil Heavy fuel oil 

Caloric value, MJ kg− 1 21.41 28.04 - 30.90 18.20 44.17 
Water content, % 18.74 5.04 - 1.20 - 0.10 
pH 3.0 3.0 - - 3.0 - 
Carbon, wt.% 49.80 45.21 58.31 71.50 66.20 85.60–86.68 
Hydrogen, wt.% 7.98 6.54 7.05 10.30 9.40 10.30–12.04 
Oxygen, wt.% 40.29 46.45 32.47 15.90 23.80 0.60–0.65 
Nitrogen, wt.% 1.93 1.78 1.72 2.82 0.05 0.60 
Sulphur, wt.% 0.00 0.02 0.45 0.12 0.00 2.50 
Ref. [59] [63] [64] [31] [70] [71]  

Table 5 
Major compounds in bio-oil from oil palm biomass.  

Oil palm 
biomass 

Major compounds in bio-oil Ref. 

EFB  • Acids (acetic acid, oleic acid)  
• Ketones (cyclopentenones)  
• Phenolic compounds (phenols, 2,6- 

dimethoxy-phenol)  
• Furan compounds (furfural, 5- 

hydroxymethylfurfural)  
• Sugars (levoglucosan, levoglucosenone) 

[46,50,72–73] 

OPT  • Acids (acetic acid)  
• Phenolic compounds (phenols, 2,6- 

dimethoxy-phenol)  
• Ketones (1-hydroxy-2-propanone) 

[29,66] 

PKS  • Phenolic compounds (phenols, 2,6- 
dimethoxy-phenol)  

• Aldehydes (2-furan-carboxaldehyde)  
• Furan compounds (furfural)  
• Acids (Acetic acid) 

[29,61] 

OPF  • Acids (acetic acid)  
• Phenolic compounds (phenols, 2-methoxy- 

phenol)  
• Aldehydes (2-furan-carboxaldehyde)  
• Ketones (1-hydroxy-2-propanone) 

[29,74]  
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formation from 7.585 to 14.601 GC/MS area% during EFB pyrolysis 
through demethylation and demethoxylation [72]. However, Chong 
et al. [73] reported the reduction of phenols production when metal 
oxide catalysts (i.e., CaO, MgO, and ZnO) were used in the pyrolysis of 
EFB. Metal oxide catalysts appear to enhance the decomposition of 
phenols into carbon monoxide. 

Both acidic and basic catalysts enhance deacidification of bio-oil as 
the reduction of acids can be observed in several studies [72–74,86,87]. 
The deacidification of bio-oil by the acidic catalyst takes place by the 
deoxygenation reactions. On the other hand, metal oxide catalysts 
perform neutralization to reduce the acids from the bio-oil. 

Still, challenges such as coke formation and catalyst deactivation are 
present during the catalytic process [20]. Coke formation can cause 
rapid catalyst deactivation, the blockage of catalyst pores, and catalyst 
poisoning; all of which negatively affect the performance of the 

catalysts. As mentioned above, one of the factors that causes coke for-
mation is the small pore size of the catalyst such as HZSM-5, which re-
stricts the mass transfer of larger compounds. This can be improved 
through the application of mesoporous catalyst, which has high acidity 
but larger pore size [86]. The modification of HZSM-5 through the 
doping of metals such as nickel-cerium [88] and application of dual 
catalysts bed such as HZSM-5 and MgO [89] can increase the selectivity 
of hydrocarbon yield as well as minimize the coke formation. Alterna-
tively, the addition of plastics that are rich in hydrogen (high hydrogen- 
to-carbon effective ratio of 2) can improve the biomass conversion ef-
ficiency and reduces coke formation [76,86]. 

To date, there is still lack of study on the modification of HZSM-5, 
application of dual bed catalysts, and addition of plastics in the pyrol-
ysis of oil palm biomass towards the improvement of coke formation 
issue and desirable compounds selectivity in bio-oil. Therefore, more 
studies should be conducted to address this knowledge gap. 

5. Techno-economic and environmental performance 

The present status of the oil palm biomass pyrolysis system is over-
viewed based on techno-economic and environmental performances. As 
illustrated in Fig. 5, most of the current pyrolysis systems are in com-
mercial state throughput standpoint. The niche researches on oil palm- 
based pyrolysis are concentrated in the Asia continent, mainly from 
Malaysia and Indonesia. Based on the Web of Science (WOS) database 
[90], a majority of the literature reported on oil palm-based feedstock 
pyrolysis come from institutions such as Universiti Teknologi PETRO-
NAS, Universiti Kebangsaan Malaysia, Universiti Putra Malaysia, 
Tenaga Nasional Berhad, PETRONAS Research Group, Malaysian Palm 
Oil Berhad (Malaysia); Hankyong National University and Keimyung 
University (Korea); Kumamoto University and Nagoya University 
(Japan); and Resilience Development Initiative, Institut Teknologi 
Sepuluh Nopember, Universitas Gadjah Mada, and Universitas Sebelas 
Maret (Indonesia). Fig. 5 shows that circulating bed, fluidized bed, and 
rotating cone are mostly used as the pyrolyzers in the commercial sys-
tem due to simple operation, good temperature control, and high effi-
ciency of heat transfer [15]. Other types of pyrolyzers such as ablative 
and gas solid vortex reactor are also used as pyrolyzers in demonstration 
and commercial scale [91,92]. 

However, when the search boundary is constrained for only techno- 
economic and environmental assessment on oil palm based pyrolysis 
refinery related studies, only about seven works [101–107] were shown 
despite numerous works on the general process of oil palm based py-
rolysis to value-added products from laboratory to demonstration scale. 
This observation indicates that the commercialization of oil palm-based 
pyrolysis refinery still remains at its infancy stage, whereby many un-
certainties such as catalyst characteristics, reaction conditions, and 
downstream processes should be thoroughly analyzed to improve the 
technology readiness level of this process. 

From the techno-economic standpoint, the scale of the co-pyrolysis 
needs to be investigated in detail for the purpose of scale-up and 
upgrading products performance. Most of the research related to co- 
pyrolysis of biomass and plastic waste mixtures are on laboratory and 
pilot scale [108–111]. This is attributed to some challenges pertaining to 
economic and production aspects due to lack of awareness on the 

Table 6 
Characteristics of bio-oil produced from co-pyrolysis of oil palm biomass with plastics.  

Feedstocks EFB EFB/PET EFB/PE PKS PKS/PS PKS [20 wt.% CaO] PKS/LDPE [20 wt.% CaO] 

Temperature, ◦C 500 500 500 490 600 500 500 
Mass ratio 100 50:50 50:50 100 60:40 100 50:50 
C, wt.% 64.61 74.98 68.71 71.50 81.34 - - 
H, wt.% 7.38 10.54 7.82 10.30 7.79 - - 
O, wt.% 25.84 13.634 22.44 15.90 10.50 - - 
HHV, MJ kg− 1 27.75 37.93 30.37 30.90 40.34 18.00 39.00 
Ref. [81] [81] [81] [31] [82] [83] [83]  

Fig. 4. H/C and O/C ratios for bio-oils from pyrolysis of oil palm biomass, co- 
pyrolysis of oil palm biomass and plastic (calculated based on C, H, and O from 
Table 4 and Table 6), and commercial liquid fuels (calculated based on C, H, 
and O from [84,71], and [85]. 

Table 7 
Catalyst types used in the pyrolysis of oil palm biomass.  

Main 
category 

Catalysts Ref. 

Acidic 
catalyst  

• Microporous (HZSM-5 & Fluid catalytic cracking 
(FCC) catalysts)  

• Mesoporous (MesoMFI, Al-SBA-15, Al-MSU-F) 

[74,86–87] 

Basic catalyst  • Alkali & alkali earth metal (CaO, MgO, ZnO, 
K2CO3, Ca(OH)2)  

• Other alkaline catalyst (Bentonite, Dolomite, 
Olivine) 

[72–73,87] 

Neutral 
catalyst  

• Graphite nanofiber [74]  
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application of the co-pyrolysis products, i.e., bio-oil [94]. Hence, the 
upscaling study for the co-pyrolysis of biomass and plastic waste mix-
tures is essential to accomplish the goal for industrial production and 
market application as an alternative fuel from fossil fuel. This can be 

achieved through technology improvement with minimal capital cost 
and through delivering major progress in coping and utilizing all 
products produced from co-pyrolysis technology. According to Chan 
et al. [112], these existing markets are highly competitive and offer a 

Fig. 5. Worldwide biomass pyrolyzer plants [93–100].  

Table 8 
Techno-economic and environmental performance of oil palm based pyrolysis.  

Biorefinery 
feedstock 

Techno- 
economic 
analysis 

Environmental 
analysis 

Functional unit Remarks Ref. 

Palm bagasse X X 7,700 kg hr-1 of 
palm oil  

• Palm oil exhibits a higher value for acidic potential and aquatic toxicity potential 
categories as compared to Jatropha curcas oil, which can be assigned to the sulfur 
content in palm bagasse.  

• Blending with other oil is a better option to lower the environmental impacts.  
• The net present value and internal rate of return of the biorefinery plant are 

calculated to be 8,455,147.29 USD and 33.18 %, respectively. 

[103] 

PKS and EFB  X 1 MJ of biodiesel  • Fast pyrolysis process to obtain bio-oil and biochar proved to be an environmentally 
friendly and a carbon credit process, where the air emissions are greatly reduced with 
an increase in thermal energy recovery capacity.  

• The Net Energy Ratio is calculated to be 21.17, which is comparable to other thermal 
technologies. 

[102] 

EFB  X 1 kg of bio-oil  • A net 4.46 kg CO2 equivalent is generated per kg of bio-oil produced via fast pyrolysis 
of EFB.  

• The pretreatment of EFB is the main factor that contributed the most CO2 emission. 

[101] 

EFB X X 100 kW power 
plant  

• The net present value of microwave assisted pyrolysis is calculated to be 1,073,772 
USD.  

• Microwave assisted pyrolysis provides a better climate change performance by 
emitting a lower CO2.composition of 22 tCO2 yr− 1. as compared to the conventional 
plant. 

[104] 

EFB X  1 kton-dry EFB 
yr− 1  

• Bio-oil from EFB can be attained at 0.27 USD kg− 1 via fast pyrolysis.  
• The least profitable plant size is found to be 20 kton-dry EFB yr− 1 at a rate of 0.47 USD 

kg− 1 bio-oil production. 

[105] 

EFB  X 1 kg hr-1 of EFB  • A net 586 kg of CO2 eq hr-1 EFB processed.  
• Some other potential environmental impacts such as 0.02149 kg SO2 equivalent as 

the cause of acidification and 0.00399 kg PO4 equivalent as the cause of 
Eutrophication are observed. 

[106] 

EFB X  6 metric ton hr-1 

of EFB  
• The feedstock price drives the production cost.  
• Best option is to have the bio-oil plant integrated with the palm oil, hence no cost for 

EFB feedstock, and also off the market influence.  
• With the feedstock requirement of 43,200,000 kg yr− 1, a total of 12,772,800 kg yr− 1 

bio-oil is produced. 

[107] 

Note: X represents the applicable works that have been carried out in the relevant area. 
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very slim margin for emerging pyrolysis industry. Bio-oil is an inherent 
greenhouse gas (carbon) neutral energy product, which is the key 
highlight benefit. However, the development of a pyrolysis industry 
depends solely on government policy [112]. Currently, there are still 
very limited studies that focus on the utilization of gasoline and boiler 
fuels derived from co-pyrolysis oil [113]. Therefore, studies from the 
aspects of techno-economic feasibility and process optimization in the 
plant operation from the co-pyrolysis process are a necessity to fulfil the 
market demand on the energy supply and demand, pollution reduction 
attributed from the biomass and plastic waste disposal, and substitution 
of the conventional fossil fuel combustion process. Besides, the global 
massive amount of plastic and biomass waste generated would not be 
the limiting factor in achieving the co-pyrolysis process in the 
commercialization stage. According to Wang et al. [113], the consid-
eration to explore in detail the downstream processes such as the feed-
stock’s collection, transportation, and storage involving co-pyrolysis 
technology is an important aspect for the techno-economic analysis for 
the recovery of the co-pyrolysis value-added products. 

From the environmental standpoint, bio-oil production from oil 
palm-based pyrolysis process is reported to be more environmentally 
friendly as compared to the conventional thermal process (Table 8). In 
2016, Yusup and co-workers [101] studied the environmental impact of 
fast pyrolysis process for the conversion of EFB into bio-oil using GREET 
software. The most severe environmental impacts come from the CO2 
and SO2 emissions, mainly attributed by the consumption of electricity 
at pre-treatment stage whereas the least severe impact is found to come 
from eutrophication. The estimated emission is around 8.27 kg of CO2 
equivalent of GWP (Global Warming Potential) in fast pyrolysis process 
due to the emission of greenhouse gases. Similar observation is reported 
by Ocampo Batlle et al. [102], where the bio-oil production from fast 
pyrolysis of EFB is proven to be environmentally benign. The environ-
mental impacts of bio-oil production are 32.5 % lower than the con-
ventional electricity process (climate change category), indicating that 
the production of bio-oil using fast pyrolysis biorefinery is more envi-
ronmentally friendly. Net energy ratio index is defined as the ratio of the 
energy outputs to the energy inputs, where net energy ratio index from 
non-renewable energy is less than 1. Thus, the net energy ratio value of 
21.17 obtained from the system supports the standpoint from an envi-
ronmental and energy perspective. 

6. Future perspective 

The potential of oil palm biomass pyrolysis system is analyzed in 
terms of their future application in these research areas of interest, i.e., 
process integration and process intensification. Prospective works in 
these areas serve to enhance the overall biomass pyrolysis process and 
guide the development of future technologies to benefit pyrolysis pro-
cess performance. 

6.1. Process integration 

Process integration (PI), which is commonly defined as “a holistic 
approach to design and operation that emphasizes the unity of the process,” 
[114] can be applied (i) to generate new advantages (such as minimizing 
the raw material requirement via resources conservation network [115] 
and maximizing the heat recovery via heat integration technique [116], 
and (ii) to resolve bottlenecks encountered by individual pyrolysis 
process (such as maximizing the process efficiency and sustainability 
performance) [117]. 

One of the notable applications of PI in pyrolysis process is the 
integration of pyrolysis with anaerobic digestion. In the integrated 
system of anaerobic digestion followed by the pyrolysis, the quality of 
bio-oil produced from the pyrolysis of anaerobic digestate (animal and 
plant wastes) was improved, as its heating value (35.2 MJ kg− 1) be-
comes comparable to that of biodiesel (39.3 MJ kg− 1) [118]. Such 
process simultaneously helps to reduce the management cost of 

anaerobic digestate. Deng et al. [119] proposed a cascading circular 
bioenergy system, which integrates the use of anaerobic digestion 
(L. digitata) and pyrolysis (forest residue) (Fig. 6(a)). In this integrated 
system, the biochar from pyrolysis is applied in the anaerobic digestion, 
which enhanced the biomethane production by 17 % while the addition 
of anaerobic digestate into the pyrolysis increased the bio-oil yield by 10 
%. However, some aspects need to be considered if oil palm biomass is to 
be used in this integrated system. As the type of feedstock used can affect 
the microorganism activity during anaerobic digestion, it is essential to 
study the use of oil palm biomass on the microorganism activity to 
ensure the stability of the process. Also, the addition of substrates such 
as food waste and animal slurry can facilitate the degradation activity of 
microorganisms during anaerobic digestion. However, there is still un-
certainty on the composition of bio-oil from the pyrolysis of anaerobic 
digestate. More research studies need to be conducted to investigate the 
feasibility of the oil palm biomass in this integrated system for bio-oil 
production. 

Taking the study from Sharifzadeh et al. [120] as an example, the 
integration of two upgrading technologies, i.e., hydrothermal upgrading 
(lower bio-oil yield but with less hydrogen requirement) and liquid 
phase hydrodeoxygenation (higher bio-oil yield but with higher 
hydrogen requirements) are investigated (Fig. 6(b)). To maximize the 
overall benefit i.e., maximizing the bio-oil yield while minimizing the 
need of external hydrogen source, the bio-oil derived from pyrolysis of 
Norwegian Spruce is sent to hydrodeoxygenation and hydrothermal 
upgrading units with a split ratio of 31.85:68.15 [120]. Regardless of the 
feedstock requirement, various types of biomass, including oil palm 
biomass can be applied into this integrated system for bio-oil upgrading. 
Hence, it is encouraged to conduct the study related to such integration 
schemes using oil palm biomass as feedstock in the pyrolysis. 

Another significant body of literature on integrating pyrolysis in 
poly-generation system is available. Generally, the pyrolysis products 
can be used to generate heat and power which can be consumed within 
the system (Fig. 6(c)). For instance, (i) biochar can be burnt in char 
burner to supply heat energy for the biomass dryer during the pyrolysis 
of EFB [121] and pyrolyzer when wood chips and forest residues used as 
feedstock [122]; (ii) bio-oil from pyrolysis of wood can be used as boiler 
fuel to generate thermal and electricity energy [123]. In fact, the inte-
gration of pyrolysis in poly-generation system can lead to preferable 
economic and environmental benefits. For example, by integrating 
biomass pyrolysis into the conventional combined and heat power plant, 
a 57 % increment in annual operating hours can be achieved [123]. 
Besides, high-heating value biochar can be used to substitute the exist-
ing boiler (or furnace) fuel which is not environmental-friendly [121]. 
Although the aforementioned works are insightful, most of the works are 
merely simulation studies. Based on the use of wood and forest residue 
as the feedstock in simulation studies, OPT is the most comparable one 

Fig. 6. Schematic diagram of (a) integrated AD-pyrolysis system; (b) integrated 
bio-oil upgrading process (Modified with permission from Sharifzadeh et al. 
[120] Copyright 2015 Elsevier); (c) poly-generation system incorporating py-
rolysis process. 
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among oil palm biomass, which may be suitable as feedstock in the 
stimulated studies related to the poly-generation system. Also, pilot 
study on palm-biomass based poly-generation system that incorporates 
pyrolysis technology is recommended to evaluate and validate the 
feasibility of this integration scheme. 

6.2. Process intensification 

Process intensification, which is defined as “any chemical engineering 
development that leads to a substantially smaller, cleaner, and more energy 
efficient technology,” can be applied to enhance the feasibility of biomass 
pyrolysis process [124]. In general, this can be achieved by applying 
necessary innovative changes in one or more of the four domains, i.e., 
“spatial” (focuses on structural measures for mass transfer perfor-
mance), “thermodynamic” (focuses on heat transfer performance), 
“functional” (involves integration of multiple functional units into a 
single unit), and “temporal” (involves change in time scale or introduces 
periodicity to the system) [125,126]. 

Hot gas filtration is commonly known as a promising technique for 
solid residue (char and ash) removal from pyrolysis vapor as char and 
ash can cause the bio-oil instability during storage and limits the direct 
application of bio-oil as boilers fuel which can lead to fouling, corrosion, 
and erosion. Hoekstra et al. [127] proposed a novel in situ filtration 
design, which is capable to remove the solid residue from the pyrolysis 
vapor of bench wood and Lignocel 9 (pine soft wood) before they are 
channeled out from the reactor. In other words, both “reaction” and 
“separation” processes are held within the same equipment (under 
“functional” domain). In addition, the incorporation of in situ filtration 
system in the reactor was found capable of reducing the residence time 
of the pyrolysis vapor (under “temporal” domain), which is deemed 
preferable to mitigate the undesired secondary cracking of pyrolysis 
products [127]. As a result, the overall yield and quality of the synthetic 
oil are significantly enhanced. This technology has high potential in the 
ash reduction for bio-oil quality enhancement especially for oil palm 
biomass with high ash content such as PKS, MF, and EFB. Despite these 
promising results, the technique is yet to be widely applied by the 
research and industry communities, including the palm oil industry, and 
thus more research studies related to the hot gas filtration are 
warranted. 

With regards to oil quality, Peterson et al. [128] took another 
approach, i.e., catalytic hot gas filtration to further enhance the pyrol-
ysis vapor quality. On top of physically removing the solid particles 
(separation), catalytic hot gas filtration also involves catalytic conver-
sion (partial deoxygenation reaction) of acid carbonyl into species that 
are not harmful to the catalysts used in downstream bio-oil upgrading 
processes [129]. Their work shows that the use of catalytic hot gas 
filtration can reduce carboxylic acid (include acetic acid, which is the 
key component that causes oil instability) by 65 %. This is advantageous 
for palm oil biomass-based pyrolysis since numerous studies had re-
ported that the palm oil biomass-derived bio-oil is usually rich in acetic 
acid [130–132]. To date, the feasibility of catalytic hot gas filtration was 
merely studied using two catalysts, namely titania-supported molybde-
num heteropolyacid (Mo-HPA/TiO2) catalyst and metal-doped molyb-
denum carbide (Ni-doped and Ca-doped) supported catalysts [128,129]. 
The study can also be extended to other potential catalysts, including but 
not limited to ZSM-5, MgO-based catalysts, CeO2/SiO2, Co–Mo/Al2O3, 
and Ru/TiO2 catalysts [133–136]. 

Besides, the change in reactor structure can aid the process intensi-
fication. Notably, gas–solid vortex reactor is proposed. In such config-
uration, fluidizing gas is injected tangentially into the reactor through 
multiple gas inlet slots (Fig. 7(a)). The generated centrifugal forces 
enable better heat and mass transfer between the phases (under the 
domains of “thermodynamic” and “spatial”) [137,138]. Compared to 
conventional pyrolyzer, gas solid vortex reactor allows the feedstocks 
can reach reactor temperature more rapid and thus increase the bio-oil 
production with higher selectivity [137]. The effectiveness of gas solid 

vortex reactor in the segregation of pine wood biomass and char parti-
cles during the pyrolysis which reduces the secondary cracking reactions 
of pyrolytic vapors, and thus results in a higher bio-oil yield (>70 wt.%) 
[138]. To date, the application of this technology remains limited to the 
palm oil industry and it is thus encouraged to extend the study to bio-oil 
production from oil palm biomass. 

On the other hand, auger reactor is another promising technology to 
intensify the biomass pyrolysis process [91]. In general, a screw (or 
multiple screws) is used to convey the biomass (or a mixture, which 
contains biomass and heat carriers) down a horizontal reactor (Fig. 7 
(b)). The continual mixing actions pose a positive impact in enhancing 
both heat and mass transfers [139,140] (under the domains of “ther-
modynamic” and “spatial”). Besides, auger reactor can be used for the 
bio-oil production from the wide range of feedstocks and with high 
higher yield due to the effective heat and mass transfer in the reactor. As 
the physicochemical properties of the oil palm biomass vary with the 
type, the higher flexibility of auger reactor in the feedstock selection 
shows high potential in the bio-oil production from the oil palm 
biomass. 

Nevertheless, some works have pointed out that possible heat 
transfer difficulties may be experienced at large scale [91,141]. Thus, 
further studies on process upscaling, particularly for those using oil palm 
biomass as the pyrolyzer feed, are recommended. 

7. Conclusion 

Most of the pyrolysis of oil palm biomass are conducted between 450 
and 600 ◦C to enhance the bio-oil yield and to promote the formation of 
valuable compounds such as phenols, levoglucosan, and furans. How-
ever, bio-oil from oil palm biomass tends to contain several undesirable 
properties, i.e., high oxygen content (16–46 wt.%), high moisture con-
tent (1.2–18 wt.%), low pH (about 3), and low heating value (18–30 MJ 
kg− 1). With the addition of plastics during co-pyrolysis, the oxygen 
content of oil palm derived bio-oil can be reduced by 13–54 % while the 
heating value can be increased by 9–54 %. Microporous catalyst such as 
HZSM-5 with high acidity exhibits excellent catalytic performance in the 
aromatization and reduction of oxygenated compounds in catalytic co- 
pyrolysis with oil palm biomass. Mesoporous catalysts such as MesoFI 
serve as an attractive alternative to HZSM-5 for deoxygenation reactions 
involving larger molecules. Basic catalysts, on the other hand, show 
lower efficiency in the aromatization reactions, but are excellent in the 
deacidification of bio-oil from oil palm biomass. To date, bio-oil pro-
duction from pyrolysis of oil palm biomass has received much attention 
in laboratory scale research. However, the demonstration in larger scale, 
especially for bio-oil production from co-pyrolysis and catalytic co- 
pyrolysis of oil palm biomass is still lacking, and thus continuous 
research is important to accelerate its development in the future. 

Fig. 7. Schematic diagram of (a) gas solid vortex reactor (GSVR) - top view 
(Modified with permission from Gonzalez-Quiroga et al. [92] Copyright 2017 
Elsevier); and (b) auger reactor (Modified with permission from Campuzano 
et al. [91] Copyright 2019 Elsevier). 
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